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Editorial on the Research Topic 
Advances in research on aging in female infertility and pathologic pregnancy


Older women of childbearing age have increased risks of infertility and pregnancy complications. These impose greater challenges to woman’s reproductive health because of the global shift in population structure toward older age groups. Female reproductive health includes normal ovarian and endometrial function, successful fertilization and embryo implantation, and fetal growth. Various environmental and physiological factors contribute to declined fertility and pathological pregnancy in females. Researchers have conducted a large amount of functional and multiple-omics studies in reproductive tissues and organs in respect of various reproductive health issues including endometritis, polycystic ovarian syndrome (PCOS), recurrent miscarriage, preeclampsia, preterm birth, and various age-associated reproductive disorders. However, the mechanisms of these disorders remain largely unknown, and the methods of diagnosis and treatment of related diseases needs be significantly improved.
In this Research Topic, we aimed to collect manuscripts that would contribute to our understanding of age-associated reproductive disorders and their effects on infertility.
This Research Topic contains 12 manuscripts covering both original articles and reviews. The collected articles highlight the importance of ovarian aging in female infertility and pathological pregnancy. Zhang et al. reviewed recent developments in the mechanisms underlying primordial follicle activation and their clinical applications for improving the pregnancy rate for premature ovarian failure patients (POF). In this review, the authors focused on several signaling pathways between oocytes and granulosa cells and two waves of primordial follicle activation, which is determined by PI3K signaling in the oocytes and mTOR signaling in pre-granulosa cells, respectively. Finally, they introduced the application of in vitro activation (IVA) of primordial follicles for POF patients. In addition, Hu et al. discussed the latest in vitro techniques for fertility preservation of patients with cancer and POF, mainly on ovarian organ function reconstruction, including in vitro culture of oocytes, female germ cell induction from pluripotent stem cells in vitro, artificial ovary construction, and construction of ovarian-related organoids. Tang et al. summarized the roles of macrophages both in normal ovarian function and in the process of ovarian senescence, especially macrophage polarization, and inflammation and fibrosis within the aging ovary. In a mouse model of PCOS, Shah et al. found that quercetin can reverse the molecular, functional and morphological abnormalities brought up by letrozole, particularly the improvement of reproduction in PCOS. The authors thought that this flavonoid molecule may act as a promising medicine for human PCOS. Low response to controlled ovarian stimulation is a crucial concern in poor responders to ovarian stimulation and patients with poor-quality embryos who are undergoing assisted reproductive technology. Takeuchi et al. developed an original protocol using medroxyprogesterone acetate and high-dose gonadotropin, and found that it increased the number of collected MII oocytes, 2PN zygotes, blastocysts with high quality, and live birth rates in both poor responders to ovarian stimulation and those with poor-quality embryos.
Pathological pregnancy is a major concern for mothers of advanced age. Wang et al. reviewed the basic function of exosome lncRNA and its roles in endometrial tolerance, embryo implantation, and immune tolerance at the maternal-fetal interface. Moreover, its associations with preeclampsia, gestational diabetes mellitus, and recurrent pregnancy loss were discussed. Diagnoses of pathological pregnancy was also involved in this Research Topic. Zhang et al. used a combination of uterocervical angle (UCA) and cervical length (CL) in early and mid-pregnancy and achieved a higher probability to predict preterm birth than CL or UCA alone. Meanwhile, Ripani et al. studied the side effects of CFTR modulators on the child of a successful pregnancy in one 30-year-old Italian with cystic fibrosis (CF, F508del/R334W) and observed no significant side effects in this child.
Aging-related risk factors of female infertility and pathological pregnancy is another area address in this Research Topic. Liu et al. analyzed the long-term trend of uterine fibroid burden in Chinese women from 1990 to 2019 and found that the age-standardized rates were all on the ascending trend, with the greatest increase in the age-standardized mortality rate (53% of annual increase). They concluded that uterine fibroids are still the most common benign gynecological tumors in women, and more work on social health prevention and control should be applied. Yong et al. found that age-related CPT1B decline may explain decreased metabolic function in placenta, and therefore may be related to pregnancy complications in women with advanced age, particularly in those who are overweight. In addition to uterine fibroids and obesity, there is an increasing number of patients experiencing infertility due to chronic salpingitis after various of infections. Zhang et al. found that extracellular vesicles derived from human umbilical cord mesenchymal stem cells can relieve salpingitis by promoting M1-to-M2 transformation of macrophages in a mouse model. Urinary incontinence (UI) is linked to obesity and childbirth in aged women. Hong et al. retrospectively analyzed the NHANES data and found that total muscle-to-fat ratio showed a negative association with UI, and this association might be mediated by the peripheral index lymphocyte count.
We hope this Research Topic will be useful for researchers and clinicians alike to help further studies. More functional and population studies on aging in female infertility and pathological pregnancy are warranted.
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Background: With an increasing number of patients experiencing infertility due to chronic salpingitis after Chlamydia trachomatis (CT) infection, there is an unmet need for tissue repair or regeneration therapies. Treatment with human umbilical cord mesenchymal stem cell-derived extracellular vesicles (hucMSC-EV) provides an attractive cell-free therapeutic approach.
Methods: In this study, we investigated the alleviating effect of hucMSC-EV on tubal inflammatory infertility caused by CT using in vivo animal experiments. Furthermore, we examined the effect of hucMSC-EV on inducing macrophage polarization to explore the molecular mechanism.
Results: Our results showed that tubal inflammatory infertility caused by Chlamydia infection was significantly alleviated in the hucMSC-EV treatment group compared with the control group. Further mechanistic experiments showed that the application of hucMSC-EV induced macrophage polarization from the M1 to the M2 type via the NF-κB signaling pathway, improved the local inflammatory microenvironment of fallopian tubes and inhibited tube inflammation.
Conclusion: We conclude that this approach represents a promising cell-free avenue to ameliorate infertility due to chronic salpingitis.
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1 INTRODUCTION
Having a healthy and happy baby is vital to the wellbeing of millions of families; however, ∼15% of couples worldwide (∼50 million couples) experience infertility (Tsevat et al., 2017). In 2013, the World Health Organization (WHO) estimated that 25% of couples in developing countries could not meet their fertility needs, with female infertility accounting for ∼50% of infertility cases (Newman et al., 2015). Tubal factor (fallopian tubes) infertility accounts for ∼10%–30% of female infertility (Tsevat et al., 2017).
Chlamydia trachomatis (CT) infection is the main cause of fallopian tube obstruction and infertility, responsible for ∼43% of cases (Ruijin Shao et al., 2012). The infection persists in many patients who received treatment, causing pathological damage and ultimately leading to fibrosis and scar formation, damage to the normal function of fallopian tubes, and, in serious cases, fallopian tube obstruction and infertility (Haggerty et al., 2010).
The mechanism of fallopian tube injury caused by CT infection remains unclear and may be related to ontogenetic factors, cytokine activation, immune escape, and co-infection (Brunham, 2022). The formation of fallopian tube scars is not only due to the destruction of the fallopian tube epithelial cells by CT but also due to the accumulation of inflammatory cells, release of cytokines, and activation of the complement system in the immune microenvironment (Murthy et al., 2018). Macrophages play a crucial role in the occurrence and development of inflammatory diseases and are classified into two main types: M1, generated by classical activation, and M2, generated by selective activation (Shapouri-Moghaddam et al., 2018; Galipeau, 2021; Pouyanfard et al., 2021).
Mesenchymal stem cells (MSCs) are adult stem cells derived from mesoderm with high self-renewal ability and multidirectional differentiation potential (Dominici et al., 2006; Andrzejewska et al., 2019).
At present, MSCs are rarely used in the treatment of tubal factor infertility, especially tubal infertility. Tubal infertility is closely related to inflammatory adhesions (Ling et al., 2022). The formation of inflammatory adhesions is a mechanism that protects the body against external stimuli (Medzhitov, 2008). It can limit inflammation, which is conducive to the repair of tissue damage (Cooke, 2019; Yuan et al., 2021; Li-Tao Shao et al., 2022); however, under certain conditions, it can cause adhesion and infertility (Hafner, 2015). MSCs exert their functions through the paracrine pathway. In vitro and in vivo studies have confirmed that the culture supernatant of MSCs can inhibit the abnormal activation of T cells after co-culture in vitro (Negi and Griffin, 2020; Markov et al., 2021). Injections of the culture supernatant of MSCs into a mouse model of renal injury effectively reduced the area of injured tissue (Erpicum et al., 2017). This suggests that factors in the culture supernatant of MSCs exert functions similar to those of MSCs themselves.
Treatments based on umbilical cord derived mesenchymal stem cells (MSCs) have shown some promising achievements (V Yeung et al., 2019). Our previous study showed that MSCs transplantation can markedly reduce inflammation in salpingitis caused by CT infection (Liao et al., 2019). However, their potential tumorigenicity (Webber et al., 2015), low perfusion, low retention and other limitations are still controversial, which limit the clinical application of MSCs. In contrast, hucMSC-EV exhibit a similar function to their source cells and are expected to overcome these limitations. EV are tiny vesicles (40–100 nm in diameter) secreted out of cells by membrane fusion (Pegtel and Gould, 2019). EV contain active substances, such as nucleic acids and proteins, which are transferred to target tissues to perform their functions (Simons and Raposo, 2009; Pluchino and Smith, 2019). MSC-extracellular vesicles (MSC-EV) participate in tissue-damage repair (Yin et al., 2019; Vincent Yeung et al., 2022), immune regulation (Harrell et al., 2019; Farhat et al., 2022), and reshaping of the immune microenvironment (Seo et al., 2019). In addition, compared with MSC treatment, exosome components are relatively simple, and their structural characteristics enable them to reach the target tissues with high efficiency, likely avoiding the risk of long-term abnormal differentiation and tumor formation caused by stem-cell transplantation in the host (Vizoso et al., 2017; Ning et al., 2018).
Our previous study showed that MSC transplantation can markedly reduce inflammation in salpingitis caused by CT infection (Liao et al., 2019). The role of MSCs in the repair and reconstruction of inflammatory adhesions may be related to the regulation of different inflammatory environments and inflammatory cells (Shi et al., 2018). In vitro studies have confirmed that MSCs can promote the transformation of macrophages into the M2 type through the paracrine pathway, suggesting that MSC-induced M2 macrophages are important components in the treatment of oviduct inflammatory injury (Liao et al., 2019). Based on the results of our previous in vivo and in vitro studies and literature reports, we propose the following hypothesis: MSCs regulate macrophage polarization to the M2 type by secreting extracellular vesicles and change the level of cytokines secreted by macrophages, reducing local inflammatory responses in the oviduct and promoting tissue-damage repair.
The aim of this study was to use hucMSC-EV to treat CT salpingitis and explore the relationship between hucMSC-EV and macrophage polarization in vitro and in vivo, as well as the regulation of cytokine levels secreted by macrophages, to provide new ideas for the treatment of salpingitis caused by CT infection.
2 METHODS
2.1 In vitro experiments
We collected fresh umbilical cords from full-term, cesarean section puerperae. The puerperae had tested negative for gestational diabetes mellitus, infection, fever, and autoimmune or other diseases. The acquisition of the human umbilical cords (hucs) was approved by the Ethics Committee of the Seventh Affiliated Hospital, Sun Yat-sen University (KY-2022-007-01). The puerperae were fully informed and consented.
The fresh umbilical cords were processed in a biosafety cabinet within 6 h. First, the cords were rinsed twice with 1×PBS containing 100 U/mL penicillin and 100 mg/mL streptomycin (BL505A; Biosharp, Hefei, China). Arteries, veins, blood vessels, and epithelial cells were removed under aseptic conditions to obtain Wharton’s jelly, which was cut into 1 mm3 pieces and placed at the bottom of T25 culture flasks. The flasks were incubated at 37°C with 5% CO2 for 30 min. Next, 1.5 mL DMEM/F12 medium containing 15% FBS (164210; Procell, Wuhan, China), 100 U/mL penicillin, and 100 mg/mL streptomycin was added to fully soak the pieces. The flasks were placed in a 37°C incubator with 5% CO2, and the medium was gently replaced every 3 days. Approximately 10 days later, fibroblast-like MSCs were observed around the umbilical cord pieces. The umbilical cord pieces were removed, and the cells were marked as passage zero.
To investigate the capacity of the isolated MSCs to adhere to plastic in standard culture conditions, we used an inverted phase-contrast microscope (ECLIPSE C1; Nikon, Japan). MSCs were identified using flow-cytometric analysis (FACSCalibur™; Becton Dickinson) to detect cell surface markers (CD19, CD34, CD45, CD73, CD90, CD105, and HLA-DR). When 90%–100% confluency was reached, we used trypsin to prepare cell suspensions at a concentration of 1 × 10^6 cells/mL. Cells were incubated with antibodies on ice under dark conditions for 30 min. Cells were washed thrice with 1 × PBS to remove the uncombined antibodies and analyzed using a flow cytometer within 1 h.
2.2 Differentiation of HucMSCs
To evaluate differentiation capacity, MSCs were cultured with osteogenic (PD-003; Procell, Wuhan, China) or adipogenic media (PD-004; Procell, Wuhan, China) according to protocols. The medium was replaced with a fresh differentiation medium every 3 days. After 3 weeks, the medium was removed, and the cells were washed thrice with 1 × PBS, fixed with 4% neutral formalin for 15 min, and washed thrice with 1 × PBS. The osteogenic and adipogenic cells were stained with alizarin red S (ARS) and oil red O, respectively, for 30 min at 22–25°C and washed thrice with PBS, and observed under a microscope.
2.3 Extraction of hucMSC-EV
We used ultracentrifugation to collect extracellular vesicles from the culture supernatant of hucMSCs (3rd–5th passage cells). When cell density reached 70%–80%, we removed the medium, washed the cells thrice with 1×PBS, and added serum-free DMEM/F12 for 48 h to exclude the influence of EV from fetal blood serum. We collected the culture supernatant and collected EV immediately or froze them at −80°C. The culture supernatant was centrifuged at 10 000 × g for 45 min at 4°C to remove unwanted cells and cell debris. To obtain higher-purity EV, the collected supernatant was filtered through a 0.22-μm filter (SLGP033RB-0.22; Merck Millipore, United States) and ultracentrifuged (JXN-30; Beckman, United States) at 108 000 × g for 70 min at 4°C (Optima L-90K; Beckman, United States). The supernatant was discarded, and the pellet was resuspended in 1×Dulbecco’s phosphate-buffered saline (DPBS) to remove unwanted proteins. The samples were ultracentrifuged at 108 000 × g for 70 min at 4°C and resuspended in 200 μL of 1×DPBS to obtain high-density, pure EV.
2.4 Identification of hucMSC-EV
2.4.1 Electron microscopy
Twenty microliters of extracellular vesicles suspension were transferred onto a copper grid with a carbon film for 3–5 min. A 2% phosphotungstic acid solution was added to the copper grid. After 1–2 min to allow for staining, excess liquid was blotted using filter paper, and the grid was left to dry at room temperature. The cuprum grids were observed under TEM (HT7800; HITACHI, Japan), and images were captured.
2.4.2 Western blot
The adherent cells were scraped off the dish using trypsin or a plastic cell scraper, and the cell pellet was collected after centrifugation. To acquire cell lysates, RIPA buffer (P0013B; Beyotime, Shanghai, China) was added to the cell pellet on ice. After 30 min, the cell lysate was centrifuged at 4°C for 10 min to remove the dissolved pellet. A BCA kit (P0012; Beyotime, Shanghai, China) was used to quantify protein. After adding the appropriate loading buffer, each cell lysate was boiled at 100°C for 10 min. A 10% SDS-PAGE was prepared using a PAGE gel fast preparation kit (PG112; EpiZyme, Shanghai), and equal amounts of protein were loaded into the wells, along with a molecular weight marker (26616; Thermo Fisher, United States). The gel was run for 50 min at 150 V. Proteins were transferred to PVDF membranes (IPVH00010; Merck Millipore, United Statesa) and blocked for 1 h in 5% skim milk (LP0033B; Oxoid, United Kingdom) at room temperature. The membranes were incubated overnight at 4°C with primary antibodies from Proteintech (Rosemont, IL, United States) against CD81 (27855-1-AP, rabbit; 1:1000), Tsg101 (28283-1-AP, rabbit; 1:2000), calnexin (10427-2-AP, rabbit; 1:20000), P65 (10745-1-AP, rabbit; 1:1000), TLR4 (19811-1-AP, rabbit; 1:1000), glyceraldehyde-3-phosphate dehydrogenase (GAPDH, 10494-1-AP, rabbit; 1:1000), and tumor necrosis factor receptor-associated factor 6 (TRAF6) (#67591, rabbit; 1:1000) (Cell Signaling Technology, Beverly, MA, United States). The membranes were washed thrice with PBST (10 min per wash), re-probed with HRP-conjugated Affinipure Goat Anti-Rabbit IgG (SA00001-2; 1:10,000, Proteintech) at room temperature for 1 h, and washed thrice with PBST (10 min per wash). The membranes were covered with chemiluminescent HRP substrate (WBKLS0100; Merck Millipore, United States), and images were acquired using a ChemiDoc Touch Imaging System (1708370; Bio-Rad, United States). The gray value of the target protein bands was quantified using ImageJ 1.53k software, using GAPDH for normalization.
2.4.3 Nanoparticle Tracking Analysis
To measure the particle size of purified hucMSC-EV, we chose Nanoparticle Tracking Analysis using NanoSight (NS300; Malvern, United Kingdom). The hucMSC-EV suspension (20 μL) was diluted to 1 mL using 1×DPBS, and the diluent was pumped into the NanoSight device avoiding air bubbles.
2.5 Animal experiments
2.5.1 Establishment and treatment of the murine chronic salpingitis model
Four-week-old male and female C3H mice were obtained from VITAL RIVER (Beijing, China) and housed in an SPF barrier system in appropriate facilities (certificate number: SYXK [Guang-dong] 2015-0102), seeing the attached Supplementary Figure S1 for the flow chart of the experiment. All animal experiments were conducted according to the regulations of the Institutional Animal Care and Use Committee at Sun Yat-sen University Cancer Center (Certificate Number: KY-2022-007-01).
The 24 female C3H mice were subcutaneously injected with 2.5 mg of medroxyprogesterone at days 3 and 7. After 1 week, the female mice were transvaginally injected with 1 × 107 inclusion-forming units MoPn chlamydia (ATCC VR-123TM; United States). To prevent chlamydia flow out of the vagina, the mice were hung upside down for 1 min after injection.
After 2 weeks, the female mice were randomly divided into three groups—hucMSC-EV, DPBS, and DMEM—of eight mice. The mice in the hucMSC-EV group were transvaginally injected with 25 μL of 100 μg/mL hucMSC-EV three times every 3 days.
After 2 weeks, three mice from each group were randomly selected to be sacrificed. The enterocoelia were exposed to observe the fallopian tubes and acquire images. The fallopian tubes were dissected in a 4% paraformaldehyde solution or liquid nitrogen for subsequent detection. To test the fertilization capacity of female mice, the remaining five female mice of each group were cohoused with two male mice in a cage for 2 weeks. When the vaginal plug was observed, the female mouse was considered fertilized; feeding continued for 7 days to determine the presence of embryos in the uterus, whereby, female mice were marked as pregnant.
2.5.2 Histology and immunofluorescence
Fresh fallopian tubes were fixed in 4% paraformaldehyde (BL539A; Biosharp, Hefei) for >24 h, and then was dehydrated, paraffin-embedded, and cut into 4-μm-thick sections, The sections were deparaffinized, rehydrated using Xylene and alcohol gradients, and stained with Hematoxylin and Eosin (H&E). The stained sections were dehydrated and sealed with neutral gum. Observation, image acquisition, and analysis were performed under a microscope.
We used immunofluorescence to identify macrophages in the fallopian tubes. The slides were deparaffinized, rehydrated, and immersed in EDTA antigen retrieval buffer (pH 8.0). After blocking with serum, the slides were incubated with CD206 primary antibody (GB13438, Rabbit; Servicebio; 1:500), followed by CY3-conjugated Affinipure Goat Anti-Rabbit IgG secondary antibody (GB21303; Servicebio; 1:300). DAPI was used for nuclear staining. The slides were coverslipped using an antifade mounting medium. Images were obtained using fluorescent microscopy (ECLIPSE C1; Nikon, Japan).
2.6 RAW264.7 macrophage uptake of membrane components
RAW264.7 (Donated by Professor Deng Wuguo from Sun Yat-Sen University Cancer Center) cells were To verify that macrophage RAW264.7 cells could uptake membrane components of the hucMSC culture supernatant, the PKH67 Green Fluorescent Cell Linker Mini Kit (MINI67-1KT; Sigma, Germany) was used. Twenty microliters of PKH67 solution were mixed with 10 mL of hucMSC culture supernatant. RAW264.7 cells were plated in 6-well culture dishes; when 70%–80% confluency was reached, the cells were washed thrice with 1×PBS. For nuclear staining, DAPI (C0065-10; Solarbio, Beijing) was added to the wells for 10 min at room temperature. After washing thrice with 1×PBS, the PKH67 working solution was added; the plates were incubated at 37 °C and 5% CO2 for 1 h. After washing thrice with 1×PBS, observation and image collection were performed using fluorescent microscopy.
2.7 Cell culture
The mouse RAW264.7 macrophages were cultured in DMEM (Gibco, United States) with 10% FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin and maintained under standard culture conditions.
2.8 RAW264.7 macrophages uptake hucMSC-EV
We used live-cell imaging to verify hucMSC-EV uptake by RAW264.7 macrophages. First, a working solution was prepared by mixing 100 μg hucMSC-EV, 0.1 mL Alexa Fluor 488 dye, and 10 mmol sodium carbonate in 1 mL 1×PBS, followed by incubation with RAW264.7 cells. Images were obtained at 3 h using confocal microscopy (FV300; Olympus, Japan).
CellTracker™ Red CMTPX Dye (C34552, ThermoFisher, United States) can enter and stay in live cells, and can emit 602 nm light excitated by 577 nm excitating light. Incubated EV with CellTracker™ Red CMTPX Dye for 30 min at 37°C, and centrifuged the EV to remove the uncombined CellTracker™ working solution. Added the labeled EV into RAW264.7 cells and took images with inverted fluorescence microscope (DMi8, Leica, Germany). If RAW264.7 cells could uptake exosoems, we can see red light in RAW264.7 cells.
2.9 Quantitative PCR
RAW264.7 cells (1 × 106) were seeded in 6-well dishes. When 40% confluency was reached, the medium was replaced with complete DMEM (containing 10% FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin), and, for the LPS group, 100 ng/mL LPS. After 8 h, the medium was replaced with fresh complete DMEM, in which 20 µL DMEM or DPBS or 1 mg/mL hucMSC-EV solution was added. Cells were collected after 12 h. Total RNA was extracted using a RaPure Total RNA Micro Kit (R4012-02; Magen, Shanghai) according to standard protocols. cDNA (from 1 μg mRNA) was generated using the Fast All-in-One RT Kit (RT001; ES Science, Shanghai). mRNA expression was assessed using quantitative (qRT)–PCR with SYBR qPCR Mix (Q311; Vazyme, Nanjing) in Bio-Rad CFX996 and analyzed using the Bio-Rad manager software (Bio-Rad, Hercules, CA, United States) normalized to GAPDH. Results were calculated using the 2−ΔΔCT method. cDNA was then amplified via PCR using the primer sequences listed in Supplementary Table S1.
2.10 ELISA
We used an ELISA kit to measure the levels of TNF-α, IL-1β, and IL-10 (KE10002, KE10003, KE10008; Proteintech, United States of America) in the culture supernatant. The experimental method follows that described for qRT-PCR. After adding hucMSC-EV for 48 h, the culture supernatant was collected. Following centrifugation at 500 × g for 5 min, the culture supernatant was stored at −20°C. The microplate strips were removed, and the microwells were placed in the strip holder. One hundred microliters of each sample were added to the appropriate wells, and the plate was incubated for 2 h at 37°C in a humid environment. After washing the wells 4 times with 1 × Wash Buffer, 100 μL of 1 × antibody detection solution was added, followed by incubation for 1 h at 37°C in a humid environment. After washing, 100 μL of 1 × HRP-conjugated antibody was added to each well, followed by incubation for 40 min at 37°C in a humid environment. After washing, 100 μL of TMB substrate solution was added to each well, followed by incubation for 15 min at 37°C in the dark. Stop solution (100 μL) was added, and absorbance at 450 nm was read immediately on a microplate reader. (BioTek, Synergy H1M) Cytokine concentrations were calculated according to the standard curve.
2.11 Statistical analysis
Data were processed using SPSS 20.0 statistical software (IBM, Armonk, NY, United States). The data are shown as the mean ± standard deviation from at least three independent experiments. Comparisons among multiple groups were performed using one-way analysis of variance (ANOVA) and Tukey’s test. Data between two groups were compared using the unpaired t-test or Kruskal–Wallis test. Statistical significance was set at p < .05.
3 RESULTS
3.1 Extraction and identification of HucMSCs
The high quality of the extracted hucMSCs was identified based on three properties: adherence capacity, differentiation ability, and presence of surface markers, according to the criteria proposed by the mesenchymal and tissue stem cell Committee of the International Society for Cellular Therapy. As shown in Figure 1A, MSCs climbed outward from the central umbilical cord block and could adhere to the wall for growth. Osteogenic and adipogenic experiments verified the differentiation potential of the cells. After a 3-week induction and culture in an osteogenic differentiation medium, MSCs successfully differentiated into osteoblasts (Figure 1B); calcium deposition could be observed using ARS staining. After a 3-week induction and culture with an adipogenic differentiation medium, MSCs successfully differentiated into adipocytes (Figure 1C). Using oil red O staining, red lipid droplets in the cells were observed.
[image: Figure 1]FIGURE 1 | Identification of hucMSCs. (A) HucMSCs were isolated and purified through their physical adherence to the plastic cell culture plate. (B) Alizarin red S staining demonstrated that mineralized nodules were formed in the hucMSCs 3 weeks after osteogenic induction. (C) Oil-red-O staining showed lipid-rich vacuole formation in the mouse BM-MSCs after 3 weeks of adipogenic induction. (D–F) Flow cytometry analysis showed that these cells were positive for MSC markers CD73 (D), CD90 (E), and CD105 (F). (G–J) Cells were negative for B cell marker CD19 (G), endothelial cell marker CD34 (H), pan-leukocyte marker CD45 (I), and stimulated immune cell marker HLA-DR (J).
We further verified that our isolated and cultured cells were MSCs using flow cytometry. As shown in Figures 1D–F, the positive markers, CD73, CD90, and CD105, on the surface of MSCs were expressed in >99% of the cells. Figures 1G–J shows that the expression rate of MSC negative markers and exclusion proteins, CD19, CD34, CD45, and HLA-DR, on the cell surface was <1%.
3.2 Identification of hucMSC-derived EV
To evaluate whether the extracted EV conformed to international standards, we separated and extracted extracellular vesicles using ultracentrifugation. Figures 2A–D showed size distribution and schematic illustration of hucMSC-EV measured from NanoSight and then we observed isolated structures using projection electron microscopy. The results are shown in Figure 2E. We observed a double concave disc-shaped vesicle structure with a diameter of ∼100 nm. Using NTA, the peak particle size of extracellular vesicles was estimated at 142 nm; particle size was within the 40–100 nm range and complied with international standards (Figure 2C). Further verification using western blotting (WB) showed that the extracellular vesicle structure expressed the membrane protein CD81 and intracellular protein TSG101 but not calnexin (located in the endoplasmic reticulum). In contrast, hucMSCs expressed TSG101 and calnexin, and the expression of CD81 was substantially lower than that of the extracted MSC extracellular vesicle structure (Figure 2F). Therefore, we successfully extracted hucMSC-EV that conformed to international standards.
[image: Figure 2]FIGURE 2 | Identification of hucMSC-EV. (A, B) Size distribution and schematic illustration of hucMSC-EV measured from NanoSight. (C) NanoSight measure of the particle diameter of hucMSC-EV. (D) A table for particle concentration, average particle size and modal particle size. (E) Transmission electron micrographs of hucMSC-EV. (F) Western blotting identified the positive exosome protein markers CD81 and Tsg101 and negative exosome protein marker Calnexin.
3.3 hucMSC-EV alleviated tubal factor infertility caused by CT infection and increased the pregnancy rate of nude mice
We successfully induced a mouse model of tubal inflammatory infertility caused by CT infection. To verify that hucMSC-EV can alleviate salpingitis and improve the pregnancy rate in pathogenic animals, mice were first divided into hucMSC-EV, DPBS, and DMEM groups, as shown in Figures 3A–F. After hucMSC-EV treatment, local hyperemia and the inflammatory hydrosalpinx in the mouse oviduct and uterus were considerably reduced compared with those in the control group. In contrast, local hyperemia and hydrosalpinx were observed in the DPBS and DMEM groups. H&E tissue staining showed that the structure of oviduct villi in the hucMSC-EV group was complete, while the villi structure in the DPBS and DMEM groups almost disappeared, with evident tissue expansion due to ponding (Figure 3G−L). The above results showed that hucMSC-EV can significantly improve reproductive tract congestion and the inflammatory response in pathogenic mice.
[image: Figure 3]FIGURE 3 | The therapeutic effect of hucMSCs on a murine model of chronic salpingitis and molecular mechanism. (A–L) Representative photographs and H&E microphotographs of mice fallopian tubes in the murine chronic salpingitis model. (M, N) The pregnancy rate table and graph of each group. (O, P) Representative western blots of P65 and TLR4 in the mice fallopian tubes from each group (O) and the relative protein expression (P); band intensities were normalized against the corresponding GAPDH.
In the next experiment, we examined whether the pregnancy rate in these mice could be improved. As shown in Figures 3M, N, all five mice in the hucMSC-EV group were pregnant, compared with none in the DPBS group and one in the DMEM group. The above results further verified that the application of hucMSC-EV could significantly improve the reproductive tract congestion and inflammatory response of pathogenic mice, thereby improving the pregnancy rate.
To further explore the molecular mechanism and signaling pathway of hucMSC-EV in alleviating the inflammatory response in pathogenic mice, we detected the proteins p65 and TLR4 related to the inflammatory signaling pathway. We prepared protein samples and carried out WB analysis using oviduct tissues from the three mice groups (Figures 3O, P). The expression levels of p65 and TLR4 in the hucMSC-EV group were significantly lower than those in the DPBS and DMEM groups. These results suggest that p65 and TLR4 may play an important role in the hucMSC-EV-mediated alleviation of oviduct inflammation.
3.4 hucMSC-EV induced macrophage polarization from M1 to M2
To explore whether hucMSC-EV play a crucial role in tubal factor infertility by regulating macrophage polarization, we labeled CD206 with immunofluorescence to show the distribution of M2 macrophages in tubal tissue. The results revealed (Figure 4) that the number of M2 macrophages in the hucMSC-EV group was considerably higher than that in the DPBS and DMEM groups, suggesting that hucMSC-EV may inhibit the oviduct inflammatory response caused by chlamydia infection by inducing macrophage polarization from the M1 to M2 type.
[image: Figure 4]FIGURE 4 | Immunofluorescence of CD206 showing M2 macrophages in the murine fallopian tubes in each experimental group (A-I). Immunofluorescence of CD206 (red) showing M2 macrophages in the murine fallopian tubes in hucMSC-EV group (A, D, G), DPBS group (B, E, H), and DMEM group (C, F, I).
3.5 Macrophages ingest membrane components of HucMSC culture supernatant and hucMSC-EV in vitro
How do hucMSC-EV induce macrophages to polarize from M1 cells to M2 cells to alleviate salpingitis? To further explore the molecular mechanism of the macrophage program, we conducted the following experiments. As shown in Figures 5A–C, we first labeled membrane components in the hucMSC culture supernatant using PKH67 (green fluorescence) and nuclei using DAPI (blue fluorescence). After fusion, we found that the green fluorescence signal (model component) surrounded the blue nuclei, indicating that macrophage RAW264.7 cells can swallow membrane components in the hucMSC culture supernatant.
[image: Figure 5]FIGURE 5 | hucMSC-EV uptake by mouse RAW264.7 macrophages and hucMSC-EV-mediated polarization of RAW264.7 cells. (A–C) Immunofluorescence image showing the uptake of membrane components of hucMSC culture supernatant by RAW264.7 cells. (D, E) Immunofluorescence image indicating RAW264.7 cell uptake of hucMSC-EV. (F–H) Gene expression profiles of macrophage subtype markers in RAW264.7 cells in each group (n = 3). Data are expressed as the mean ± SD. Statistical significance was determined using one-way ANOVA followed by an unpaired t-test or Kruskal–Wallis test. *p < .05, **p < .01, ***p < .001.
Additionally, we used CellTracker™ Red CMTPX Dye to label EV. Fluorescent microscopy showed that the red signal coincided with macrophages, verifying that macrophages could phagocytose EV (Figures 5D,E).
Next, we explored whether hucMSC-EV could reverse the M1-type macrophages to the M2 type.
We first treated macrophages separately with LPS and hucMSC-EV and detected the surface marker proteins of M1 and M2 macrophages using RT-PCR to verify the role of hucMSC-EV. As shown in Figures 5F–H, after treatment with 100 ng/ml of LPS, the transcription level of iNOS in M1 macrophages increased significantly, while that of CD206 in M2 macrophages decreased significantly. When hucMSC-EV and LPS were present simultaneously, the transcription level of iNOS in M1 macrophages was not significantly different from that in the untreated group, while the transcription level of CD206 in M2 macrophages was significantly different from that in the other three groups. LPS and hucMSC-EV had no significant effect on the expression of macrophage general marker F4/80. The above results indicate that hucMSC-EV can reverse LPS-induced macrophage transformation and promote the conversion of M1-type to M2-type macrophages.
3.6 hucMSC-EV reverse p65 and TRAF6 expression in LPS-induced macrophages and promote IL-10 transcription
To further explore the molecular mechanism by which hucMSC-EV induce macrophage polarization, we treated macrophages with hucMSC-EV and LPS in vitro cell experiments and verified the expression of p65 and TRAF6 proteins using WB. As shown in Figures 6A,B, LPS significantly upregulated the expression levels of p65 and TRAF6, while simultaneous treatment of macrophages with LPS and hucMSC-EV did not result in significant increases in the expression levels of p65 and TRAF6. These results indicate that hucMSC-EV can reverse these processes through the p65/TRAF6 pathway.
[image: Figure 6]FIGURE 6 | hucMSC-EV regulate p65, TRAF6, and cytokine transcription and expression. (A, B) Representative western blots of p65 and TRAF6 in RAW264.7 cells from each group (A) and the relative protein expression (B); band intensities were normalized against the corresponding GAPDH. (C–E) mRNA expression levels of cytokine genes in RAW264.7 cells treated with LPS for 8 h and hucMSC-EV for 12 h (n = 3). (F–H) Concentration of cytokines TNF-α (F), IL-1β (G), and IL-10 (H) in the culture supernatant of RAW264.7 cells treated with LPS for 8 h and hucMSC-EV for 48 h (n = 4). Data are expressed as the mean ± SD. Statistical significance was determined using one-way ANOVA followed by an unpaired t-test or Kruskal–Wallis test. *p < .05, **p < .01, ***p < .001.
M1 macrophages usually secrete proinflammatory cytokines and IL-1β, while M2 macrophages usually secrete anti-inflammatory cytokine IL-10. Could hucMSCs promote the expression of anti-inflammatory cytokine IL-10? The results show (Figures 6C–H) that LPS treatment significantly increased macrophage TNF-α and IL-1β mRNA transcription and secretion levels, whereas treatment with hucMSC-EV downregulated the transcription and expression levels of both factors. Furthermore, LPS significantly reduced the mRNA transcription and secretion level of IL-10 in macrophages, while hucMSC-EV significantly upregulated the transcription and expression level of IL-10. The above results show that hucMSC-EV can reverse the expression of p65 and TRAF6 proteins in macrophages induced by LPS and promote the transcription and secretion of IL-10.
4 DISCUSSION
WHO has predicted that infertility will become the third major disease in the 21st century (Mascarenhas et al., 2012). The most common cause of infertility is salpingitis caused by CT, with up to 70% of patients being asymptomatic (Yonke et al., 2022); lack of appropriate treatment in undiagnosed cases can lead to infertility (Hafner, 2015). Here, we demonstrated the functional significance of hucMSC-derived EV in infertility caused by CT-induced salpingitis in vitro and in vivo and the possible mechanisms of hucMSC-EV. hucMSC-EV reduced the congestion and inflammation in fallopian tubes caused by the CT infection and increased the pregnancy rate of nude mice. Regarding the molecular mechanism, we found that hucMSC-EV, through the NF-κB signaling pathway, can induce macrophages to transform from the M1 to the M2 type and inhibit tubal factor infertility (Figure 7). These results lay a solid foundation for the future clinical applications of EV to inhibit CT inflammatory infertility.
[image: Figure 7]FIGURE 7 | hucMSC-EV treat salpingitis by promoting macrophage polarization from M1 to M2 and inhibiting the TLR4 signaling pathway. hucMSC-EV downregulated M1 macrophages and cytokines TNF-α and IL-1β and upregulated M2 macrophages and cytokine IL-10. hucMSC-EV downregulated the TLR4, TRAF6, and p65 proteins to treat salpingitis and upregulated the pregnancy rate.
EV can be obtained from a variety of specimens, including cell culture supernatants and various body fluids, such as blood and urine (Logozzi et al., 2020). MSC-derived EV play an increasingly important role in intracellular communication and tissue repair (Joo et al., 2020; Lin et al., 2022). Compared with living cells, their clinical application may offer significant advantages because they may reduce adverse side effects after application, as well as infusion toxicity, uncontrolled cell growth, and possible tumor formation (Liang et al., 2014; Qiu et al., 2019; Weng et al., 2021).
The use of hucMSC-EV has shown beneficial effects in a variety of diseases, such as lung disease (Willis et al., 2020; Willis et al., 2021), oxygen-Induced multi-organ disease (Fernandez-Gonzalez et al., 2021), preeclamptic lung Injury (Taglauer et al., 2022), various detrimental sequalae of hyperoxia exposure (Reis et al., 2021), cornea disease (McKay et al., 2021), hepatic fibrosis (Rong et al., 2019), etc. In rat calvarial defects, miR-196a (Qin et al., 2016), miR-27a, and miR-206 (Lai et al., 2022) positively regulate the expression of osteogenic genes and osteoblast differentiation to stimulate bone formation (Liu et al., 2018). In a mouse model of Alzheimer’s disease, miR-21 and miR-181c effectively reduced amyloid-β accumulation and increased synaptic protein expression and miR-21 levels in the brains of APP/PS1 mice (Cui et al., 2018). EV inhibited the hypoxic activation of STAT3 signaling and upregulation of miR-204 and miR-17 in a mouse model of suppressed pulmonary hypertension (Lee et al., 2012). Inhibition of the IL-6-related signaling pathway by miR-455-3p in a mouse model of acute liver injury suppressed monocyte/macrophage overactivation and reduced injury (Shao M et al., 2020). In a rat model of acute kidney injury, the renal injury was suppressed by improving oxidative stress and apoptosis, and cell proliferation was promoted by activation of ERK1/2 in vivo and in vitro (Ullah et al., 2020). Inhibition of myofibroblast formation and TGF by miR-21, miR-23a, miR-125b, and miR-145 in a mouse model of skin disease- β 2, TGF- β R2 and Smad2 pathways, thereby inhibiting α-SMA expression and decreasing collagen I deposition (Hu et al., 2020). EV act on TRAF1-mediated macrophage polarization, thereby treating severe steroid-resistant asthma. Treatment of cerebral ischemic injury with miR-542-3p prevented ischemia-induced glial inflammatory response by inhibiting TLR4 (Cai et al., 2021). Many studies have also explored the use of hucMSC-EV or their secretomes to treat COVID-19 infection with promising results (Meng et al., 2020; Sengupta et al., 2020; Tang et al., 2020; Hashemian et al., 2021).
At present, MSCs are rarely used in the treatment of tubal factor infertility. Our previous study showed that MSC transplantation can significantly reduce the degree of inflammation in salpingitis caused by CT infection (Liao et al., 2019). In this study, we demonstrate that hucMSC-EV can reduce salpinx congestion and inflammatory reactions caused by CT infection and improve the pregnancy rate of nude mice. Therefore, we speculate that the role of MSCs in the repair and reconstruction of inflammatory adhesions may be related to the immunoregulatory effects of MSCs under different inflammatory environments and on other inflammatory cells.
Some studies have confirmed that MSCs can promote the transformation of M1 macrophages to the M2 type through the paracrine pathway (Xin et al., 2020; Li et al., 2022; Teng et al., 2022; Zhang et al., 2022), suggesting that M2-type macrophages are important in the MSC-mediated treatment of salpingitis. Based on previous studies, we used CT intravaginal inoculation to generate a mouse model of salpingitis. hucMSC-EV were used to treat CT salpingitis, and the therapeutic effects were evaluated. We found that membrane components in the supernatant of hucMSCs could be engulfed by M1 macrophages, inducing M2-type polarization. Furthermore, the number of M2 macrophages in the hucMSC-EV group was substantially higher than that in the other groups, suggesting that hucMSC-EV can inhibit tubal inflammation caused by chlamydial infection by inducing macrophage polarization from the M1 to M2 type. However, the molecular mechanism by which hucMSC-EV induce macrophage polarization remains unknown.
NF-κB is a major transcription factor with a key role in the immune response (Xu et al., 2019; Barnabei et al., 2021; Luo et al., 2022). Strict regulation of the NF-κB signaling pathway is essential for maintaining immune homeostasis (Mitchell and Carmody, 2018; Yu et al., 2020). Uncontrolled hyperactivation of this pathway may lead to excessive inflammation and ultimately to various pathological conditions (Taniguchi and Karin, 2018).
NF-κB acts via two signaling pathways: a typical pathway that mediates inflammatory responses (Barnabei et al., 2021) and an atypical pathway that participates in the differentiation and maturation of immune cells (Hayden and Ghosh, 2011) and secondary lymphoid organogenesis (Hahn et al., 2016; Sun, 2017). Inhibition of NF-κB activation can promote immunosuppression in inflammation and tumors (Li et al., 2020); in contrast, stimulation of NF-κB activation promotes immunity and activates CD8+ T cell cytotoxicity (Yatim et al., 2015). In patients with multiple sclerosis, related gene alterations led to the enhancement of the NF-κB signaling pathway, enhancing the inflammatory response (Leibowitz and Yan, 2016). The degradation of NF that induces autophagy κ B-rela cells, restoring NF κ After B activity, tumor-associated macrophages can be seen to polarize toward M2 (Qian M et al., 2020; Korbecki et al., 2021; Zhang et al., 2022).
Inhibition of the nuclear translocation of NF-κB leads to decreased transcriptional activity (Yu et al., 2020); when its phosphorylation is inhibited, the inflammatory response is suppressed (Baldwin, 2012). Valsartan is the latest generation of angiotensin II receptor antagonists, which can reduce NF-κB nuclear translocation, decrease its expression, inhibit NF-κB-related inflammatory pathways, and reduce the expression of the inflammatory end products COX-2 and IL-1 (Dandona et al., 2003; Sun et al., 2018). In addition, inhibition of the NF-κB p65 signaling pathway can inhibit TNF-α-induced expression of inflammatory mediators (Deng et al., 2010). The LPS-induced NF-κB signaling pathway can be selectively regulated to inhibit the expression of proinflammatory genes, thereby inhibiting the inflammatory response (Gao et al., 2022). In addition, Mammalian sterile 20-like kinase 1 (MST1) attenuates NF-κB-dependent inflammatory gene expression by phosphorylating HOIP and, thus, functions as a negative regulatory mechanism, promoting the regression of inflammation and preventing unnecessary tissue damage (In Young Lee et al., 2019).
To further explore the molecular mechanism and signaling pathways of hucMSC-EV in reducing inflammation in pathogenic mice, we detected the proteins p65 and TLR4, associated with the inflammatory signaling pathway. The results show that the protein expression levels of p65 and TLR4 were significantly downregulated in hucMSC-EV, suggesting that p65 and TLR4 may play an important role in the hucMSC-EV-mediated treatment of salpingitis. Subsequently, we found that hucMSC-EV can reverse the expression of p65 and TRAF6 proteins in LPS-induced macrophages and promote the transcription and secretion of IL-10; therefore, hucMSC-EV can regulate the NF-κB signaling pathway and induce macrophage-polarization from M1 to M2, improving the local inflammatory microenvironment of fallopian tubes.
Although we found that hucMSC-EV can downregulate the NF-κB inflammatory signaling pathway, contributing to the reduction of inflammation, several factors remain unknown: 1) identification of the upstream molecules in the TLR4 signaling pathway; 2) secretions comprise several substances, including RNA, proteins, and other biological molecules, with yet unresolved roles. In this regard, future investigations using chip technology and bioinformatics may be useful; 3) the potential anti-inflammatory effects and synergistic actions of substances in the culture supernatant of hucMSCs, such as growth factors and other types of cell vesicles, require investigation; 4) in addition, application of hucMSC-EV to studies of infertility caused by other factors, such as endometritis caused by CT (Yang et al., 2021), remains open. The above issues remain the direction and goal of our future studies, and our efforts will be toward designing appropriate experiments.
5 CONCLUSION
CT infection can cause chronic salpingitis and infertility. hucMSC-EV can induce macrophage polarization from the M1 to M2 type through the NF-κB signaling pathway, thus improving the local inflammatory microenvironment of the fallopian tube, treating chronic salpingitis caused by CT infection, and ultimately improving the reproductive outcome. Thus, hucMSC-EV can be a promising, cell-free method to treat infertility due to chronic salpingitis.
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Primordial follicles are the starting point of follicular development and the basic functional unit of female reproduction. Primordial follicles are formed around birth, and most of the primordial follicles then enter a dormant state. Since primordial follicles are limited in number and can’t be renewed, dormant primordial follicles cannot be reversed once they enter the growing state. Thus, the orderly occurrence of primordial follicles selective activation directly affects the rate of follicle consumption and thus determines the length of female reproductive lifespan. Studies have found that appropriately inhibiting the activation rate of primordial follicles can effectively slow down the rate of follicle consumption, maintain fertility and delay ovarian aging. Based on the known mechanisms of primordial follicle activation, primordial follicle in vitro activation (IVA) technique has been clinically developed. IVA can help patients with premature ovarian failure, middle-aged infertile women, or infertile women due to gynecological surgery treatment to solve infertility problems. The study of the mechanism of selective activation of primordial follicles can contribute to the development of more efficient and safe IVA techniques. In this paper, recent mechanisms of primordial follicle activation and its clinical application are reviewed.
Keywords: ovary, follicle, primordial follicle activation, In vitro activation, premature ovarian failure
INTRODUCTION
Ovary is an important reproductive and endocrine organ for female mammal. The normal ovarian function provides a fundamental guarantee for the body’s suitable reproductive life and stable endocrine environment. There are two types of follicles in the adult ovarian follicle pool, one is the growing follicle, and the other is large number of primordial follicles as ovarian reserve. The primordial follicle pool is not renewable, and the primordial follicle cannot be reversed once it enters the growing state (Zhang et al., 2015; Zhang and Liu, 2015; Kallen et al., 2018). Therefore, the orderly primordial follicle activation plays a decisive role in maintaining the length of female reproductive life (Reddy et al., 2010; Zhao et al., 2021). There are different stages during follicles development included primordial follicle, primary follicle, secondary follicle, antral follicle and preovulatory follicles in the ovary, but most of the follicles are primordial follicles, and these primordial follicles are in a dormant and static state (Pedersen, 1970; Hsueh et al., 2015; Zhang et al., 2015; Monget et al., 2021) (Figure 1). Primordial follicles consist of a single central oocyte surrounded by multiple pre-granulosa cells. Interestingly, the oocytes are arrest in the first meiosis stage and their growth is relatively static, the cell cycle of the pre-granulosa cells is inhibited (Jaffe and Egbert, 2017; Granados-Aparici et al., 2019). This state can be maintained as long as a year in mice, and up to 50 years in humans. These dormant primordial follicles are recruited from the primordial follicle pool and enter the growth follicle stage. This process is named the initial recruitment, also called primordial follicle activation (Lintern-Moore and Moore, 1979). Primordial follicle initial recruitment is different from cyclic recruitment (Kallen et al., 2018). It is generally believed that cyclic recruitment is regulated by gonadotropins, while initial recruitment is not regulated by gonadotropins (McGee and Hsueh, 2000; Bian et al., 2021). Primordial follicle initial recruitment is mainly regulated by the signals in the pre-granulosa cells and oocyte, as well as by conditions such as growth factors and stress in the primordial follicle microenvironment (Bian et al., 2021). After the primordial follicle is activated, the pre-granulosa cells gradually change from flat to wedge-shaped, then cuboidal, and later called granulosa cells. Meanwhile, oocyte diameter increased (Kallen et al., 2018) (Figure 2). When the primordial follicle is activated to enter the growth follicle stage, it enters the irreversible growth and development process, so the activation of the primordial follicle is equivalent to a gate for follicular development (Hirshfield, 1991; Adhikari et al., 2009). In order to maintain a suitable length of reproductive life and the reproductive health of the body, primordial follicles in the ovaries need to be properly activated at the right time (Zhang and Liu, 2015; Chen et al., 2022). The understanding of the mechanisms of primordial follicle activation is still limited. To better grasp the progress of research on primordial follicle activation, we summarize the currently known key networks that regulate the activation of primordial follicles in this review.
[image: Figure 1]FIGURE 1 | Ovarian structure and follicular development pattern diagram (A) Ovarian structural pattern diagram. Follicles at different developmental stages constitute the basic structural and functional unit of the ovary. Primordial follicles are mainly distributed in the cortex, and growing follicles are mainly distributed in the medulla. The blood vessels in the ovary provide nutrients to the ovarian tissue and follicles, and the blood vessels around each follicle are relatively independent. (B) Follicular development pattern. The development of primordial follicles into primary follicles is independent of gonadotropins, a process called primordial follicle activation, also known as initial recruitment. The process from primary follicle development to ovulation is a gonadotropin-dependent stage. The process of primary follicle development into preantral follicles is called cyclic recruitment and is the FSH response phase. Antral follicles ovulate under the stimulation of the LH surge. After ovulation, the granulosa cells luteinize to form the corpus luteum.
[image: Figure 2]FIGURE 2 | Characteristics of tissue structure changes in primordial follicle activation A follicle consists of a single oocyte in the middle and several somatic cells surrounding it. Primitive follicle activation mainly has two characteristics of structural changes. On the one hand, after primordial follicle activation, the pre-granulosa cells slowly changed from flat to wedge-shaped, and then to cubic-shaped. On the other hand, the oocyte diameter increased.
TWO WAVES OF PRIMORDIAL FOLLICLES ACTIVATION IN MOUSE
Primordial follicles are formed around birth. The primordial follicles in the ovarian medulla are synchronously activated to become the first wave of activated follicles. The dormant primordial follicles in the cortical region of the ovary are gradually activated into a second wave of activated follicles (Hirshfield, 1991; Mork et al., 2012). Primordial follicles are mainly stored in the cortical area, and growing follicles are mainly stored in the medullary area. The developmental dynamics, functions and mechanisms of the two waves of follicles are different (Zheng et al., 2014; Dai et al., 2022). The activation of the first wave primordial follicles in the medulla is regulated by oocytes and has been determined during the formation of primordial follicles in the embryonic stage (Dai et al., 2022). However, the activation of the second wave primordial follicles in the medulla of the adult ovary may be regulated by pre-granulosa cells (Zhang et al., 2014). The first wave of primordial follicle development later contributes to the onset of puberty. The second wave of primordial follicles contributes to the entire reproductive process in adulthood (Zheng et al., 2014). The current understanding of the mechanism of the two waves of primordial follicle activation is limited, and this will be a fundamental scientific topic that needs attention in the development of primordial follicles.
THE SIGNAL PATHWAY IN OOCYTE
PTEN-PI3K-AKT signaling
Primordial follicles are composed of only two types of cells: oocytes and pre-granulosa cells. The activation of primordial follicles requires the participation of these two types of cells (Zhang et al., 2015). In the process of primordial follicle activation, two signaling pathways, the phosphatidylinositol-3 kinase (PI3K) signaling pathway and the mechanistic target of rapamycin complex (mechanistic target of rapamycin complex 1, mTORC1) signaling pathway play a key role. PI3K signaling in oocytes is required for primordial follicles to maintain dormant state and follicular reserve (Adhikari and Liu, 2009; Adhikari and Liu, 2010; Zhang et al., 2014; Maidarti et al., 2020; Zhao et al., 2021). Phosphatase and tensin homolog (PTEN) negatively regulate intracellular levels of phosphatidylinositol-3,4,5-trisphosphate (PIP3) in cells and functions as a tumor suppressor by negatively regulating protein kinase B (PKB/AKT) signaling pathway (Worby and Dixon, 2014; Yehia et al., 2020). PTEN-PI3K-AKT is a relatively well-studied and clear signaling pathway during primordial follicle activation (Reddy et al., 2005; Liu et al., 2006). PTEN is mainly localized in dormant primordial follicle oocytes, deletion of Pten in primordial follicle oocytes will lead to excessive activation of the PI3K signaling pathway in oocytes, leading to premature activation of primordial follicles and ultimately premature ovarian failure (Reddy et al., 2008). Pyruvate dehydrogenase kinase 1 (PDK1) activates AKT through co-binding to PIP3 generated by PI3Ks (Gagliardi et al., 2018). Conditional knockout of Pdk1 in primordial follicle oocytes results that the majority of primordial follicles are depleted around the onset of sexual maturity. PTEN-PDK1 signaling in oocytes that controls the survival, loss and activation of primordial follicles (Reddy et al., 2009).
TSC1/TSC2-mTOR signaling in oocyte
mTOR is essential for oogenesis, follicular development, maintenance of follicular reserve, and oocyte maturation (Liu et al., 2018; Correia et al., 2020). TSC complex subunit 1 (TSC1) and TSC complex subunit 2 (TSC2) negatively regulates mammalian target of rapamycin complex 1 (mTORC1) signaling. mTOR is a conserved kinase that mediate cellular responses to stresses such as nutrient deprivation, growth factors and DNA damage (Salussolia et al., 2019). Deletion of Tsc1/2 in primordial follicle oocytes will lead to overactivation of the mTOR signaling pathway in oocytes, which will also lead to the premature activation of primordial follicles and eventually lead to premature ovarian failure (Adhikari et al., 2009). However, primordial follicles are normally activated in the absence of mTOR in primordial follicle oocytes, but subsequent follicle development is arrested, and granulosa cells transform into sertoli-like cells (Guo et al., 2018).
LHX8
LIM homeobox 8 (LHX8) is a member of the LIM homeobox family of proteins (Hobert and Westphal, 2000). In the ovary, LHX8 is specifically expressed in the oocyte nucleus and involved in oogenesis, oocytes differentiation, primordial follicle activation (Choi et al., 2008; Zhao et al., 2022). Lhx8-null mice had abnormally increased level of autophagy in oocytes and increased oocyte DNA damage, resulting in massive oocyte loss (Ren et al., 2015; D’Ignazio et al., 2018). Wang’s study found that the oocyte-specific transcription factors LHX8, FIGLA and SOHLH1 form a transcriptional regulatory network to regulate oogenesis (Wang et al., 2020b). LHX8 directly regulates Lin28a transcription in primordial follicle oocytes to regulate postnatal folliculogenesis (Ren et al., 2015; D’Ignazio et al., 2018).
CDC42
Cell Division Cycle 42 (CDC42) is a small GTPase of the Rho-subfamily, which regulates signaling pathways that control diverse cellular functions including cell morphology, migration, endocytosis and cell cycle progression (Heinrich et al., 2021; Campbell et al., 2022; Wirth et al., 2022). The subcellular localization of CDC42 during primordial follicle activation is interesting. In dormant primordial follicles, CDC42 is specifically expressed in the oocyte cytoplasm. When primordial follicles are activated, the expression of CDC42 on the oocyte membrane is greatly enhanced, the expression of the GTP-active form of CDC42 is enhanced on the oocyte membrane. CDC42 binds to P110-β protein, regulates the activation of PI3K signaling pathway in oocytes, and promotes primordial follicle activation (Yan et al., 2018). In Yan’s study, it was found that the expressions of CDC42 and PTEN in primordial follicle oocytes are mutually exclusive, but the specific regulatory relationship between CDC42 and PTEN is not clear, which needs to be explored in future research.
E-cadherin
Cell adhesion is essential for tissue structure and function. The cadherin family members play a key role in cell-cell recognition and adhesion and interact with intracytoplasmic proteins through adaptor proteins (Collins et al., 2017). E-cadherin, a classical cadherin of the cadherin superfamily, is a calcium-dependent cell adhesion molecule that is involved in the establishment and maintenance of epithelial cell morphology during embryogenesis and adulthood (Zaidel-Bar, 2013). E-cadherin is specifically localized to the cytomembrane of oocytes in primordial follicle. E-cadherin in primordial follicle oocytes plays an indispensable role in the maintenance of the primordial follicle pool by facilitating follicular structural stability and regulating NOBOX expression (Yan et al., 2019). The study also demonstrates that oocyte-derived factors are necessary for the maintenance of follicles.
THE SIGNAL PATHWAY IN PRE-GRANULOSA CELLS
TSC1/TSC2-mTOR signaling in pre-granulosa cells
Interestingly, primordial follicles failed to be activated after deletion of Rptor, a key member of the mTORC1 complex in pre-granulosa cells, and primordial follicles were hyperactivated after deletion of TSC1/2 (Zhang et al., 2014). Studies using multiple transgenic mouse models reveal that pre-granulosa cells initiate and govern the activation of the second wave of primordial follicles (Zhang et al., 2014; Zhang et al., 2015). Under the stimulation of surrounding factors such as hypoxia, nutritional factors, stress and other factors, mTOR in pre-granulosa cells is upregulated, pre-granulosa cells grow and differentiate into granulosa cells, and they secrete more KIT ligands at the same time (Zhang et al., 2014). KIT ligands bind to KIT receptors on the oocyte membrane and activate the PI3K signaling pathway in the oocyte (Kissel et al., 2000; Nilsson and Skinner, 2004; Hutt et al., 2006; Zhang et al., 2014; Saatcioglu et al., 2016). This enables downstream FOXO3A to be phosphorylated, and FOXO3a is transported out of the nucleus to relieve the inhibition of oocyte growth, thereby enabling primordial follicle activation (Castrillon et al., 2003; Zhang et al., 2014; Ezzati et al., 2015). Other studies have also found that CREB, MAPK, HDAC6, NGF and other molecules can regulate the activation of primordial follicles through the mTOR signaling pathway (He et al., 2017; Zhao et al., 2018; Li et al., 2020; Zhang et al., 2021b; Zhang et al., 2022). These studies further illustrate the important role of the mTOR signaling pathway in the activation of primordial follicles.
FOXL2
Foxl2 forkhead box L2 (FOXL2), a forkhead transcription factor, contains a fork-head DNA-binding domain and it may play a role in ovarian development and function (Benayoun et al., 2011; Georges et al., 2013). Expansion of a polyalanine repeat region and other mutations in FOXL2 are a cause of blepharophimosis syndrome, premature ovarian failure and granulosa cell tumour (De Baere et al., 2002; Nallathambi et al., 2007; Pierini et al., 2020). The formation of primordial follicles in Foxl2 knockout mice was not affected, but the pre-granulosa cells failed to differentiate and remained flat, resulting in no growing follicles in the ovary and female mice were sterile (Schmidt et al., 2004). This study also demonstrates that the developmental status of pre-granulosa cells is critical for the activation of primordial follicles and the development of subsequent growing follicles.
SMAD3
SMAD family member 3 (SMAD3) is known to serve as a signaling intermediate for the transforming growth factor beta TGF family (Kawabata et al., 1998) Smad3 knockout mice are viable. Notably, primordial follicle formation was not affected in Smad3 knockout mice but delayed the activation of primordial follicles and development of growing follicles, resulted in reduced fertility (Tomic et al., 2002). The transcription factor Smad3 is expressed in the nucleus of pre-granulosa cells. SMAD3 directly regulates the transcription of CCND2 and inhibits the expression of Myc. CCND2 is bound by p27, thereby arresting the cycle of precursor granulosa cells and maintaining the dormant state of primordial follicles. When the level of TGF-β increases, SMAD3 is transported out of the nucleus, p27 dissociates from CCND2 to relieve the inhibition of the pre-granulosa cell cycle and promote the activation of primordial follicles (Granados-Aparici et al., 2019). From the current research, p27 and SMAD3 play key roles in follicle development and oogenesis, and they may regulate primordial follicle activation mainly by affecting the pre-granulosa cell cycle (Rajareddy et al., 2007). However, p27 and Smad3 knockout mice were used in the current study, but the precise roles and mechanisms of p27 and SMAD3 in primordial follicle activation cannot be fully elucidated, so further research is needed.
AMH
Anti-mullerian hormone (AMH) is a secreted ligand of the TGF-β superfamily (Pepinsky et al., 1988; Howard et al., 2022). AMH is exclusively produced by granulosa cells of ovarian follicles during the early stages of follicle development (Moolhuijsen and Visser, 2020). AMH plasma levels reflect the continuous non-cyclic growth of small follicles, thereby mirroring the size of the resting primordial follicle pool and thus acting as a useful marker of ovarian reserve (Dewailly et al., 2014). AMH is the best measure of ovarian reserve in different clinical conditions at present. (Teede et al., 2019; Shrikhande et al., 2020; Vatansever et al., 2020). AMH supplementation is able to maintain follicular reserve in some ovarian injury models, such as chemotherapy-induced premature ovarian failure, polycystic ovary syndrome (PCOS) (Sonigo et al., 2019; Hoyos et al., 2020; Ou et al., 2021; Rudnicka et al., 2021).
ESR2
Estrogen and its receptors play an integral role in the periodic recruitment of growing follicles, and estrogen receptor knockout mice lead to infertility in female mice due to abnormal meiosis (Shoham and Schachter, 1996; Liu et al., 2017; Tang et al., 2019). A recent study found that disruption of estrogen receptor β (ESR2) signaling results in increased protein level of AKT and mTOR in both granulosa and oocyte factors and leading to increased activation of primordial follicles (Chakravarthi et al., 2020). This study suggests that estrogen receptors may have no effect on the activation of the first wave of primordial follicles but may regulate the activation of the second wave of primordial follicles. It is also possible that the deletion of the estrogen receptor leads to the development of growth follicles, and the changes in the ovarian microenvironment lead to abnormal activation and loss of primordial follicles.
Wnt ligand secretion mediator
Wingless-type MMTV integration site family (WNT) signaling is an evolutionarily conserved system for cell-cell communication (Liu et al., 2022; Rim et al., 2022). WNT is classified broadly into canonical β-catenin dependent, and non-canonical β-catenin-independent pathways (Clevers and Nusse, 2012; Nusse and Clevers, 2017). The WNT signaling pathway is indispensable for primordial germ cell development, oogenesis, follicle development, and maintenance of follicular reserve (Kocer et al., 2008; Zhou et al., 2012; De Cian et al., 2020; Habara et al., 2021). Among the 19 WNT ligands, the mRNAs for Wnt4, Wnt6 and Wnt11 were experssed in the pre-granulosa cells during primordial follicle activation. Wnt2, Wnt2b, Wnt9a, Wnt5b, Wnt11 and Wnt16 was expressed in the oocytes of primordial follicles (Habara et al., 2021). After conditional knockdown of the wntless in pre-granulosa cells, the pre-granulosa cells could not grow and differentiate into cubic granulosa cells, which leads to female infertility (Habara et al., 2021). Wntless in pre-granulosa cells is essential for communication between pre-granulosa cells and oocytes and primordial follicle activation.
OTHER IMPORTANT MOLECULES AND RELATIVE SIGNALING PATHWAYS
HIPPO
The HIPPO pathway was first discovered in Drosophila melanogaster, the pathway name comes from the fact that Drosophila overgrew like a hippopotamus after mutations in key molecules of the HIPPO pathway in the head and eyes of Drosophila. The HIPPO pathway is highly conserved from Drosophila to mammals (Ma et al., 2019; Moya and Halder, 2019). The upstream membrane protein receptors of the Hippo signaling pathway act as receptors for extracellular growth inhibition signals, and once they sense the extracellular growth inhibition signals, they activate a series of kinase cascade phosphorylation reactions that eventually phosphorylate the downstream effectors Yes-associated protein (YAP) and transcriptional coactivator with PDZ-binding motif (TAZ). And cytoskeletal proteins bind to the phosphorylated YAP and TAZ, causing them to remain in the cytoplasm and reduce its cytosolic activity, thus achieving the regulation of regulation of organ size and volume (Huang et al., 2005; Yu et al., 2015; Ma et al., 2019). After ovarian fragmentation promotes actin polymerization, p-YAP levels decrease and promotes nuclear transfer of YAP. Nuclear localization of YAP further promotes the expression of CCN growth factors and BIRC apoptosis inhibitors, which ultimately promotes follicular overgrowth (Li et al., 2010; Kawamura et al., 2013). The changes in the HIPPO pathway after ovarian fragmentation are a double-edged sword, on the one hand they can lead to follicular overgrowth and premature ovarian failure due to early follicular depletion. On the other hand, this property can be used to promote primordial follicle activation and develop primordial follicle in vitro activation techniques to help infertile patients to conceive children.
HDAC6
Histone deacetylase 6 (HDAC6) is a special histone deacetylase with two deacetylation domains and one ubiquitination domain. HDAC6 plays a center role in several processes, including positive regulation of peptidyl-serine phosphorylation, protein deacetylation, protein destabilization, microtubule stability (Olzmann et al., 2007; Wang et al., 2018; Wang et al., 2020a; Osseni et al., 2020; Wang et al., 2022). Our study showed that histone deacetylase HDAC6 was expressed heterogeneously in different primordial follicles. About 3%–4% of primordial follicles in neonatal and adult mouse ovaries had low HDAC6 expression, and 65% of primordial follicles with low HDAC6 expression will be activated. Further studies found that HDAC6 was transiently downregulated during primordial follicle activation, mediating selective activation of mouse primordial follicles by regulating the expression of mTOR (Zhang et al., 2021b). Interestingly, overexpression of Hdac6 extends fecundity in female mice, longer telomeres and reduced DNA damage may reduce tumorigenesis in Hdac6 overexpression mice (Zhang et al., 2017). Combined with these studies, we speculate that HDCA6 may regulate primordial follicles to selectively activate primordial follicles, prolong follicular cell telomere length and reduce DNA damage, and ultimately prolong female reproductive lifespan.
SIRT1
NAD-dependent protein deacetylase Sirtuin-1 (SIRT1) has been reported to be involved in the regulation of cellular senescence, aging and organism longevity through the acetylation and deacetylation of these substrates altering their transcriptional and enzymatic activities, as well as protein levels (Yao and Rahman, 2012; Lee et al., 2019; Chen et al., 2020). SIRT1 binds directly to the Akt1 and mTOR promoters to promote their transcription, and increased levels of AKT and mTOR expression promote primordial follicle activation. We conducted a clinical translational potential study and found that short-term SIRT1 agonist treatment activates primordial follicles in vitro and these follicles develop normally, both in mice and humans. In vitro fertilization experiments in mice showed that the quality of oocytes obtained by this method was normal. These results suggest that SIRT1 may be a key protein regulating primordial follicle activation and has certain clinical value (Zhang et al., 2019). Interestingly, overexpression of Sirt1 was able to delay ovarian aging, and this effect was the same as that of calorie restriction, Calorie restriction protects fertility in female mice by activating SIRT1 (Long et al., 2019; Zhang et al., 2019).
TGF-β1
TGFB1 transforming growth factor beta 1 (TGF-β1) is a secreted ligand of the TGF-β superfamily. TGF-β binds to various TGF-β receptors leading to recruitment and activation of SMAD family transcription factors that regulate gene expression. The members of TGF-β superfamily, including TGF-β, GDF9, BMP2, BMP4, BMP5, BMP6, BMP7, BMP15, activins and inhibin are expressed by ovarian somatic cells and oocytes in a developmental stage-related manner and function as intraovarian regulators of folliculogenesis (Lee et al., 2001; Hanrahan et al., 2004; Zhao et al., 2016; Vander Ark et al., 2018). Fetal mouse ovary at embryonic stage 18.5 were cultured with the addition of TGF-β ligand for 5–7 days in vitro (Wang W. et al., 2014). The results showed that the primordial follicle reserve was reduced and the primordial follicle activation was inhibited. The opposite result was obtained after incubation with SD208, an inhibitor of TGFβ-R1. Further testing found that TGF-β maintained primordial follicle inventory and primordial follicle dormancy by inhibiting the mTOR signaling pathway. In Wang’s research, TGF-β only affects the mTOR signaling pathway, and has no effect on the PI3K signaling pathway (Wang Z.-P. et al., 2014). Zhang’s research showed that mTOR signaling in precursor granulosa cells initiates and regulates primordial follicle activation, after the mTOR pathway in pre-granulosa cells is activated, PI3K key proteins in oocytes are phosphorylated (Zhang et al., 2014). Combined with the research analysis of Wang’s and Zhang’s, we speculate that long-term addition of TGF-β may maintain primordial follicle pool and primordial follicle activation by regulating the mTOR signaling pathway in oocytes. Interestingly, the 4-day-old mouse ovaries were cultured with TGF-β for 2 h, and the phosphorylation of S6 which is a key downstream of the mTOR pathway was significantly increased, p-AKT was not changed, and SMAD3 nuclear export in pre-granulosa cells was increased, thereby promoting primordial follicle activation (Granados-Aparici et al., 2019). In our study (data not shown), mTOR and PI3K signaling pathways are significantly inhibited after adding SD208 to cultured 2 dpp ovaries of mice for 2 days. TGF-β plays different roles in different stages of follicular development. Long-term upregulation of TGF-β and short-time upregulation of TGF-β may lead to different or even opposite results for primordial follicle development.
NGF
Neurotrophins are growth factors that promote neuronal and non-neuronal cell survival, proliferation and differentiation (Wang W. et al., 2014; Denk et al., 2017). Nerve growth factor (NGF) is a prototype glycoprotein that belongs to the neurotrophins family. NGF contains two classes of receptors: the high affinity receptor tyrosine kinase A (TrkA) and the low-affinity receptor p75 (Chao and Hempstead, 1995; di Mola et al., 2000). The expression of NGF and its receptors is developmentally regulated during folliculogenesis in different mice ovary (Chaves et al., 2010). The number of primordial follicles was not changed, but the number of primary and secondary follicles was significantly reduced in Ngf knockout mice. In the absence of NGF, primordial follicles cannot be activated. It is worth noting that exogenous addition of NGF has no effect on the activation of primordial follicles (Kerr et al., 2009; Dorfman et al., 2014; Dorfman et al., 2014). After the ovaries are mechanically injured, the expression of NGF in the stroma cells near the injury site increases rapidly, NGF induces selective activation of primordial follicles near the injury site, including near the ovulation site through the mTOR signaling pathway (He et al., 2017). However, how the NGF in the stroma cells induces the activation of nearby primordial follicles, as well as the specific signal transduction and molecular mechanisms are still unclear. This is a scientific issue that needs attention in the future.
EGF
Epidermal growth factor (EGF) encodes a member of the epidermal growth factor superfamily, which acts by binding with high affinity to the cell surface receptor, epidermal growth factor receptor (Schneider and Wolf, 2009). In an in vitro ovarian culture model, addition of EGF promotes primordial follicle activation by activating the activity of the PI3K pathway in oocytes, and short-term treatment (30 min) can induce the activation of primordial follicles in humans and mice in vitro. EGF is a highly effective drug target for primordial follicle activation in vitro (Fujihara et al., 2014; Zhang et al., 2020). EGF is highly expressed in zebrafish ovary and testis, EGFRa is expressed in various organs, including the brain, and EGFRb is mainly expressed in the lung and ovary. It is worth noting that only deletion of EGFRa inhibited primordial follicle activation in vivo, whereas primordial follicle activation was not affected by deletion of EGF (Song et al., 2022). This suggests that other growth factors may promote primordial follicle activation through EGFR.
p27
Cyclin-dependent kinase inhibitor 1B (Cdkn1b), also known as p27 or p27Kip1, is a suppressor of cell cycle (Polyak et al., 1994; Chu et al., 2008; Razavipour et al., 2020). The expression of p27 in the ovary during primordial follicle formation and activation is interesting. During primordial follicle formation, p27 is only expressed in the nucleus of somatic cells and not in oocytes. After primordial follicle formation, p27 is expressed in both pre-granulosa cells and oocytes. The expression of p27 is decreased in granulosa cells during primordial follicle activation. In p27 knockout mice, primordial follicles are formed in advance, and the formed primordial follicles are then activated in advance. In addition, a large number of follicles are atresia and eventually lead to premature ovarian failure. In many studies, it was found that PI3K can regulate the expression of p27, but it is interesting that p27 and PI3K are independent in the process of primordial follicle activation (Rajareddy et al., 2007). However, during chemotherapy, dormant primordial follicles are simultaneously overactivated in the ovary via the PI3K/FOXO3a/p27 pathway. Further studies found that in the model of premature ovarian failure induced by cisplatin injection, FOXO3a binds to the promoter of p27 to inhibit its transcription, resulting in excessive activation of primordial follicles. When melatonin and gastrin were injected at the same time, the binding activity of FOXO3a and p27 increased, which promoted the transcription of p27 and saved the over-activation of primitive follicles caused by cisplatin (Jang et al., 2017).
CLINICAL APPLICATION OF PRIMORDIAL FOLLICLE ACTIVATION IN VITRO
Primordial follicles (about 1,000) remain in the ovaries of patients with premature ovarian failure, but these primordial follicles are dormant, and their development is not regulated by gonadotropins (Nelson, 2009; De Vos et al., 2010). To utilize the primordial follicle resources in the ovarian tissue of POF patients, the dormant primordial follicles in the ovary must first be activated to develop to a stage when they can respond to gonadotropins, and then use assisted reproductive technology to achieve pregnancy (Telfer and Anderson, 2021). Primordial follicle activation in vitro (IVA) was recently developed based on the mechanism of primordial follicle activation, which can help patients with premature ovarian failure to achieve fertility (Yin et al., 2016). In addition, IVA can also be used in middle-aged women who are infertile or infertile due to treatment, allowing them to use their own oocytes to carry on offspring (Bertoldo et al., 2018).
The HIPPO signaling pathway determines organ size and is conserved from drosophila to mammals (Seo and Kim, 2018; Ma et al., 2019; Wu and Guan, 2021). Following ovarian damage, disruption of the HIPPO pathway accelerates follicle development, including primordial and growing follicles, which results in increased mice ovarian size. Using the feature of HIPPO signaling pathway can promote primordial follicle activation, combined with agonists of the PI3K or mTOR signaling pathway. A method of primordial follicle activation in vitro was developed to help patients with premature ovarian failure successfully have healthy babies (Kawamura et al., 2013; Zhai et al., 2016; Fabregues et al., 2018; Grosbois and Demeestere, 2018; Lee and Chang, 2019; De Roo et al., 2020; Devenutto et al., 2020; Hsueh and Kawamura, 2020; Tanaka et al., 2020; Zhang et al., 2021a). At the same time, factors such as long in vitro processing time, poor in vitro activation efficiency of primordial follicles, and ethical issues have hindered the clinical application of this technology. Several studies are devoted to improving these adverse factors. The combined use of PI3K and mTOR agonists, resveratrol (SIRT1 agonists), and Rac/Cdc42 activator II (CDC42 agonists) can induce mice ovary primordial follicle activation in vitro, which greatly shortens the time of in vitro activation. These drugs may be a potential new in vitro activation target drugs (Sun et al., 2015; Yan et al., 2018; Zhang et al., 2019). Further research found that orthotopic injection of CDC42 agonist into the ovary can promote the activation of primordial follicles in premature ovarian failure mice and induce human ovary primordial follicle activation in vitro. This method by inducing activation directly in vivo avoids the unknown risks associated with in vitro exposure of ovarian tissue (Zhang et al., 2020). Primordial follicle activation in vitro, this new assisted reproductive technology, has been developed to provide new fertility hope for patients with premature ovarian failure.
CONCLUSION
The rate of primordial follicle activation controls the length of female fertility. The activation of primordial follicles is mutually regulated by various signaling pathways between oocytes and granulosa cells, and is the result of a close interaction between molecules and between cells (Figure 3). The current study shows that the first wave of primordial follicle activation is determined by PI3K signaling in the oocyte and contributes to female puberty. The second wave primordial follicle activation is determined by mTOR signaling in pre-granulosa cells and determines female fertility throughout life. Understanding the mechanism of primordial follicle activation will help us to further analyze the truth of follicle development and promote the progress of in vitro activation technology.
[image: Figure 3]FIGURE 3 | Schematic model depicting the mechanisms of primordial follicle activation. Primordial follicle activation is a result of the delicate interaction of pre-granulosa cells and oocytes and the follicular microenvironment. The mTOR and WNT pathways in pre-granulosa cells, the mTOR and PI3K pathway in oocytes, and the communication channel (KITL-KIT) between pre-granulosa cells and oocytes are all necessary for primordial follicle activation. The mTOR signaling pathway in pre-granulosa cells initiates and regulates primordial follicle activation in adult ovary. The mTOR signal in the pre-granulosa cells senses changes in surrounding nutrients, pressure, etc., so that the pre-granulosa cells secrete more KITL. After KITL binds to the receptor on the oocyte membrane, it activates the PI3K signaling pathway in the oocyte, and then promotes the primordial follicle activation.
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Introduction

Polycystic Ovary syndrome (PCOS) affects the health of many women around theworld. Apart from fundamental metabolic problems connected to PCOS, focus of our study is on the role of quercetin on genes relevant to steroidogenesis and folliculogenesis.





Methods

Eighteen mature parkes strain mice (4-5 weeks old) weighing18–21 g were randomly divided into three groups of six each as follows: Group I serves as the control and was given water and a regular chow diet ad lib for 66 days; group II was given oral gavage administration of letrozole (LETZ) (6 mg/kgbw) for 21 days to induce PCOS and was left untreated for 45 days; For three weeks, Group III received oral gavage dose of LETZ (6 mg/kg), after which it received Quercetin (QUER) (125 mg/kg bw orally daily) for 45 days.





Results

In our study we observed that mice with PCOS had irregular estrous cycle with increased LH/FSH ratio, decreased estrogen level and decline in expression of Kitl, Bmp1, Cyp11a1, Cyp19a1, Ar, lhr, Fshr and Esr1 in ovary. Moreover, we observed increase in the expression of CYP17a1, as well as increase in cholesterol, triglycerides, testosterone, vascular endothelial growth factor VEGF and insulin levels. All these changes were reversed after the administration of quercetin in PCOS mice.





Discussion

Quercetin treatment reversed the molecular, functional and morphological abnormalities brought on due to letrozole in pathological and physiological setting, particularly the issues of reproduction connected to PCOS. Quercetin doesn’t act locally only but it acts systematically as it works on Pituitary (LH/FSH)- Ovary (gonad hormones) axis. the Side effects of Quercetin have to be targeted in future researches. Quercetin may act as a promising candidate for medical management of human PCOS.





Keywords: PCOS (polycystic ovarian syndrome), steroidogenesis, folliculogenesis, quercetin, VEGF




1 Introduction

Polycystic Ovary syndrome (PCOS) affects the health of many women around the world. Patients with PCOS are typically females in their reproductive years that have one or more of the following conditions: (A) obesity; (B) an irregular estrus cycle (C) sub/infertility or (D) hirsutism. Ovarian dysfunction, cysts in ovaries, and hyperandrogenism are some of its diagnostic markers. Despite the lack of a clear aetiology, it appears an imbalance of hormones, particularly elevated testosterone level, as well as insulin resistance (IR), can be taken into account (1–3). Patients with PCOS who have infertility are frequently upset about their inability to get pregnant. The hypothalamic-pituitary-ovarian axis is hypothesised to be impacted by the environment and genetics in around three and a half of PCOS patients who have elevated androgen levels (4). One of the intraovarian steroidogenesis abnormalities that are hypothesised to lead to ovarian failure in PCOS is a decrease in activity of aromatase enzyme, causing an imbalance of hormones, hyperandrogenism, and excess androgens within the ovaries leading to polycystic ovaries could be anticipated from decreased activity of the enzyme aromatase, which determines production rate of production of estrogen from androgen (3, 5).

As was already mentioned, a significant factor in PCOS is hyperandrogenism (6). In ovarian follicle granulosa cells, aromatase (Cyp19a1) changes testosterone (Testo) into oestrogen. As a way to create a model of PCOS having similar features of women with PCOS, we administered letrozole (LETZ) to female mice. LETZ is a a non-steroidal inhibitor of aromatase which results in accumulation of androgen by decreasing the activity of aromatase, thereby lowers production of estrogen (7, 8).

Today, a variety of techniques are employed to combat PCOS and promote ovulation. However, a number of serious side effects, such as arthritis and joint or muscular pain have been observed (9). Consequently, natural medicines having no or few side effect are becoming more and more popular. A flavonoid molecule called quercetin (QUER) has biological properties that include, controlling blood lipid levels, controlling blood sugar and scavenging oxygen free radicals. Its molecular formula is C15H10O7, and its chemical name is 4h-1-benzopyran-4-one, 2-(3,4-dihydroxy phenyl), 3,5,7-trihydroxy-flavone. According to recent research, quercetin can boost healthy ovarian follicle development, restore healthy anatomy of ovary, as well as enhance histology of uterus. It’s effects are comparable to those of metformin (10). According to reports, QUER lowers level of LH, and testo in PCOS patients (11). According to the most recent studies, quercetin can impact ovarian development and possesses estrogen-like effects (12) Researchers also discovered that quercetin can reduce insulin resistance, treat hyperinsulinemia, lower blood sugar levels, and block the expression of androgens (13). It has been observed that Oral QUER supplementation was effective in improving the adiponectin-mediated insulin resistance and hormonal profile of women with PCOS. It has been noted that taking oral QUER supplements helped women with PCOS with their adiponectin-mediated insulin resistance and hormonal profile (14). It has been demonstrated that quercetin lowers ovarian Bax and raises Bcl-2 protein abundance in PCOS rodents. Our findings suggest that QUER may increase oestrogen concentration, ovarian aromatase protein content, folliculogenesis, and decrease atresia by attenuating hyperandrogenism in PCOS rats. QUER is as effective as metformin in reducing hyperandrogenism by lowering free Testosterone level and improving hypothalamic-pituitary-ovarian axis function. (15).

However, despite the fact that some researches have looked at the connection between QUER and PCOS, however they solely looked into impact of QUER on common signs of PCOS. Apart from fundamental metabolic problems connected to PCOS, focus of our study is on the role of quercetin on genes relevant to steroidogenesis and folliculogenesis.




2 Materials and methods



2.1 Chemicals

Sun Pharma Company and Sigma Aldrich were used to obtain the drugs letrozole and quercetin, respectively. The ELISA kits (ELK Biotechnology Wuhan, China) were bought from Clementia Biotech, New Delhi, India for the hormonal analysis. Analytical-grade chemicals were used in addition during the investigation.




2.2 Animals

Eighteen mature parkes strain mice (Age: 4-5 weeks) weighing 18-21 g were procured from Jeeva life sciences Hyderabad, mice having unrestricted access to water as well as food, and we gave them two weeks to acclimatize the environment. Following the acclimation period of two weeks, the animals were randomly into three groups of six each as follows: Group I serves as the control and was given water and a regular chow diet ad lib for 66 days; group II was given oral gavage administration of letrozole (LETZ) (6 mg/kg bw) (3) for 21 days to induce PCOS and was left untreated for 45 days; For three weeks, Group III received oral gavage dose of LETZ (6 mg/kg), after which it received Quercetin (QUER) (125 mg/kg bw orally daily) for 45 days. We kept mice under normal ambient temperature (22-25˚C), relative humidity of (55-60) and twelve hours of dark and light cycles respectively. A 50 mg/kg intraperitoneal dose of sodium pentobarbital was used to anaesthetize the mice and by puncturing the retro-orbital venous sinus, blood samples from all the mice were obtained at 66th day of the experiment, and serum was obtained which was then used to analyse hormones and biochemistry. A cervical dislocation was then used to kill the mice. The body had its ovaries removed and adipose tissues were cleansed for further biochemical and gene expression studies. The ethical committee of institution (Barkatullah University Bhopal) gave their consent under 1885/GO/Re/S/CPCSEA/IAEC/BU/21 to all experimental protocols.




2.3 Cholesterol and triglyceride analysis

Using easily accessible kits, triglycerides (TG) and total cholesterol (TC) were colorimetrically measured (Meril Diagnostics, Gujrat, India). Indirect measurements of low-density lipoprotein and very low-density lipoprotein were made while using Friedewald’s equation.

Friedwald Equation: LDL = TC – HDL − (TG/5). VLDL= VLDL = TG/5 (16).




2.4 Analysis of hormones

The 67th day of the trial saw the collection of blood via retro-orbital venous sinus puncture. A centrifugation process was used to separate the serum, which was then put in storage until it was needed. The Enzyme-linked- Immunosorbent Assay ELISA kits that were used were obtained from ELK biotechnology, Wuhan, China, (CAT. numbers: ELK 368, ELK4808, ELK8407) and were built on the competitive inhibition enzyme immunoassay methodology. The kits’ microtiter plate already has a specific protein pre-coated on it. An anti-testosterone, anti-LH, anti-FSH, and anti-oestrogen antibody biotin-conjugated was added to the appropriate microplate wells once the addition was made of standards or samples. The TMB substrate solution was then added to each microplate well, followed by the addition of an avidin-horseradish peroxidase (HRP) conjugate, which was then incubated for 45 minutes. The enzyme substrate reaction was stopped using the kits’ stop solution, and the colour shift was detected using an ELISA reader that operates at a wavelength of 450 ± 10 nm.




2.5 Test procedure for vascular endothelial growth factor in ovarian tissue

The sandwich-ELISA method was used in the ELISA kit purchased from Elabscience Biotechnology Inc., (Wuhan, Hubei, P.R.C., China; CAT. No: E-EL-H0111; intra and inter –CV are <10%) This kit came with a micro-ELISA plate (MEP) that was already coated with a vascular endothelial growth factor-specific antibody (VEGF). The wells of MEP comprised the particular antibody additionally to norms or examples. Then serial injections of an Avidin-Horseradish Peroxidase (HRP) solution and biotin - conjugated antibodies unique to VEGF were produced into each microplate well. The free bits were removed during washing. Each well received a dose of the substrate solution. Colour blue was only visible in the wells containing VEGF, biotinylated detecting antibody, and Avidin-HRP conjugate. Stop solution is added to stop the enzyme-substrate reaction was halted and the colour changed to yellow. At 450 nm, the optical density (OD) was measured using an ELISA reader. The OD value and VEGF levels are linearly correlated. Based on the OD of the data in respect to the conventional curves, the amount of VEGF present for each sample may be determined.




2.6 Reverse transcription and real-time PCR

Total RNA was extracted using Invitrogen’s TRI Reagent, and 1µg of total RNA was used to create cDNA, both in accordance with the manufacturer’s instructions (Invitrogen). The RT-PCR was performed using SYBR green and real-time PCR. To calculate the mRNA values, a standard curve for every gene’s related expression level was developed. The SDS software was used to determine the threshold cycle (CT) of each sample and average CT was calculated for triplicate. Moreover Δ CT for each target gene was calculated by subtracting Δ CT for β-actin from average CT of the target gene of the sample. Table 1 lists the primers and internal controls that were employed, with additional data.


Table 1 | Description for RT-PCR primers.






2.7 Histological assessment of ovaries

Ovarian tissue was fixated in 10% formol-saline for 24 hrs, dried, covered with paraffin, and sections were cut at a thickness of 5 microns for hematoxylin and eosin (H & E) stains. Motic microscope was used to examine and evaluate the sections (17).




2.8 Statistical analysis

A one-way analysis of variance as well as a post hoc evaluation utilizing Tukey’s multiple comparison tests was utilised to decide the parameters’ importance by using Graph Pad Prism version 9.3. Significance levels of 0.05, 0.01 and 0.001 accordingly have been used to indicate the statistically important, highly remarkable, and extremely significant level.





3 Results



3.1 Effects of quercetin treatment on levels of insulin in mice with letrozole-induced polycystic ovary

Letrozole (LTZ) delivery in this trial caused a substantial rise in blood insulin levels (p 0.001) against healthy controls, and we also discovered a significant fall in insulin in the PCOS group receiving QUER in comparison to the PCOS group not receiving treatment (Figure 1).




Figure 1 | Effect of QUER on Serum insulin in mice with PCOS: With n=6 per group, all values are expressed as means with standard errors: Control: saline solution at 0.9%: PCOS (6 mg/kg of LETZ); PCOS+ QUER (6 mg/kg of LETZ and 125 mg/kg of QUER); += Control versus PCOS; -= PCOS versus PCOS+QUER; ***p 0.001.






3.2 Effect of quercetin treatment on estrous cycle in mice with letrozole-induced polycystic ovary

The estrouscyclicity of the LETZ-induced PCOS mice was abnormal, and we saw a persistent diestrus condition that led to longer diestrous cycles than in the normal control mice. However, the estrous cycle was regularised after taking QUER, which returned the cycle duration to normal (Table 2).


Table 2 | Effect of QUER therapy on estrous cycle, cholesterol and triglycerides PCOS mice.






3.3 Effect of oral quercetin treatment on serum cholesterol and TG levels in mice with letrozole-induced polycystic ovary

When compared to the normal control mice, we saw that LETZ-induced PCOS mice had significantly higher levels of TG and cholesterol (P<0.001). In contrast, we saw that the PCOS group that received QUER had significantly lower levels of TG and cholesterol (P<0.001).




3.4 Effect of quercetin on serum hormones in mice with letrozole-Induced polycystic ovary

We found that, in contrast normal control group, LETZ induced PCOS mice had significantly elevated levels of blood testosterone and LH : FSH ratio and significantly lower serum estrogen and FSH levels. However, QUER treatment significantly reduced (p<0.001) the testosterone as well as LH : FSH levels in PCOS mice, while increasing (p<0.01) the levels of estrogen and FSH compared with the PCOS group that isn’t receiving treatment (Figure 2).




Figure 2 | (A) Effect of QUER on Serum estrogen in mice with PCOS With n=6 per group, all values are expressed as means with standard errors: Control: saline solution at 0.9%: PCOS (6 mg/kg of LETZ); PCOS+ QUER (6 mg/kg of LETZ and 125 mg/kg of QUER); += Control versus PCOS; -= PCOS versus PCOS+QUER; ***p 0.001, **p 0.01. (B) Effect of QUER on LH/FSH and testosterone in PCOS mice. With n=6 per group, all values are expressed as means with standard errors: Control: saline solution at 0.9%: PCOS (6 mg/kg of LETZ); PCOS+ QUER (6 mg/kg of LETZ and 125 mg/kg of QUER); += Control versus PCOS; -= PCOS versus PCOS+QUER; ***p 0.001, **p 0.01. (C) Effect of QUER on serum FSH in PCOS mice. With n=6 per group, all values are expressed as means with standard errors: Control: saline solution at 0.9%: PCOS (6 mg/kg of LETZ); PCOS+ QUER (6 mg/kg of LETZ and 125 mg/kg of QUER); += Control versus PCOS; -= PCOS versus PCOS+QUER; ***p 0.001.






3.5 Effects of oral quercetin treatment on plasma vascular endothelial growth factor in mice with LTZ Induced polycystic ovary

This study’s findings demonstrated that when letrozole was administered, VEGF levels significantly increased (p<0.001) when compared to the normal mice. However, in contrast to the LETZ-induced PCOS group, we noticed a significant (P<0.001) drop in VEGF levels in the group that received LETZ + QUER (Figure 3).




Figure 3 | Effect of QUER on plasma VEGF in PCOS mice. With n=6 per group, all values are expressed as means with standard errors: Control: saline solution at 0.9%: PCOS (6 mg/kg of LETZ); PCOS+ QUER (6 mg/kg of LETZ and 125 mg/kg of QUER); += Control versus PCOS; -= PCOS versus PCOS+QUER; ***p 0.001.






3.6 Effects of oral administration of QUER expression of genes related to folliculogenesis in LETZ induced PCOS mice

Our findings demonstrated that, in comparison to the usual control, the expressions of KITL and Bmp1 significantly decreased after LETZ treatment (p<0.001). The group that received LETZ + QUER, however, had levels that were importantly higher (p<0.05) in contrast to the mice with PCOS induced by letrozole (Figure 4).




Figure 4 | Effect of QUER on KITL and Bmp1 in mice with polycystic ovary syndrome: With n=6 per group, all values are expressed as means with standard errors: Control: saline solution at 0.9%: PCOS (6 mg/kg of LETZ); PCOS+ QUER (6 mg/kg of LETZ and 125 mg/kg of QUER); += Control versus PCOS; -= PCOS versus PCOS+QUER; ***p 0.001, **p 0.01, *p <0.05.






3.7 Effect of oral QUER treatment on expression of genes related to generation of steroids in mice with LETZ induced PCOS

The findings demonstrated that mice with PCOS induced by LETZ had considerably increased levels of CYP17a1 expression and low levels of CYP19a1 and CYP11a1 than control mice. CYP17a1 expression in LETZ + QUER group, however, were significantly lower with the increase in CYP19a1 and CYP11a1 (p<0.01) than mice with LTZ induced PCOS (Figure 5).




Figure 5 | 
Effects of QUER on CYP19A1, CYP17A1 & CYP11a1 in mice with PCOS. With n=6 per group, all values are expressed as means with standard errors: Control: saline solution at 0.9%: PCOS (6 mg/kg of LETZ); PCOS+ QUER (6 mg/kg of LETZ and 125 mg/kg of QUER); += Control versus PCOS; -= PCOS versus PCOS+QUER; *p<0.05, **p<0.01,***p<0.001.






3.8 Effect of oral treatment of QUER on expression of receptors of hormones in mice with LTZ induced PCOS

The findings demonstrated that Ar, lhr, esr1, and fshr expressions significantly decreased mice with PCOS induced by LETZ (p<0.001). However, we saw a substantial reduction (p<0.01) in the levels of Ar, lhr, esr1, and fshr in the LETZ + QUER group in contrast to the PCOS group subjected to LETZ (Figure 6).




Figure 6 | Effects of QUER treatment on Ar, Esr1, lhr and fshr in mice with PCOS. With n=6 per group, all values are expressed as means with standard errors: Control: saline solution at 0.9%: PCOS (6 mg/kg of LETZ); PCOS+ QUER (6 mg/kg of LETZ and 125 mg/kg of QUER); += Control versus PCOS; -= PCOS versus PCOS+QUER; ***p 0.001, **p 0.01.






3.9 Effects of oral QUER treatment on ovarian histology in mice with LETZ induced PCOS

Contrary to the normal control, we saw that letrozole treatment caused the corpus luteum to degenerate, producing more cystic follicles and no ovum. We saw a drop in cystic follicles and a regeneration of the corpus luteum and ovum in the group that underwent oral gavage treatment with LETZ+QUER in contrast to the mice with LETZ induced PCOS (Figure 7).




Figure 7 | Photomicrographs of histological sections of ovary (H&E, magnificent x50): (A) PCOS; showing cystic follicles with degeneration of ovum (B) control; showing healthy follicle and ovum (C) PCOS treated with QUER; showing regenerated ovum with absence of cystic follicles.







4 Discussion

We show here that quercetin (QUER) therapy is linked to anti-androgenic and anti- angiogenesis effects in the mouse ovary using a mice model of PCOS. We further show that the prolonged advantage of QUER improves ovarian function by increasing the control of genes involved to steroidogenesis and folliculogenesis. We demonstrate how QUER alters the functional, molecular, and morphological abnormalities caused by letrozole in pathological and physiological settings, particularly the problems with reproduction associated with PCOS, by regulating steroidogenesis and folliculogenesis in addition to regulating hormone receptors. The estrous cycle is known to cause changes in the hormones that control the activity of the ovaries, including follicle maturation (18). Prolonged estrus cycle with a continuous dioestrus phase was seen in our PCOS mice model, but the deficiencies were alleviated by giving the mice QUER. The PCOS rats also showed an extended diestrus phase and an irregular estrus cycle (19).

Other than type 2 diabetes, which has been previously established, women with polycystic ovarian syndrome also exhibit IR, impaired glucose tolerance, and obesity (20, 21). Result from this supported earlier research in that LETZ-induced PCOS in mice led towards increased levels of insulin, a sign of insulin resistance, a critical feature of metabolic disorders (MD’S) (21, 22). Additionally, previous studies have also shown that adiposity is exacerbated by IR which is a major contributing risk factor for obesity in metabolic and associated disorders (17, 23). Additionally, we discovered in this study that QUER treatment resulted in a considerable drop in blood insulin levels in PCOS mice, suggesting a potential function for QUER in the treatment of insulin resistance. Patients with PCOS experience hyperandrogenism as well as hyperinsulinemia, which causes adipocytes to increase catecholamine-induced lipolysis, which then results in increased serum free fatty acid levels and dyslipidemia (24). Due to the increased production of free fatty acids by the liver, TG levels in the blood are increased (25). In this work, we discovered that letrozole-treated mice had higher TC and TG levels than the control group. However, the levels significantly dropped after QUER treatment.

Pathological, physiological, and developmental angiogenesis all depend on the angiogenic factor VEGF. Oxidative stress initiates an inflammatory state that, within a feedback cycle, results in both insulin resistance and hyperandrogenism (26). According to reports, PCOS women release more VEGF (27). The mechanism is explained by the fact that the VEGF promoter region contains sites where the androgen receptor (AR) binds. When androgens bind to these locations, the VEGF gene is triggered (28). Additionally, blood of women with PCOS has lower levels of soluble VEGF receptors, which increases the bioavailability of VEGF, as shown by (29). These outcomes are in agreement with the higher VEGF levels seen in this study in the letrozole group, Furthermore VEGF levels were decreased when mice treated with quercetin.

We observed serum hormone levels to confirm the impact of quercetin on hormonal alterations. The most consistent hormonal characteristic of PCOS-affected rats is increased serum levels of androgen and LH/FSH (30), and reduced oestrogen were also noted in PCOS-afflicted mice (17). In this investigation, in contrast to levels in PCOS-afflicted mice, quercetin decreased serum LH/FSH concentration. LH levels above normal and elevated LH and FSH ratio may be used as indicators of PCO among females (31). In addition, quercetin treatment in mice with PCOS significantly reduced serum testosterone levels. PCOS illnesses may benefit from the decreasing of these elevated testosterone levels, since it has already been shown that a high androgen level contributes to aetiology of PCOS (5, 32). Contrary to testosterone, LETZ-treated mice had lower serum oestrogen levels, and the decline was associated with mid or early-follicular growth as well as creation of morphology of follicles in ovary (33). The most successful treatments for atypical symptoms linked to female reproductive illnesses are hormones and chemicals; however, these treatments come with a number of side effects, including uterine haemorrhage, and hyperplasia (34, 35). Such findings imply, quercetin might be an effective medication in treating hormonal imbalances brought on by PCOS. Lower steroid hormone levels in the ovary are correlated with higher numbers of developing follicle’s and different their shapes (36).

Kitl and Bmp1 were used in our work to investigate the ovarian follicle components, and histological investigation was also carried out. In PCOS mice ovaries, the mRNA expression of Kitl and Bmp1, are declined; and the decline reversed after QUER injection. Histological examination revealed that the PCOS-afflicted mice similarly had many cysts, small follicles, and thin granulosa cell layers. In the past, letrozole-induced follicular dysfunction was also seen, including atretic and large cysts with few granulosa cells (36). Quercetin appears to be involved in the regulation of different parameters linked to follicular development in the ovary because treatment with the drug returned ovarian follicles and its other components in the present investigation, towards normal range.

Quercetin treatment in the current study raised expression of CYP19a1 in ovary of PCOS-affected mice. Past research has shown that PCOS women have defective aromatase activity, and CYP19a1 is essential for the normal advancement of the estrous or menstrual phases in PCOS rats (5). Contrarily, reduced aromatase activity in PCOS causes disturbances in oestrogen as well as androgeen generation (37). Here it is demonstrated that mice with PCOS had decreased aromatase activity, which is congruent with the CYP19a1 and CYP11a1 mRNA levels. On the other hand, the PCOS plus QUER mice had their aromatase activity restored because CYP19a1 and CYP11a1 was highly expressed. Our results on CYP17A1 expression disagreed with Shah and Patel (38) who reported that quercetin owns useful impact in PCOS via suppressing PI3K that as a result of a reduction in CYP17A1 gene expression which critically plays function in steroidogenesis process in ovary. Additionally, the mRNA levels of Ar and Esr1 were lowered; however, in our work, quercetin therapy corrected this downregulation in mice with PCOS. Ar and Esr1 transcripts are shown to serve a function of proliferation in folllicular growth (39, 40) and elevated Ar levels could facilitate granulosa cell proliferation and differentiation (41). Additionally, quercetin treatment brought back to normal the transcriptional levels of Fshr and Lhr that had been changed in the ovaries of PCOS mice. Fshr moderately controls follicle growth during the baseline follicle growth phase by working in synergy with other stimulating substances like androgens (42). Lhr is also present on theca and granulosa cell surfaces, and Lhr levels have an impact on ovulation, the development of the corpus lutum, also on synthesis of additional steroids’ such as oestrogen, androgen and progesterone (43). Such findings led us to discover cystic degeneration of the corpus luteum and follicles in PCOS-affected animals. It’s interesting to note that the quercetin helped to slow down the degradation of ovarian follicle development by regenerating the corpus luteum and eliminating cystic follicles. It could be said that quercetinmarkedly reversing ovary physiological functions and regularity of estrous cycle. All these functions have been done via acting of quercetinon pituitary- ovary axis because of reversing normal ration of LH/FSH the main gonadotropic hormones.

Our results agree markedly with Pouteymour et al, (11) and Chen et al. (44) who reviewed Quercetin effects and concluded that it can recover disturbance of ovulation, decrease testosterone and Insulin resistance, adjust metabolism of lipid, ameliorate function of vascular endotheliaum and control intestinal microbiota, that all helps significantly in PCOS’ treatment. Quercetin a bio-flavonoid compound, presents in the glycosylies in vegetables and fruits. Although Quercetin analogs have antioxidant effect attributed to the amount of free “OH” groups in its composition, but Quercetin shows essential hydrophobicity (45). This may cause the recovering effect of Quercetin on PCOS mice in our study. Quercetin medical advantages are attributed to flavanols which serve as ant-inflammatory, antivirus and antioxidative stress, which are considered as three main elements that threaten the health and cause diseases, (11) and (46).

It is observed that quercetin impacted positively by recovering in the PCOS in different levels: 1) systematically indicated by insulin and lipid profile. 2) Organ level as shown by reserving the ovary histology. 3) Molecular level: it regulated related genes expression and hormones in ovary cells as shown in Figure 8.




Figure 8 | Shows the effect of quercetin on the tested animals in term of Genes expression that control ovary functions. It is observed that quercetin impacted positively by recovering in the PCOS in the ovary by regulating genes expression listed here and restoring hormones and lipid profile.






5 Conclusion

This study was designed to illustrate recovering effect of quercetin PCOS induced in mice model. It has proven that quercetin administration reversed experimentally abnormalities in PCOS induced by letrozole. It can speculate that PCOS has modulating- effects on regulatory genes of steroidogenesis and folliculogenesis that leading to the pathophysiological changes include (disturbance in gonadotropin as a result of related gene dysregulation, which followed by regression of ovarian follicles. Interestingly, the study has found that quercetin prevented the degradation of ovarian follicle by regenerating the corpus luteum and eliminating cystic follicles which reset the estrous cycle. The curing action of quercetin on ovary has been seen by recovering gonadotropic and gonads steroids with their physiological functions and regularity of cycle. This indicated markedly that Pituitary- ovary axis was the target of quercetin effect as it reversed normal levels and rations of LH/FSH the main gonadotropic hormones. It worth to mention that quercetin has positively treated PCOS syndrome through different biological aspects: 1) metabolic path: systematically indicated by insulin and lipid profile. 2) histological level as shown by reserving the ovary tissue structure and components. 3) Molecular level: it regulated genes expression listed above. 4) through endocrine mechanism as seen in pituitary and ovary hormones. It could be concluded that quercetin has systematic, histological and molecular improving effects on PCOC. Further research is needed to investigate safety of quercetin on body functions and organs
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Today, fertility preservation is receiving more attention than ever. Cryopreservation, which preserves ovarian tissue to preserve fertility in young women and reduce the risk of infertility, is currently the most widely practiced. Transplantation, however, is less feasible for women with blood-borne leukemia or cancers with a high risk of ovarian metastasis because of the risk of cancer recurrence. In addition to cryopreservation and re-implantation of embryos, in vitro ovarian organ reconstruction techniques have been considered as an alternative strategy for fertility preservation. In vitro culture of oocytes in vitro Culture, female germ cells induction from pluripotent stem cells (PSC) in vitro, artificial ovary construction, and ovaria-related organoids construction have provided new solutions for fertility preservation, which will therefore maximize the potential for all patients undergoing fertility preservation. In this review, we discussed and thought about the latest ovarian organ function reconstruction techniques in vitro to provide new ideas for future ovarian disease research and fertility preservation of patients with cancer and premature ovarian failure.
Keywords: ovarian organ function reconstruction techniques, fertility preservation, tissue engineering, in vitro culture of oocytes, artificial ovary, organoids, artificial oocytes, reproduction
1 INTRODUCTION
Nowadays, with the development of malignant tumors at a younger age (Gershenson, 2019), chemotherapy and radiotherapy have immediate and long-term side effects on ovarian function. The first effect of chemotherapy on the ovarian is immediate. It is cytotoxicity to dividing cells, which may directly kill growing follicles and induce premature ovarian failure (POF). Chemotherapy may also induce inflammation and destruction of vascular and stroma, which is harmful to the growth of the follicle. Moreover, the acute decrease in growing follicles, which leads to the reduction of sex steroid hormones and inhibin, may activate primordial follicles, enhance the rate of recruitment, accelerate the depletion of the reserve, and finally lead to POF (Sciorio and Anderson, 2020). The frequency of POF after radiotherapy is related to the used dose of radiation. Whole irradiation doses at 3–5 Gy, 60% of the follicles are destroyed; with irradiation at doses of 5 Gy, 100% of the follicles are destroyed (Dinas, 2020). To meet reproductive and endocrine needs, cryopreservation of ovarian tissue for transplantation before starting anti-cancer treatment is the main means of fertility preservation. However, this method has the risk of reintroducing malignant tumor cells. For patients with ovarian diseases such as POF, the search for safe and efficient fertility preservation methods is also of great importance. In order to solve this problem, the ovarian organ function reconstruction techniques for oogenesis, growth and maturation in vitro are gradually becoming the core of research.
Histologically, human ovarian germinal epithelium (OSE) is divided into the outer cortex and the inner medulla. The cortex is the principal part of the ovary, containing various levels of developing follicles, corpus luteum, interstitial tissue, etc., whereas the medulla is mainly composed of blood vessels, nerves, lymphatics, and loose connective tissue (Frances-Herrero et al., 2022) (Figure 1).
[image: Figure 1]FIGURE 1 | The anatomy of human ovary. The cortex is the principal part of the ovary, containing various levels of developing follicles, corpus luteum, interstitial tissue, etc., whereas the medulla is mainly composed of blood vessels, nerves, lymphatics, and loose connective tissue. Created with BioRender.com.
Follicles are the primary functional units of mammalian ovaries. In most mammals, follicle development starts before birth and continues throughout the reproductive years. Generally, the development of the follicle includes three processes:1) primordial follicle is activated and grows to the preantral follicle stage; 2) preantral follicle goes through antral follicular stage to preovulatory follicle as follicular fluid increases to form a follicular cavity; 3) due to the effect of luteinizing hormone/follicle-stimulating hormone releasing hormone (LH/FSH) peak, preovulatory follicle releases oocyte corona cumulus complex (OCCC) and oocyte (Telfer and Zelinski, 2013).
The process of human oocyte growth and development is continuous and complex: during early embryonic development, primordial germ cells (PGCS) actively migrate to the gonads, undergo pluripotency recapture, epigenetic reprogramming (including histone modifications, X-stained weight activation, genome-wide DNA demethylation, and blot erases) and sexual differentiation to form oogonia. Finally, Meiosis II(MII) oocytes are generated through Meiosis, and the second Meiosis is completed when spermatozoa meet (Garcia-Alonso et al., 2022) (Figure 2). Oocyte development and growth depend on the follicular environment; as a result, the ovarian organ function reconstruction system should promote follicle activation, growth, and maturity or provide a follicle-like microenvironment for oocyte development. It will allow complex dynamic bidirectional communication between the oocyte and surrounding granulosa cells and follicle theca cells, completing the critical process of oocyte meiosis. By establishing a safe and effective ovarian organ rebuilding system, it will be feasible for oogenesis, growth and maturation in vitro to make the most of the ovarian follicular reserve and even restore fertility in the absence of ovarian follicle reserves.
[image: Figure 2]FIGURE 2 | A Schematic comparison of developing germ cells, oocytes, and ovarian follicles in humans. The primordial germ cells (PGCs) are specified by the epigenesis mode in humans. After specification, PGCs migrate to the gonads; this occurs via the hindgut in humans. Further physiological events in the differentiated ovary, including oogonia proliferation and entry into meiosis, oocyte arrest in meiotic prophase I, the accumulation of oocytes in germ-cell cysts, and the formation of early follicles, are all essentially the same in humans. Created with BioRender.com.
Recently, the ovarian organ function reconstruction techniques for oogenesis, growth and maturation in vitro mainly include in vitro follicle culture (IVC), induction using pluripotent stem cells (PSCs) in vitro, artificial ovary construction technology and ovarian organoids. In addition, tissue engineering techniques, which combine biology, medicine, and materials engineering (Langer and Vacanti, 2016), are also being extensively studied to reconstruct or repair ovarian structures. In order to provide fresh perspectives on the preservation of patients’ fertility who have cancer, POF, etc., as well as on future research on ovarian diseases, this article reviews the most recent techniques for ovarian organ function reconstruction techniques for oogenesis, growth and maturation in vitro.
2 FOLLICLE IN VITRO CULTURE (IVC)
IVC refers to the isolation of immature follicles from ovarian tissue, in vitro culture to maturity, and subsequent in vitro fertilization (IVF), which can avoid the risk of tumor reimplantation and utilize a large number of immature follicles in the ovary. The follicular multistage IVC system has been applied into practice in many species: in mice, it can be cultured from primordial follicles to live birth (Mochida et al., 2013); In primates, it can be cultured from secondary follicles to morula stage (Xu et al., 2013); and in humans, there have been reports of MII stage oocytes cultured from primary or secondary follicles (Xu et al., 2021). However, compared with humans, the prolonged growth period of complete follicular formation in mice, larger follicles in humans, and different effects of growth factors and hormones between species are factors that hinder the cross-species translation of these technologies (Herta et al., 2018; Telfer, 2019a; Telfer, 2019b; Telfer et al., 2019). The follicular multistage IVC system is mainly carried out in three steps: 1) Culturing the small ovarian cortex to support primordial follicle activation (in vitro activation, IVA) and early growth and supporting its early growth; 2) Isolating and culturing growing presinus follicles to achieve oocyte growth and development to the sinus stage (In vitro growth, IVG); 3) In vitro maturation (IVM) of oocytes (Yang et al., 2020a). Figure 3 shows the whole multistep culture system to support in vitro growth of oocytes from human primordial follicles through to maturation. The ovarian environment is dynamic, controlled by cyclical changes in the receptor cycle of hormones and local signals from the ovary itself. The significant principle of using tissue engineering to construct IVC system is to accurately present the changes of various signals (including growth factors, hormones, extracellular matrix (ECM), mechanics, etc.), so as to allow the coordinated growth of multiple cell compartments (oocytes and surrounding granulosa cells, follicular theca cells) in the follicle. When simulating the ovarian environment in vitro, the follicles must be provided with signals such as growth factors and hormones at appropriate times and concentrations. Therefore, it can promote cell growth and development and promote cell-cell communication, maintain the complex interaction between oocyte and ovarian somatic cells (granulosa cells and follicular theca cells), and meet the changing needs of oocyte and ovarian somatic cells.
[image: Figure 3]FIGURE 3 | A multistep culture system to support in vitro growth (IVG) of oocytes from human primordial follicles through to maturation. Step one: Flattened strips of ovarian tissue are cultured free-floating in medium containing human serum albumin, ascorbic acid, and basal levels of follicle-stimulating hormone. Once follicles have reached multilaminar stages, they can be isolated mechanically using needles. Step two: Isolated follicles are cultured individually from the preantral to the antral stages. Step three: The final stages of oocyte growth and development are achieved by removing the oocyte-cumulus complex from the antral follicle and culturing the oocyte and its surrounding somatic cells. Oocyte-cumulus complexes are placed within medium for in vitro maturation (IVM). Oocytes are then analyzed for the presence of a metaphase II spindle and a polar body. Created with BioRender.com.
2.1 Follicle in vitro activation (IVA)
Activation of primordial follicles is a key initial step in oocyte development. In females, dormant primordial follicles consist of a single layer of primordial follicle granulosa cells (pfGCs) wrapped around primary oocytes, and the dormant state is influenced by forkheadbox O3 (FOXO3), the phosphatase and tensin homolog deleted on chromosome 10(PTEN), TSC complex subunit 1 (TSC1), TSC complex subunit 2 (TSC2), forkheadbox L2(FOXL2), p27KIP1 gene (p27), ribosomal protein S6 (rpS6), 3-phosphatidylinositol-dependent protein kinase 1 (PDK1), and anti-mullerian hormone (AMH) (Reddy et al., 2010; Chen et al., 2020), etc. When the regulation of certain factors is altered, the dormant state of the primordial follicle is broken and thus activated to continue development, or degeneration or atresia occurs. IVA can be used to activate growth before transplantation to cause a burst of sinus follicle development 4–6 months later, from which oocytes can be harvested, which would benefit women with no ovarian reserve or who produce only a small number of follicles even after intense ovarian stimulation (Kawamura et al., 2013; Suzuki et al., 2015; Zhai et al., 2016). Notably, when human primordial follicles are isolated from human ovarian cortical tissue, the survival rate of culturing isolated primordial follicles is extremely low (Hovatta et al., 1997; Oktay et al., 1997); therefore, primordial follicle-based cultures need to incorporate both human ovarian cortex and not isolated primordial follicles. Because mechanical signals modulate the activation pathway, ovarian cortical tissue containing primordial follicles was activated more quickly in flat “sheets” culture than in cube culture (Yding Andersen et al., 2019).
Currently, the commonly used IVA basal media mainly include α-MEM, D-MEM, Waymouth and McCoys 5a (Yang et al., 2020a), and researchers alter culture environment by modulating key pathways and adding small molecule compounds to improve IVC follicle number and quality.
(1) The PI3K-PTEN-AKT-FOXO3 signaling pathway is the main non-gonadotropin growth factor signaling pathway that has been agreed upon to regulate ovarian follicle growth and differentiation (Reddy et al., 2008; Li et al., 2010; Grosbois and Demeestere, 2018; Maidarti et al., 2019) (Figure 4). PI3K, consisting of a regulatory subunit (p85) and a catalytic subunit (p110), is a key factor in the reception of granulosa cell signaling in the primary oocyte membrane (Hsueh et al., 2015). PI3K-mediated signaling converges at PDK1 (Telfer and Zelinski, 2013), where PI3K in the primary oocyte membrane is stimulated by the upstream receptor complex kinase to phosphorylate phosphatidylinositol 4,5-bisphosphate (PIP2) to phosphatidylinositol 3,4,5-trisphosphate (PIP3), while PDK1 transduces the signal to free intracellular Akt, which is stimulated to phosphorylate and transmit the signal from the cell membrane to the nucleus. The follicular dormancy factor Foxo3a in the nucleus is inhibited by receiving signals from Akt and moves out of the nucleus (Hsueh et al., 2015). Upon release from the dormant inhibition of Foxo3a, primary oocytes are activated and continue to develop, thus inducing the activation of the initiating follicle development. Among them, PTEN plays a negative regulatory role in this signaling pathway and is involved in the activation and dormancy regulation of the initiating follicle by dephosphorylating PIP3 to PIP2, and inhibition of PTEN expression has a facilitative effect on the activation of the initiating follicle (Hsueh et al., 2015; Novella-Maestre et al., 2015). In 2013, scientist Kazuhiro Kawamura reported for the first time that in vitro addition of PI3K activator 740Y-P and PTEN inhibitor bpV (HOpic) to human ovarian tissue successfully activated the follicles of POI patients to achieve live births, opening a new paradigm of IVA for infertility treatment (Kawamura et al., 2013). Notably, more than 50% of the POI patients in this study did not contain residual follicles and did not respond to IVA drugs, limiting the use of IVA procedures in infertility treatment. In addition, PTEN inhibition affects ovarian DNA repair (Martin et al., 2019), and a process to study IVC in bovine ovarian cortex showed that PTEN inhibition activated non-growing follicles in cattle, but simultaneously increased follicular DNA damage and decreased DNA repair responses (Maidarti et al., 2019). Recently, a drug-free IVA approach has led to successful pregnancies in POI patients (Ferreri et al., 2020), which eliminates the negative effects of activators on follicles, but may also reduce follicle production sufficiently for subsequent culture.
(2) In pfGCs, mTORC1 is a key factor in the reception of follicle activation signals (Zhang et al., 2014) (Figure 4). PfGCs induce primary oocyte activation through signaling via the mTORC1-KIT ligand (KITL) signaling pathway to dormant primary oocytes (Zhang and Liu, 2015). When pfGCs are affected by changes in nutrition, oxygen concentration and growth factors, mTORC1 activity on pfGCs is enhanced and further stimulates KITL, resulting in upregulation of KITL secretion. KIT receptors on primary oocytes bind to secreted KITL and continue to stimulate PI3K in primary oocytes (Zhang and Liu, 2015), thereby activating the PI3K/PTEN/Akt signaling pathway. In primary oocytes, mTORC1 is also a regulator of dormancy and activation and is negatively regulated by a heterodimeric complex composed of the tumor suppressors Tsc1 and Tsc2 (Reddy et al., 2010). When Akt inhibits the TSC1/2 complex and subsequently inhibits downstream mTORC1 expression, resulting in reduced mTORC1 activity, the inhibited mTORC1 promotes phosphorylation of the downstream ribosomal protein S6 Kinase 1 (S6K1), which continues to stimulate downstream rpS6 and subsequently promotes primary oocyte protein translation and ribosome genesis (Adhikari et al., 2010), initiating primary oocyte development. Moreover, it has been suggested that mTORC2 is also involved in regulating Akt and thus mediating the downstream activation mechanism (Sarbassov et al., 2005).
(3) Hippo signaling pathway can be activated by cutting ovarian tissue under in vitro culture conditions to induce follicle activation and early development (Figure 4). In 2018, the results of J. Grosbois et al. confirmed that in chopped cultured ovarian tissue, more follicles were activated at the margins of the tissue than at the middle of the tissue and that the activation mechanism was due to the disruption of the Hippo signaling pathway by inhibition (Grosbois and Demeestere, 2018). In dormant primordial follicles, Hippo signaling pathway-mediated activation mechanisms take place mainly in pfGCs. When ovarian tissue is fragmented, contact inhibition between pfGCs at the tissue margin is released and expression of large tumor suppressor gene 1 (LATS1) in the Hippo signaling pathway increases. Highly expressed LATS1 inhibits phosphorylated YES-associated protein (YAP)/PDZ-binding domain transcriptional co-activator (TAZ) specifically expressed by pfGCs, allowing its translocation into the nucleus. Accumulation of YAP/TAZ in the nucleus enhances transcription of connective tissue growth factor (CTGF/CCN2) and baculovirus repetition 1 protein (BIRC1), both of which promote the development of pfGCs (Pan, 2007; Herta et al., 2018). The developed pfGCs then transmit signals to primary oocytes through the mTORC1-KITL signaling pathway and induce activation. After activation, GDF9 and BMP15 secreted by primary oocytes can coordinate with YAP in pfGCs to promote the phosphorylation of receptor-regulated SMAD2/3 protein. Then, it binds with co-modulating SMAD4 protein to form AP-Smad2/3/4 complex into the nucleus, which can also promote the development of pfGCs (Grosbois and Demeestere, 2018). In conclusion, Hippo signaling can cooperate with PI3K/PTEN/Akt signaling to promote the activation and development of dormant primordial follicles (Grosbois and Demeestere, 2018). Disruption of Hippo signaling pathway-mediated follicle activation has the advantage of using only physical cutting methods without the addition of other chemicals to achieve in vitro activation of dormant primordial follicles, effectively reducing the in vitro culture time of ovarian tissue and improving the safety of the IVA technique. Usually, the regulation of PI3K/PTEN/Akt signaling pathway is accompanied by the activation of Hippo signaling pathway when implementing IVA technology, which synergistically promotes the effect of IVA.
(4) In addition to the important role of the above pathways in IVA, some studies have found that the Wnt/β-catenin signaling pathway is not only closely related to embryonic development, organogenesis and disease occurrence (Clevers and Nusse, 2012), but also related to the development and regulation of follicular granulosa cells in mammalian ovarian tissue (Li et al., 2014) (Figure 4). Wnt/β-catenin plays a role in the dormancy and activation of mammalian primordial follicles by mediating Foxo3a expression (Li et al., 2014). Like Foxo3a, p27 gene also plays a dormancy inhibitory role in primordial follicle regulation, but p27 gene and Foxo3a are regulated independently. Only when p27 gene is absent, primordial follicle is activated through PI3K/PTEN/Akt/p27 pathway (Zhang and Liu, 2015). Other studies have suggested that glycogen synthetase kinase 3 (GSK-3) also regulates primordial-follicular activation and development through the PI3K/PTEN/Akt/GSK-3 pathway (Liu et al., 2007). By stimulating mitogen activated protein kinase 3/1 (MAPK3/1), the development of primordia follicles was also activated through the mTORC1-KITL pathway (Zhao et al., 2018). E.H. Ernst et al. also analyzed the development process of human primordia follicles to primary follicles by transcriptome, and found that FOXL2 gene and FOG2 gene expression changed significantly. This indicates that FOXL2 and FOG2 genes also play important roles in the regulation of human primordial follicle activation (Ernst et al., 2018) (Figure 4).
(5) Other small molecule compounds similarly act to stimulate primordial follicle development:In α-MEM basal medium, the addition of human albumin and ITS (insulin, transferrin, selenium) is beneficial to the activation and growth of human follicles and leaves fewer atretic follicles. Meanwhile, the addition of FSH can greatly reduce the number of atretic follicles while increasing the diameter of follicles (Wright et al., 1999). Anti-mullerian hormone (AMH) may affect initiation follicle activation and follicle growth in a dose-dependent manner. Studies have found that the addition of 300 ng/mL AMH in the culture medium can promote the recruitment and activation of human follicles (Schmidt et al., 2005), while the addition of 100 ng/mL AMH inhibits follicle activation (Carlsson et al., 2006). Members of the TGF-β superfamily, such as growth differentiation factor-9 (GDF-9) and bone morphogenetic protein-15(BMP-15) (Sanfins et al., 2018) (Figure 4) were found to affect the cell communication between oocytes and somatic cells and promote the activation of human primordial follicle (Kedem et al., 2011). In addition, basic fibroblast growth factor (bFGF), keratinocyte growth factor (keratinocyte growth factor), KGF, leukemia inhibitory factor (LIF), stem cell factor (SCF), vascular endothelial growth factor (VEGF), VEGF and cyclic adenosine monophosphate (cAMP) have both been proved that can improve the activation and survival of cultured follicles in vitro (Asadi et al., 2017; Bertoldo et al., 2018). Shown in Table 1.
[image: Figure 4]FIGURE 4 | Schematic diagram of primordial follicle activation signaling pathway. The “p” represents phosphorylation, the solid arrow represents activation, the solid T-shaped arrow represents inhibition, and the dotted arrow represents entering or exiting the nucleus or cell membrane.
TABLE 1 | Additives and Operation in human follicle in IVA stage.
[image: Table 1]2.2 Follicle in vitro growth (IVG)
Once the follicle reaches the secondary follicle stage with multiple layers of granulosa cells, it needs to be separated from the cortex, as this would otherwise inhibit its further development (Telfer et al., 2008; Anderson et al., 2014; McLaughlin et al., 2018). Mechanical separation by fine syringe needles is now commonly used (Spears et al., 1994; Cortvrindt et al., 1996; McLaughlin et al., 2018), and this method is commonly used to obtain secondary follicles from mouse ovarian tissue, preserving the complete follicular morphology including an intact theca cell layer and a normal basement membra. However, this method is time-consuming and the production of mature follicles obtained by this method is relatively low. In order to improve the efficiency of follicle separation and for higher density of ovarian tissues such as human and bovine, the efficiency of follicle acquisition can now also be improved by enzymatic methods or a combination of enzymatic and mechanical methods (Telfer et al., 2000). Enzymes such as collagenase and DNase are commonly used to isolate growing follicles from the ovarian cortex, but these enzymes may damage follicular theca cells and may be detrimental to follicle morphology and survival (Telfer et al., 2000; Telfer et al., 2008; Kim et al., 2018; Yang et al., 2020b). However, methods such as improving the purity of enzymes can reduce the damage observed after treatment with collagenase (Dolmans et al., 2006; Rice et al., 2008). A recent study comparing the isolation efficiency of four isolation methods (two mechanical and two enzymatic methods) applied to secondary follicles in mice concluded that the mechanical method had better follicle growth, survival and MII rates, while the method using a cell isolation kit (Sigma Aldrich) was more efficient than traditional mechanical isolation (Kim et al., 2018). In general, each method is unique and requires a carefully designed isolation method based on differences in ovarian tissue of different species.
After isolation of secondary follicles, it is challenging to grow them while maintaining their normal structural state. In the previous multi-step IVC system for human follicles, the isolated secondary follicles were placed directly in 96-well V-bottomed plates without any extracellular matrix or scaffold, and the serum-free medium contained low doses of follicle stimulating hormone (FSH), activin-A, and ascorbic acid (Telfer et al., 2008; Anderson et al., 2014; McLaughlin et al., 2018). 62% of follicles completed the process of growth, differentiation and follicular antrum formation, but only 8% of follicles eventually reached the MII stage (McLaughlin et al., 2018). Growing human antral follicles to preovulatory size in vivo is technically challenging, and maintaining the growth of multilayered follicles in vitro depends on the maintenance of oocyte-somite interactions, which can be well supported by tissue engineering applications. Using biological matrix such as alginate to encase human antral follicles can support their structure and promote their growth in vitro (Xu et al., 2009; Shea et al., 2014; Yin et al., 2016; Jones and Shikanov, 2019). Alginate and other biological materials provide an extracellular matrix-like substance for follicles. At the same time, they have good toughness and rigidity, which can satisfy the growth and expansion of follicles while maintaining the integrity of follicle units. At the same time, the follicle and the outer medium can exchange molecules (Skory et al., 2015). Based on the physiological process that displaces follicles from the cortex to the proximal medulla during development, it has also been proposed that biomechanical features and the physical environment within the ovary affect follicle development, with follicles located in the ovarian cortex is less likely to grow due to high collagen density, while follicles located in the medulla are exposed to easier growth due to a biomechanical environment that promotes hormonal responses (Woodruff and Shea, 2011). A team showed that alginate-encapsulated follicles could reach 110 μm in diameter in culture after 30 days, but the oocytes in these follicles could not reach MII stage (Xu et al., 2009), after which the team released some of antral follicles from the alginate hydrogel and then continued to culture them in low attachment plates for 40 days. The results showed that follicles cultured with alginate only produced oocytes that either remained at the germinal vesicle (GV) stage or degenerated, whereas 20% (5/20) of the follicles cultured using the two-step strategy reached the MII stage (Xiao et al., 2015). Studies using microfluidic techniques to wrap follicles have also demonstrated the role of mechanical heterogeneity in follicle development and ovulation (Choi et al., 2014). The finding that follicle function was influenced by the physical environment of three-dimensional (3D) follicle culture when hormonal stimulation was maintained (Xu et al., 2006; West et al., 2007; West-Farrell et al., 2009) further emphasized the importance of 3D culture for the isolated follicle culture environment. A range of 3D scaffolds has been developed to support follicle growth in vitro, including decellularized ovarian tissue (Laronda et al., 2015; Pors et al., 2019) and 3D microporous scaffolds (Laronda et al., 2017; Liverani et al., 2019). 3D scaffolds have great potential to provide a versatile option for engineering artificial ovarian creation due to their producibility (Dolmans and Amorim, 2019; Liverani et al., 2019; Dolmans et al., 2021). The most successful current culture systems that could support the full development of mouse oocytes from the primordial oocyte stage focused exclusively on the integrity of the oocyte-granulosa cell complexes (OGCs) and promote oocyte development (O'Brien et al., 2003) without attempting to grow intact antral follicles to the preovulatory stage in vitro. Isolated follicles cultured alone formed antral cavities within 6–8 days, followed by the release of the OGCs therein by slight squeezing of the follicle. Complexes with complete cumulus and adherent mural granulosa cells were then selected for further growth on membranes. After this step, oocytes of at least 100 mm with meiosis potential could be obtained (McLaughlin et al., 2018). The study removed oocyte complexes from surrounding cells and, further, may include transplants in women with leukemia, where IVG fertilization has previously been associated with continued transmission of cancerous cells.
Oocyte-somite interactions can also be enhanced by additive interventions (Li and Albertini, 2013). At the IVG stage, the addition of activin and low-dose FSH to IVA medium helps maintain intercellular connections, improves oocyte quality, and promotes follicle health and the formation of antrum, as demonstrated in experiments in dogs, cattle, and humans (Abir et al., 1997; Telfer et al., 2008; McLaughlin et al., 2010; McLaughlin et al., 2018). The addition of 200 ng/mL bFGF to IVG medium also promotes early follicle development in the human ovary (Wang et al., 2014). Supporting substrates or scaffolds may be beneficial, but they are not absolutely necessary to promote isolated follicle development, and the complex hormonal regulation of combined follicle growth suggests that the in vitro growth and development of human follicles need to address multiple challenges. More studies are needed in the future to compare different culture environments to find out which environment is most conducive to in vitro follicle development. Shown in Table 2.
TABLE 2 | Additives in human follicle in IVG stage.
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The IVM method for immature human oocytes has been in development for over 50 years (Edwards et al., 1969), but the first live birth after IVM was not reported until 1991 (Cha et al., 1991). IVM success is closely related to the oocyte source, with immature oocytes having a lower rate of successful maturation than oocytes harvested from stimulated ovaries (Nogueira et al., 2012; Chian et al., 2013). Oocytes generated during IVG must transfer to IVM medium for final meiosis and maturation. Most studies focus only on the maturation stage of oocytes, so the oocytes used in experiments are mainly from the COH cycle, while the maturation of IVG-derived oocytes has been less reported, but a review of these literature results is still helpful to optimize IVM after IVG. It was previously thought that oocyte diameter was critical for maintaining nuclear maturation and the ability to perform MII. In 2015, a study comparing alginate encapsulated culture with a two-step culture of separating follicles showed no significant difference in the diameter of oocytes that reached the MII stage and those that remained in the GV stage. This suggests that meiosis can be achieved in oocytes, although the size of the final follicle cannot reach the size of the preovulatory follicle in vivo (Xiao et al., 2015). In a later modified multi-step IVC system, follicular cavity formation was observed within 6–8 days after isolation of follicle culture and without waiting for follicle diameter to increase to pre-ovulation follicle level when COCs were removed for follow-up culture. Oocytes with diameters greater than 100 μm were obtained after IVM, and few oocytes developed to MII stage (McLaughlin et al., 2018). Alain Goughon (Gougeon, 1996) previously observed a 15%–24% atresia rate in human follicles with diameters between 0.9 and 2mm, and a 55%–77% atresia rate in follicles with diameters between 2 and 8 mm. The expression of FSH receptors on follicles in small sinuses was significantly higher than that in late follicular development (Jeppesen et al., 2013; Kristensen et al., 2018). The response to FSH stimulation may be enhanced and they may be more susceptible to stimulation and less prone to atresia. These results suggest that the IVC process can be implemented more directly and efficiently based on oocyte development, rather than follicle diameter.
At the end of the IVG process, IVM is performed on the harvested oocyte-cumulus complex to support meiosis recovery to the MII site. More recently, promising progress has been made in refining and optimizing IVM regimens through the use of a biphasic system (oocytes pretreated with C-type natriuretic peptide followed by routine IVM), with recent results showing significant improvements in maturation and oocyte quality (Sanchez et al., 2019). cAMP plays a crucial role in regulating oocyte maturation. The granulosa cells in the outer layer of the follicle contain C-type natriuretic peptide (CNP), while the surface natriuretic peptide receptor (NPR2) in cumulus cells around the oocyte. And the oocyte secretes paracrine factors that can promote the activation of NPR2 in cumulus cells. CNP of granulosa cells combines with activated NPR2 to produce cyclic guanosine monophosphate (cGMP) in oocytes and inhibit the activity of phosphodiesterase (PDE3A) in oocytes. Thus, high levels of cAMP in oocytes are maintained, leading to meiotic arrest of oocytes. When the LH level rises in the blood circulation, LH activates PDE3A and then downregulates the cAMP level in oocytes, which can restore the meiosis process of immature oocytes. Subsequently, oocytes reach the MII stage and fully mature (Grzesk and Nowaczyk, 2021). Therefore, the combination therapy of silotamide (PDE3-specific inhibitor) and capillarin (adenylate cyclase activator) can control the cAMP level in the cumulus complex, synchronize the maturation process of oocyte core and cytoplasm, and improve oocyte development and subsequent embryo development (Nogueira et al., 2006; Roy et al., 2021). The application of CNP in the culture medium can improve the success rate of meiosis of oocyte IVM (Sanchez et al., 2017). In addition to cAMP level, some other factors have also been proved that can promote oocyte maturation or benefit the subsequent embryonic development process: The addition of GDF9 can significantly increase the survival rate of fertilization and blastocysts, but does not affect the maturation rate of oocytes (Chatroudi et al., 2019). Growth hormone (GH) can increase the IVM maturation rate of human oocytes (Li et al., 2019). Melatonin has no apparent effect on the maturation rate of oocytes, but it can increase the blastocyst formation rate from 24.5% to 49.3% after fertilization by protecting mitochondria (Zou et al., 2020).
Based on the current exploration of the follicular multistage IVC system, it seems promising to obtain progeny by culturing human immature follicles in vitro. However, the current IVC system of human follicles is still limited by low MII rate, stability of fertilization ability and low safety. Thus, future research can be optimized for the three parts of the IVC system: (1)IVA: Clarifying the safe concentration and safe exposure time of existing activators to further explore the effective way of non-toxic activation of primordial follicles; (2)IVG: Exploring the best method and timing for separating follicle cells from the cortex, and developing a 3D follicle culture system to simulate the follicle development environment in vivo by combining microfluidics and other tissue engineering technologies; (3)IVM: Establishing a whole-process culture system to improve the maturation rate, fertilization ability and subsequent embryo development potential of IVG-derived oocytes. In conclusion, It is necessary to conduct a large number of studies to optimize the various stages of follicle development in vitro and establish a relatively unified, standardized, efficient and safe culture system before applying multistage IVC technology to the clinical practice. Shown in Table 3.
TABLE 3 | Additives in human follicle in IVM stage.
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Utilizing pluripotent stem cells (PSCs) to induce oocytes has emerged as a new method of fertility preservation with the introduction of induced pluripotent stem cell (iPSC) technology in 2006. Since the oocytes of mice and human originate differently, mouse PSCs (mPSCs) and human PSCs (hPSCs) have slightly different induction techniques.
3.1 In vitro induction of mouse female oocytes by mouse PSCs
The researchers discovered that mPSCs demonstrate more potent germ cell capacity in 2iLIF medium including inhibitors of LIF and MAPK/GSK3 pathway. The subsequent induction of mPSCs in 2iLIF media including ActA, bFGF, and GMEM/KSR for 2 days resulted in the formation of ectoderm epiblast-like cells (EpiLCs). EpiLCs are appropriate precursors for producing mouse primordial germ cell like-cells (PGCLC), as they have gaenteral ectoderm cellular features (Sarma et al., 2019). About 30% of EpiLCs were transformed to PGCLCs after subsequent induction for 4–6 days under BMP4, LIF, SCF, and EGF conditions (Hayashi et al., 2011). These mouse PGCLCs displayed comparable transcriptome and epigenetic profiles to mouse PGCS, and the process of their production underwent dynamic epigenetic regulation similar to that of PGC differentiation. However, it is more challenging to promote mouse PGCLCs undergoing further differentiation. Previously, “reconstituted ovaries” were created by aggregating mouse PGCLCs with mouse female gonadal somatic cells, undergo X-reactivation, imprint erasure, and cyst formation, and exhibit meiotic potential and then transplanted under mouse ovarian bursa (Hayashi et al., 2012). Upon transplantation, mouse PGCLCs in the reconstituted ovaries mature into germinal vesicle-stage oocytes (Hayashi et al., 2012). These oocytes can develop into MII oocytes following IVM and obtain healthy fertile offspring after IVF fertilization (Hayashi et al., 2012). However, oogenesis in this method is not completely done in vitro. In subsequent studies, esearchers have attempted to rebuild mammalian oogenesis entirely from mouse PGC in vitro using an estrogen-receptor antagonist that promotes normal follicle formation, which in turn is crucial for supporting oocyte growth (Morohaku et al., 2016). The fundamental events in oogenesis (i.e., meiosis, oocyte growth, and genomic imprinting) were then reproduced in the culture system. The IVA, IVG, and IVM processes are continued after in vitro differentiation (IVD), and the ultimately generated MII oocytes can result in healthy and fertile offspring through IVF (Morohaku et al., 2016). Taking the above breakthroughs into account, it is not difficult to connect the entire process of in vitro induction of mouse PSC into mouse oocytes by combining the induction of mouse PGCLC and in vitro oogenesis of PGC. Namely, mouse PSCs were initially differentiated into mouse EpiLCs, and then mouse PGCLCs were produced under the influence of BMP4, LIF, SCF, and EGF. Via IVD, IVA, IVG, and IVM procedures, the MII oocytes were gradually produced, undergo fertilization to produce healthy, viable offspring which show normal levels of body weight, survival rate, fertility, and gene expression (Hikabe et al., 2016).
According to the landmark study above, “reconstituted ovaries” containing female gonadal somatic cells played a vital role in promoting further oocyte differentiation (Hayashi et al., 2012; Hikabe et al., 2016). However, to clarify the unclear mechanism of oocyte differentiation, it is crucial to investigate how to induce oocytes without ovarian somatic cells. Overexpression of the pluripotency gene NANOG individually could promote the formation of PGC. NANOG is upstream of PRDM14 and BLIMP1, and NANOG binds to their enhancers (Murakami et al., 2016). Germline induction can be facilitated by the overexpression of PRDM14 alone or by the combined expression of the three germline genes BLIMP1, PRDM14, and TFAP2C (Nakaki et al., 2013). Transient overexpression of DAZL, which is required for the differentiation and growth of germ cells, can inhibit the expression of NANOG and promote the formation and meiosis progression of oocyte-like cells (Yu et al., 2009). Additionally, a cluster of transcription factors, including Nobox, Figla, Tbpl2, Sohlh1, Stat3, Dynll1, Sub1, and Lhx8 (Hamazaki et al., 2020), can encourage the development of primordial follicles into primary follicles. The primary follicles are placed in the reconstituted ovarian environment after being cultivated. Even though there was no distinct epigenetic reprogramming or meiosis process at the end, the fact that the procured oocyte-like cells could mature, fertilize, divide, and progress to the 8-cell stage also demonstrated the independence of mouse oocyte maturation, epigenetic reprogramming, and meiosis. PGCLCs can be amplified by the enhanced cAMP expression (Ohta et al., 2017). BMP and RA can commence initiation differentiation without the involvement of ovarian somatic cells since BMP2 and RA cooperate to further induce PGCLCs to differentiate into primitive oocyst-like cells that express VASA and SCP3 (Ohta et al., 2017). The discovery of the cytokines and transcription factors mentioned above provides a basis for encouraging oocyte differentiation and starting meiosis.
In conclusion, researchers have been able to induce MII oocytes from mouse PSC and obtain healthy and fertile offspring after 2 decades of effort. Both the technique of overexpressing the relevant genes by regulating the genetic level and the strategy of constructing an ovarian-like microenvironment using ovarian somatic cells were successful in generating mouse female GCs from mouse PSC. Therefore, the most effective method for inducing female GCs in mice has been recognized as the production of PGCLCs from PSCs by EpiLCs and subsequent binding of PGCLCs to mouse female gonadal somatic cells (Irie et al., 2018; Hayashi, 2019). The mechanism of female GCs can be revealed through further induction scheme optimization, which can increase the culture system’s induction efficiency.
3.2 In vitro induction of human female oocytes by human PSCs
Treated with 4i medium (an inhibitor of MAPK, GSK3, p38, and JNK), hPSCs can be brought back to the naive stage (Gafni et al., 2013), at which hPSCs at the naive state can be exposed to TGFβ, βFGF, and LIF for 2 days in a similar method to the induction of mouse PGCLC. Then, after 8 days of induction by BMP2/4, LIF, SCF, and EGF (Irie et al., 2015), it is possible to differentiate into human PGCLCs (hPGCLCs). In a different study, hiPSCs were grown with FGF and a free-feeding layer, then stimulated for 2 days with ActA and the WNT signaling agonist (CHIR99021). The acquired cells displayed increased pluripotency and expressed mesodermal genes that corresponded to incipient mesoderm-like cells (iMeLCs) Then, for a further 4 days, it was cultured in GMEM/KSR, BMP4, LIF, SCF, and EGF to produce hPGCLCs that corresponded to the seventh week of embryonic development (Sasaki et al., 2015) In addition, Another team has accomplished the differentiation of hPSCs into hPGCLCs in a concentration-dependent manner. ActA, FGF, and low concentration (5 ng/mL) BMP4 were first utilized to convert hPSCs into mesodermal cells, and subsequently high concentration (100 ng/mL) BMP4 was used to stimulate the differentiation of mesodermal cells into hPGCLCs (Sugawa et al., 2015). The mechanism of female GCs differentiation was increasingly clarified by successful in vitro reconstruction of hPGCLCs, which promoted the induction of hPGCLCs differentiation in more efficient ways.
As for mice, the coculture of mouse PGCLCs with mouse female gonadal somatic cells can be applied to the next step of induction. But obtaining human female gonadal somatic cells is challenging. Therefore, it is necessary to explore an induction strategy without the coculture of human female gonadal somatic cells. According to Jung et al., overexpressing DAZL and BOULE can lead hESC to leave the pluripotent state and enter meiosis. GDF9 and BMP15 can then be added to speed up the induction of FLCs, which can subsequently express ZP2 and NOBOX and generate estradiol after implantation in the renal sac of the mouse. Currently, ovarian somatic cells are necessary for initiating oocyte differentiation due to the interaction between oocytes and somatic cells. In a recent study, researchers swapped over human embryonic ovarian cells with mouse ovarian cells and then incubated the resulting “xenorecombinant ovary” for 121 days (Yamashiro et al., 2018). The early PGC genes BLIMP1, TFAP2C, SOX17, and NANOS3 were discovered to undergo downregulation upon induction. The critical meiosis genes DMC1, H2AX, or SCP1 were not adequately upregulated during induction, while DAZL, VASA, and RA response genes (STR8 and SCP3) were. The cells inducing in “xenogeneic recombination ovary” correspond to oocytes and have DNA demethylation and imprint erasability similar to those of embryos at 10 weeks of development in vivo. It indicates that the cells are in the process of entering meiosis but have not yet done so, which might be a consequence of inadequate meiotic signaling in xenogeneic mouse ovarian cells. Theoretically, human ovarian somatic cells induced by hPSCs may be applied in the induction of hPGCLCs. By transplanting hipScS-induced granulosa cells into POF mice ovaries, previous research has demonstrated that these cells can secrete hormones that improve POF and promote follicle formation (Liu et al., 2016; Lipskind et al., 2018). Additionally, one of the future study objectives might be to determine whether hipScS-derived granulosa cells can be employed as substitutes for human ovarian somatic cells and combine with PGCLCs to generate recombinant ovaries to further accelerate oocyte differentiation and production.
Up to now, human oogonium-like cells have been successfully induced by constructing hiPSCs and mouse female gonadal somatic cells in “xenogenic recombinant ovary” (Yamashiro et al., 2018). These efforts and advancements offer opportunities for additional research into the genes specific to female GCs, PGCs migratory pathways, sexual differentiation, and initiation of meiosis, even if there is still a long way to go before oocytes can be utilized clinically to create fertile babies. Besides developing effective and securing protocols for the differentiation of PGCLC into genetically and epigenetically normal, patient-specific oocytes, it is now more important to identify the critical molecules that facilitate the maturation of hPGCLCs and to understand the mechanisms of the ovarian microenvironment.
Recently, genome-wide DNA methylation maps during human preimplantation development were revealed by global scale landscape sequencing of single-cell chromatin in human preimplantation embryos (Li et al., 2018), offering us some information on how humans PGC differentiation before the second week of embryonic development. Furthermore, female GCs differentiation was split into three stages, including the RA response stage, premeiotic stage, and primordial follicle stage, using single-cell transcriptome and epigenome sequencing technology (Wen and Tang, 2019). Each stage corresponded to a distinctive level of gene expression and epigenetic regulation. Single-cell methods for genome-wide DNA methylation and chromatin analysis can be employed to investigate the epigenetic regulation network of female GC at various developmental stages (Wang et al., 2019). Likewise, methods to improve the cultural environment are being researched. Recently, a redesigned approach that combines a low adhesion cell culture plate with a 3D induction system based on methylcellulose has made it feasible to induce PGCLC on a massive scale to boost production efficiency (Wang et al., 2019). The 3D artificial ovary mentioned above, except for the 3D induction system, can facilitate oocyte development. Future research will examine whether a 3D artificial ovary can provide a condition for PSC induction that is more comparable to the ovarian microenvironment in vivo. Ultimately, ethical issues in reproductive medicine have been receiving attention from both the scientific community and the public. Especially concerning the ethical issues expressed by the induction of GCs in human females, questions regarding stem cell origin, technical safety, clinical application of generated cells, and epigenetic regulation of offspring remain common.
Although hPSCs have not yet been properly converted into human MII oocytes, it is theoretically feasible to combine the already used approaches to produce MII oocytes in vitro through hPGCLCs induction, iPSC to granulosa cell induction, IVD, IVA, IVG and IVM. If the idea was successful, this will result in a breakthrough in our comprehension of the complicated biological processes involved in oocyte development, an innovative cell model for testing sterility-related drugs, and fresh perspectives on ovarian disease research and the preservation of future fertility in OC and POF patients.
4 ARTIFICIAL OVARY CONSTRUCTION TECHNOLOGY
The artificial ovaries focus on constructing biological material used to construct a stromal environment in which follicles can proliferate and ensure sex hormone secretion. This biological material should be 1) biosafety and tolerable by the human body, 2) high-temperature resistant due to the human body temperature (Chen et al., 2022), 3) liable for cell adhesion, proliferation, and differentiation, and 4) allow the dissemination of nutrients, growth factors, and oxygen. The final goal of artificial ovaries is to be retransplanted into the human body, so the tolerability and biosafety of its components are very important. Since human follicles vary greatly in diameter during growth (from 19 to 30 μm to 100–110 μm), the material should be degradable and conducive to follicle growth and migration. Furthermore, given the close signaling exchange between the follicle and the endofollicular and intrafollicular environment, this material should be highly permeable to allow diffusion of nutrients and signaling in and out of it. A number of tissue engineering materials suitable for artificial ovaries have been developed, ranging from natural materials (collagen, plasma clots, alginate, fibrin, decellularized tissue, etc.) to synthetic polymers (polyethylene glycol, 3D printed ovaries, etc.) as shown in Table 4, with encouraging results in animal research models. Laronda et al. isolated follicles from cryopreserved human ovarian tissues to form an artificial ovary and transplanted them into ovariectomized adult mice,6 out of 7 ovariectomized mice with artificial ovary implanted had recovered hormone cycle in 4 weeks (Laronda et al., 2015). Kniazeva et al. extracted follicles from young female mice and encapsulated them with artificial ovaries, mice for subsequent transplantation, 33% of female mice deliver offspring (Kniazeva et al., 2015). Natural polymers are usually less rigid but have advantages in cell adhesion, migration and signal communication. Synthetic polymers have better mechanical properties to support human transplantation but are not conducive to nutrient exchange and signal crosstalk (Reddy et al., 2021), and current research is directed at combining the two to better prepare artificial ovarian materials.
TABLE 4 | Meterials applied in the artificial ovary construction technology.
[image: Table 4]Collagen and plasma clots were the first natural 3D scaffolding materials used for isolated primordial follicle encapsulation. In 1990, Telfe et al. cultured isolated primary mouse follicles in collagen for 5 days and then transplanted them into ovariectomized mice; the follicles could develop and mature 5 days after transplantation, and mature follicles from this grafted gel could eventually form embryos by IVF, while sufficient hormones were produced within the grafted gel to support the vaginal opening and keratinization of the vaginal epithelium, and angiogenesis appeared in the gel as well (Telfer et al., 1990). Gosden et al. isolated primordial follicles from mice, cultured them in plasma clots, and then transplanted them back into ovariectomized mice. 11 of 15 mice became pregnant and 2 produced offspring (Gosden, 1990). Dolmans et al. isolated human primordial follicles, encapsulated them in plasma clots, and xenotransplanted them into immunodeficient mice. Five months after transplantation, stage II and antral follicles could be found in the clot, but the plasma clot degraded rapidly, resulting in the loss of a large number of follicles (Dolmans et al., 2007; Dolmans et al., 2008). Overall, plasma clots allow follicles to progress to the sinus stage, however the plasma clot’s poor composition and quick degradation lead to greater follicle loss (Dolmans et al., 2007; Dolmans et al., 2008).
To address the problem of degradation, researchers developed alginate, a polysaccharide-based natural polymer derived from algae whose rigidity prevents structural degradation. Rios et al. encapsulated mouse isolated follicles into an alginate matrix and transplanted them back into ovariectomized mice. Many follicles could develop into antral follicles, and mature follicles could be successfully fertilized by intracytoplasmic sperm injection (ICSI) (Rios et al., 2018). It has been reported that isolated human primordial follicles encapsulated in alginate gel and cultured in vitro for 8 days can develop, and some of them can reach the preantral stage (Wang et al., 2014). However, when the culture in vitro last for a longer period of time (about 30 days), follicles grew to the antral stage, but many follicles degenerated and stopped growing after further incubation (Yin et al., 2016). The reason for this may be that human follicles are 2-fold larger than mice, and the lack of alginate lyase, which prevents degradation of alginate, would limit angiogenesis and further follicle (Chiti et al., 2016).
Fibrin is an alternative natural polymer to plasma colt with high bioadhesive properties and low inflammation after transplantation into humans, and has been widely used in tissue engineering. Paulini et al. encapsulated isolated human primordial follicles in fibrin gel and transplanted them into mice, and many follicles could grow to secondary follicles after 7 days (Paulini et al., 2016). Isolated primary mouse follicles cultured in fibronectin gels for long periods (21 days) could also develop to the antral stage and hormone production can be detected in mice (Smith et al., 2014). However, fibrin has the same high rate of degradation as plasma clots and collagen in humans, and after degradation follicles lose structural support due to inherent inhibitors such as fibrinolytic enzymes in humans. Follicles migrate and grow in different ovarian structures due to the different cortices and medullae of the natural ovary (Laronda, 2020). Short-term culture of mice secondly follicle encapsulated with an interpenetrating network composed of fibrin-alginate resulted in higher oocyte MII rates than culture with alginate or fibrin alone (Shikanov et al., 2009). The maturation rate of isolated caprine follicles cultured in a fibrin-alginate matrix for a longer period (30 days) was higher than that cultured with alginate alone (Brito et al., 2016). Thus, the fibrin-alginate matrix combination has better degradability and rigidity, which facilitates follicle survival and proliferation. Moreover, to build a synthetic ovarian scaffold, slowly degrading alginate and fibrin can combine their benefits while maintaining the connection communication between the internal cells and follicle structure (Zhou et al., 2015).
The decellularized ovarian extracellular matrix is another natural matrix obtained by removing the cellular components of the natural ovary and can highly mimic the natural ovary in vivo, allowing for cell adhesion and growth. Decellularized tissues have been applied in the liver (Fares et al., 2021), lung (Dabaghi et al., 2021), and heart (Ercan et al., 2021). Laronda et al. implanted isolated mouse follicles into decellularized bovine ovarian scaffolds and transplanted them into immunocompetent normal ovariectomized mice. After 2 weeks of transplantation, an antral follicle could be found in the transplanted scaffold (Laronda et al., 2015). Hassanpour et al. decellularized human ovary and encapsulated it with isolated rat follicles, then reimplanted it in rats. Four weeks after surgery, hormones and primordial or primary follicle-like structures were detected in this suitable cytocompatibility scaffold (Hassanpour et al., 2018). Pors et al. also successfully implanted isolated human follicles in a decellularized human scaffold and reimplanted them in rats for 3 weeks (Pors et al., 2019). However, xenogeneic scaffolds may induce a high risk of immune response and may also induce certain diseases, such as viruses or cells residues from the donor (Massaro et al., 2021).
In contrast to natural polymers, synthetic polymers can be tailored to the different stiffness of natural ovaries to meet different clinical requirements (Dolmans and Amorim, 2019). Polyethylene glycol (PEG) is widely used in engineering, and oxygen and carbon are the main components of PEG. Kim et al. used PEG hydrogels to encapsulate isolated mouse follicles and transplant them into ovariectomized mice, and all stages of follicles and corpora lutea could be found in the scaffold 30 days after transplantation. After 60 days of transplantation, hormone levels were significantly increased and functional vessels could also be detected in the scaffold (Kim et al., 2016). In other studies, PEG-superoxide dismutase, which promotes follicle growth, has been combined with polytetrafluoroethylene membrane, which successfully prevents graft immune recognition and restores endocrine function in mice with ovariectomies (David et al., 2017). However, degradation of synthetic polymers is toxic and the degradation products tend to cause immune reactions (Shiraishi and Yokoyama, 2019).
Bio-3D printing allows precise adjustment of the pore diameter and thickness of the scaffold, and also controls properties such as rigidity of the scaffold to meet clinical needs. It can fabricate scaffolds layer by layer to produce tissue-mimicking structures (Zubizarreta and Xiao, 2020). Laronda et al. used gelatin as3D ink to print 3D scaffold crosslink with a support diameter of 250 μm and a pore diameter of 350 μm. After implanting isolated mouse follicles into 3D printed scaffolds, the scaffolds were transplanted into ovariectomized mice for 7 days after implantation without the addition of exogenous angiogenic factors. Mature follicles were found 3 weeks after implantation, and after 10 weeks, these transplanted mice could be mated to produce normal offspring (Laronda et al., 2017). It has also been reported that isolated porcine follicles were implanted in gelatin and poly (epsilon-caprolactone) (PCL)-printed scaffolds to construct scaffold structures with a pore size of 300 μm and a scaffold diameter of 1 μm. After 10 days of in vitro culture, the follicles adhered well to the scaffold, developed well, and had a high survival rate (Raffel et al., 2019). In terms of the crucial limitations of how vascularization can be achieved in the artificial ovary, a recent research team used 3D printing technology to create numerous microvascular channels in hydrogels. They then coated rat oocytes layer by layer with autologous granulosa cells, follicular theca cells, basal basal-like ECM, gelatin, and hydrogels with microchannels, and implanted them into the ischemic hind limbs of ovaries removed rats. The release of hormones that significantly aid the restoration of endocrine function can completely regenerate the endometrium (Yoon et al., 2021).
Growth factors play an equally important role. Growth factors such as vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF) promote artificial ovarian angiogenesis and reduce apoptosis in vivo. Shikanov et al. encapsulated ovarian tissue with VEGF in a fibrin gel and transplanted it back into bilateral oophorectomy mice. After 2 weeks of transplantation, the VEGF-containing gel survived two times (Shikanov et al., 2011) as many follicles and blood vessels as the control group (102). In another study, ovarian tissue was also wrapped in a fibrin gel along with bFGF and then transplanted under the skin of mice. Seven days after transplantation, the bFGF group had higher follicle survival and proliferation rates, lower rates of follicular and ovarian apoptosis, and higher rates of angiogenesis compared to the non-bFGF group (Gao et al., 2013). The apoptosis suppressor sphingosine-1-phosphate (S1P) is an apoptosis suppressor capable of inducing cell survival and proliferation. It is a signaling sphingolipid that can act as an intracellular second messenger and extracellular ligand for G protein-coupled receptors. It also regulates angiogenesis and vascular stability (Soleimani et al., 2011). Soleimani et al. reported that human ovaries were transplanted with S1P into severe combined immunodeficient (SCID) mice. Ten days after transplantation, the grafts showed significantly increased vascular density, angiogenesis, and ovarian cell proliferation, and lower follicular apoptosis compared to controls (Soleimani et al., 2011). Another study implanted follicles with S1P and VEGF in a fibrin scaffold and produced twice as many primordial follicles, vessels, and progeny as controls (Ladanyi et al., 2017). Besides, the addition of platelet-derived growth factor (PDGF), BMP4 (Felder et al., 2019), and other substances can help to further increase the vascularization of the graft and the restoration of follicular activity.
Although artificial ovary technology has made tremendous progress in mice, it is still in the preliminary stages of study in large animals and humans since their grafts are much larger than those of mice in terms of size, quantity, and size of follicles. Therefore, when graft scaffold gets larger, it is an urgent problem to be solved how to design vascular channels in the scaffold or advance the vascularization (Yoon et al., 2021) of the implant with the graft scaffold growing larger while maintaining follicle vitality. The ovary’s cortex and medulla have different functions, and the arrangement of the follicle and its constituent parts in space (Quan et al., 2020) will also have an impact on how well it performs. In order to maximize cell-cell interaction, enhance ovarian function, and lengthen the implant’s longevity, structure of ovary should be considered when building the ovarian organ.
5 CONSTRUCTION TECHNOLOGY OF OVARIAN ORGANOIDS
Organoid technology is one of the most important breakthroughs in the area of tissue engineering research in the past decade and was rated as one of the top ten discoveries by 《Science》. It refers to the application of 3D culture technology to produce matrix glue as a growth scaffold, regulate a range of cell internal and external signals, and encourage the cells with stem cell potential to generate tissue structures resembling those derived from corresponding organs. Organoids, particularly tumor organoids, have the generally stable phenotypes and genetic properties and exhibit a high degree of histological similarity to real organs. The morphology and size of organoids among individuals remain largely uniform, in contrast to tumor cell lines and xenotransplantation models, maintaining the heterogeneity of the source tumor and the heterogeneity between patients. It offers a quick and excellent technical platform for the study of tumor pathogenesis, drug screening, personalized precision medicine, regenerative medicine, and other fields. At present, organogenesis has been reported in ovaries, fallopian tubes, endometrium, cervix and trophoblasts.
In terms of ovaries, Jung et al. (Jung et al., 2017) first established FLCs structures similar to follicular organoids by using HESCs in 2017. Four years later, Ji Wu et al. first used female germline stem cells (FGSCs) and a three-dimensional culture system to induce the generation of ovarian organoids. FGSCs were sorted by magnetic activated cell sorting (MACS) and cultured with α-MEM supplement with 10% fetal bovine serum, 10 ng/mL mouse leukemia inhibitory factor, 10 ng/mL mouse bFGF, 10 ng/mL EGF, 40 ng/mL mouse glial cell line-derived neurotrophic factor, 1 mM non-essential amino acids, 2 mM L-glutamine, 10 mg/mL penicillin, 30 mg/mL pyruvate and β-mercaptoethanol (Li et al., 2021). The ovarian organoids contained six kinds of ovarian cells, including germ cells, granulosa cells and theca cells. Oocytes could be produced and had endocrine functions. Using this model, normal mouse offspring could be produced. In addition, drug toxicity could be tested and it was found that ascorbic acid treatment had a beneficial effect on the maintenance of germ cell numbers, whereas salinomycin affects the formation of ovarian organoids and the maintenance of germ cell populations by inducing apoptosis (Li et al., 2021). Ovarian organoid model can play an important role in the study of oocyte development and screening of drugs promoting oocyte development in vitro. Using ovarian organoids, it was found that topologically dependent domains were stable during germ stem cell differentiation, but chromatin interactions changed in surprising ways, altering 35 percent of inactive and active chromosomal compartments throughout the genome (Luo et al., 2021). Recently, George Church et al. published a study on the directed differentiation of human iPSC cells into functional, fully human ovarian organoids, which can support oocyte maturation, follicle development and sex hormone secretion (Pierson Smela et al., 2023). The results showed that simultaneous overexpression of transcription factors NR5A1 and RUNX1/RUNX2 could induce the redifferentiation of iPSCs into granulosa cells. These granuloid cells had a transcriptome similar to that of human fetal ovarian cells. More importantly, these granuloid cells induced from human iPSCs could be co-cultured with hPGCLC also induced from human iPSCs to form ovarian organoids to aid oocyte development.
Currently, a two-step approach to bioengineering ovaries using ovarian organoids combined with artificial ovarian technology has been summarized: the first step aims to create 3D biological scaffolds, obtained mainly through whole-organ acellular technology, which can simulate the natural ovarian environment in vitro, allowing the maintenance of the original tissue microstructure and biological signals. The second step involves the isolation of purified FGSCs using MACS, which are capable of further differentiation when organoid techniques are used and can be used for the refilling of the ovarian acellular biological scaffold (Pennarossa et al., 2021). The combination of these two techniques provides a powerful tool for in vitro reconstruction of bioengineered ovaries, which may be a promising solution for restoring hormonal and reproductive function. However, the current problem is that the ability of organoids to generate oocytes in vitro is generally low, especially the low IVM rate (Luo et al., 2021), and it is necessary to establish a culture system that can not only effectively expand FGSCs but also maintain the uniformity of FGSCs differentiation into oocytes. Changing the culture substrate, such as water-soluble, Fzd subtype-specific “next-generation surrogate” (NGS) Wnts that hetero-dimerize Fzd and Lrp6 solves the problem of Wnt lipidation and Wnt-Frizzled (Fzd) cross-reactivity, supports the long-term expansion of many different types of organoids such as ovaries. This culture condition is considered to be superior to Wnt3a conditioned medium in organoid dilatation and single cell organoid growth (Miao et al., 2020). Recently, 3D microenvironments have been shown to trigger mitochondrial dysfunction during follicular growth in vitro (Takashima et al., 2021). Adding 100 nM MitoQ to the medium promotes follicular growth and maturation in vitro during organoid growth, while removing ROS, reducing oxidative damage, and restoring mitochondrial membrane potential in oocytes (Wang et al., 2023a). Inhibition of EED activity could promote the survival of FGSCs and significantly inhibit their apoptosis during in vitro differentiation. EED226 treatment and processing of FGSCs can enhance the expression of Oct4 and inhibit the expression of P53 and P63 by reducing the enrichment of H3K27me3 in Oct4 promoter and exon. Specifically improve the survival rate of FGSC (Wang et al., 2023b).
In addition to ovarian organoids, organoids of various pathological types of ovarian cancer have been reported, including epithelial ovarian cancers such as serous carcinoma, endometrioid carcinoma, clear cell carcinoma and mucous carcinoma (Kopper et al., 2019), as well as ovarian sarcoma (Phan et al., 2019) and even borderline ovarian tumor (Maru et al., 2019). The construction of ovarian organoids is shown in Table 5. Patient-derived ovarian cancer organoids can be successfully modeled in a short period and compare drug high-throughput experimentations in different patients, contributing to the accurate screening of anti-ovarian cancer drugs. Generally, the present cultured organoids own a simple construction, while their lack of immune cells, blood vessels, innervation, matrix, and vasculature distinguish them from real organs. Future studies will concentrate on how to create a tumor microenvironment in an in vitro culture system. The recently reported gas-liquid interface culture (Ye et al., 2020) and microfluidic technology (Li et al., 2017) will make it possible to co-culture organoids with immune cells and mesenchymal cells, advancing the study of organoids in immunotherapy. Besides, organoid development will be greatly accelerated by other innovations, such as refining the composition of culture medium, reducing the variety of culture conditions, using CRISPR/Cas9 gene editing technology, RNA-seq technology, bioprinting, and organoids-on-chips technology.
TABLE 5 | Organoids derived from healthy and pathological ovary tissues.
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In conclusion, the ovarian organ function reconstruction techniques in vitro rebuilding technique can offer a fresh perspective on the study of ovaria-related disorders and fertility preservation in patients with cancers and POF. Future development direction in fertility preservation would focus on IVC, female GCs induction from PSC in vitro, artificial ovary construction, and ovaria-related organoids construction, all of which have promising futures. However, there are still problems to be resolved, including how to increase the primordial follicle maturation rate, establish a productive culture system with 3D technology, maintain the viability of follicles, build artificial human ovaries, and induce hPGCLCs to undergo meiosis. The construction of ovarian organoids is still a new method for ovarian reconstruction. However, it is extremely difficult to obtain human ovarian stem cells, so it is necessary to establish a single culture system that can efficiently expand FGSCs and maintain the differentiation of FGSCs into oocytes, and effectively improve the IVM rate of oocytes by combining with IVC technology. Organoid construction of ovarian cancer provides ideas for the study of the pathogenesis, drug screening and individualized therapy, gene function and immunotherapy of ovarian cancer. Meanwhile, the construction of tumor microenvironment of patient-derived tumor organoids should be further increased to reflect the specific situation more truly. Despite the numerous challenges, it is reasonable to assume that with the continued development of tissue engineering, new replacement options will eventually appear to offer new solutions to solve human reproductive problems like fertility preservation and ovarian diseases.
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Increasing maternal age associates with lower placental CPT1B mRNA expression and acylcarnitines, particularly in overweight women
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Older pregnant women have increased risks of complications including gestational diabetes and stillbirth. Carnitine palmitoyl transferase (CPT) expression declines with age in several tissues and is linked with poorer metabolic health. Mitochondrial CPTs catalyze acylcarnitine synthesis, which facilitates fatty acid oxidization as fuel. We hypothesized that the placenta, containing maternally-inherited mitochondria, shows an age-related CPT decline that lowers placental acylcarnitine synthesis, increasing vulnerability to pregnancy complications. We assessed CPT1A, CPT1B, CPT1C and CPT2 mRNA expression by qPCR in 77 placentas and quantified 10 medium and long-chain acylcarnitines by LC-MS/MS in a subset of 50 placentas. Older maternal age associated with lower expression of placental CPT1B, but not CPT1A, CPT1C or CPT2. CPT1B expression positively associated with eight acylcarnitines and CPT1C with three acylcarnitines, CPT1A negatively associated with nine acylcarnitines, while CPT2 did not associate with any acylcarnitine. Older maternal age associated with reductions in five acylcarnitines, only in those with BMI≥ 25 kg/m2, and not after adjusting for CPT1B expression. Our findings suggest that CPT1B is the main transferase for placental long-chain acylcarnitine synthesis, and age-related CPT1B decline may underlie decreased placental metabolic flexibility, potentially contributing to pregnancy complications in older women, particularly if they are overweight.
Keywords: placenta, maternal age, lipid metabolism, carnitine palmitoyltransferases, obesity, overweight, CPT1B
1 INTRODUCTION
More women are entering pregnancy at an older age worldwide, particularly in developed countries. These women are at increased risk of pregnancy complications including gestational diabetes, pre-eclampsia and stillbirth (Flenady et al., 2011; Lean et al., 2017; Saccone et al., 2022). Nonetheless, the mechanistic pathways by which older age contributes to adverse pregnancy outcomes are still unclear (Huang et al., 2008; Plows et al., 2018). It is thus important to examine potential mechanisms by which advanced maternal age might affect pregnancy outcomes to aid development of strategies to reduce risk.
Outside of pregnancy, several studies have reported that expression and activity of carnitine palmitoyltransferases (CPTs) decline with age in multiple tissues and that these changes associate with poorer metabolic health. Aging is associated with decreased CPT1 activity in rodent hearts (McMillin et al., 1993; Odiet et al., 1995), where the predominant CPT1 isoform is CPT1B. In mice, genetically-induced deficiency or age-associated reduction of skeletal muscle CPT1B expression leads to the development of insulin resistance provoked by a high fat diet challenge (Kim et al., 2014; Vieira-Lara et al., 2021). Such relationships are consistent with a study in elderly humans showing that higher skeletal CPT1B mRNA expression associated with insulin sensitivity and better metabolic health (Bétry et al., 2019). A negative association of CPT1 expression with age is also observed in peripheral blood mononuclear cells (Karlic et al., 2003).
CPTs catalyze the synthesis of acylcarnitines from fatty-acyl CoAs, a process essential to facilitate the transport of fatty acids into mitochondria for fatty acid oxidation (also known as beta oxidation), and for the production of acylcarnitines for cellular use, secretion and signaling (Ceccarelli et al., 2011; Houten et al., 2020). CPTs are expressed in most tissues with the ratios of isoforms dependent on the tissue type and species (Ceccarelli et al., 2011; Houten et al., 2020). CPT1 and CPT2 are present on the outer and inner mitochondrial membrane respectively and together enable fatty acids to be transported across the mitochondrial membrane as acylcarnitines for utilization (Ceccarelli et al., 2011; Houten et al., 2020). CPT1 is the main regulator of fatty acid oxidation and occurs as three isoforms—CPT1A, CPT1B and CPT1C; their individual characteristics remain under investigation (Ceccarelli et al., 2011; Virmani et al., 2015; Houten et al., 2020). CPTs are also active in peroxisomes and the endoplasmic reticulum, but their role in these organelles is not well understood (Sierra et al., 2008; Ceccarelli et al., 2011; Houten et al., 2020).
In the placenta, CPTs are important for generating acylcarnitines, for use locally as well as for release into both fetal and maternal circulations to serve as both a fuel source and a precursor of activated fatty acids for lipid remodeling and protein palmitoylation (Novak et al., 1981; Schmidt-Sommerfeld et al., 1985; Arduini et al., 1992; Arduini et al., 1994; Lahjouji et al., 2004; Jones et al., 2010). These exported acylcarnitines act as signaling molecules, anti-oxidants and as an alternative fetal fuel source to glucose (Jones et al., 2010; Yli and Kjellmer, 2016; Kolb et al., 2021). Hence, acylcarnitine supply is vital to the fetus when glucose and oxygen supply is limited and when anaerobic metabolism and oxidative stress is high such as during parturition (Jones et al., 2010; Yli and Kjellmer, 2016; Kolb et al., 2021). Indeed, increased umbilical cord blood acylcarnitines are associated with both extremes of birthweight (Giannacopoulou et al., 1998; Sánchez-Pintos et al., 2016; El-Wahed et al., 2017; Sánchez-Pintos et al., 2017), where there is often either a lack or oversupply of nutrients relative to fetal needs.
Therefore, given that developmentally, mitochondria in conceptuses and, hence, placental mitochondrial CPTs are maternally-inherited, we hypothesized that a maternal age-related decline in placental CPT expression and activity may contribute to the development of pregnancy adversity. As an initial step, our study aimed to determine the relationship between maternal age and the placental expression of four CPT isoforms, and associated alterations in placental acylcarnitine abundance.
2 MATERIALS AND METHODS
2.1 Subject recruitment and placental collection
Placentas were collected at term elective cesarean sections of singleton pregnancies at the National University Hospital, Singapore with written informed consent. Only elective cesarean section cases were included to reduce the possible effects of labor on placental expression of CPTs and acylcarnitine content. Indications for elective cesarean section were previous cesarean section, breech presentation, suspected macrosomia or maternal request/social reasons. Participants were of Asian ethnicity (classified as Chinese and non-Chinese: Malay or Indian), self-reported non-smokers, conceived spontaneously and delivered neonates that were not small-for-gestational age (birthweight >10th centile). All participants underwent a routine 75 g oral glucose tolerance test (OGTT) after an overnight fast during pregnancy. Gestational diabetes mellitus (GDM) was diagnosed according to World Health Organization 2013 criteria of a fasting glucose 5.1—6.9 mmol/L, and/or 1 h glucose ≥10.0 mmol/L, and/or 2 h glucose 8.5—11.0 mmol/L (World Health Organization Guideline, 2014). With the exception of GDM in 39 subjects, all participants were otherwise healthy and had uncomplicated pregnancies (Table 1). Ethics approval was granted by the National Healthcare Group Domain Specific Research Board (References 2000/00524 and 2016/00183).
TABLE 1 | Participant characteristics by molecular analysis method.
[image: Table 1]2.2 Sample processing
Five villous tissue biopsies were obtained from random sampling across each placenta. Following removal of the maternal decidua, biopsies were snap frozen in liquid nitrogen within 10 min of delivery and stored at −80°C until use. Considering variation across each placenta, biopsies for each placenta were subsequently pulverized in liquid nitrogen and mixed together for RNA and lipid extractions.
2.3 RNA extraction, cDNA synthesis and real-time quantitative polymerase chain reaction (RT-qPCR)
Placental mRNA expression of carnitine palmitoyltransferases was determined as described previously (Watkins et al., 2022). Briefly, following phenol-chloroform extraction, placental RNA was purified with the RNeasy Mini Kit (Qiagen) and reverse transcribed to cDNA with Superscript III reverse transcriptase (Thermo Fisher Scientific) according to manufacturer’s instructions. RT-qPCR was performed with TaqMan Fast Advanced Master Mix (Thermo Fisher Scientific) on an Applied Biosystems 7500 Fast Real-Time PCR System (Thermo Fisher Scientific). Samples were run in duplicate 10 µL reactions containing 5 ng cDNA at the following settings: 95°C for 20 s, followed by 45 cycles of 95°C for 3 s and 60°C for 30 s. Inventoried FAM-labeled TaqMan probes were used for three housekeeping genes—CYC1 (cytochrome C1, Hs00357718_m1), SDHA (succinate dehydrogenase complex, subunit A, Hs00188166_m1) and TBP (TATA-box binding protein, Hs00427620_m1); and four CPT family genes—CPT1A (Hs00912671_m1), CPT1B (Hs00993896_g1), CPT1C (Hs00380581_m1) and CPT2 (Hs00988962_m1). The average threshold cycle (CT) value of non-GDM subjects served as the calibrator (assigned value of 1) for relative quantification. Relative expression of each CPT isoform was calculated using formula 2(−ΔCT) and normalized to the geometric mean expression of the three housekeeping genes.
2.4 Lipid extraction and quantification by liquid chromatography tandem mass spectrometry (LC-MS/MS)
Lipid extraction and quantification by LC-MS/MS was performed on a subset of 50 placentas using methods similar to previous work on the placental lipidome (Wong et al., 2021; Watkins et al., 2022). In brief, approximately 250 mg of each placental sample was freeze-dried, weighed and homogenized in 1 ml phosphate buffered saline. Following an addition of 800 µL butanol/methanol (1:1) to 40 µL of placental homogenate and 10 µL of internal standard mix containing 151.1 pmol acylcarnitine 16:0 d3 (Larodan Chemicals, Solna, Sweden), samples were vortexed briefly, sonicated for 30 min in an ice bath and shaken for 30 min at 4°C. After centrifugation at 13,000 rpm for 10 min, the supernatant was collected into a La-Pha-Pack HPLC tube (Langerwehe, Germany) and stored at -80°C until LC-MS/MS analysis. Quality control (QC) samples were similarly prepared from placental homogenates pooled from several subjects. Lipid extracts (5 µL) were then injected into an Agilent 6490 triple quadrupole LC-MS/MS instrument with chromatography performed as described in Supplementary Methods. Metabolite peak areas were integrated using Mass Hunter QQQ Quantitative Analysis Version 10. Lipids were considered quantifiable if their %RSD in QC samples was less than 25% and the peak area at least 10 times that of a blank sample extracted under the same conditions. Placental lipid content was expressed as µmol lipid/mg tissue dry weight. Ten medium and long chain acylcarnitines (12:0, 14:0, 14:1, 14:2, 15:0, 16:0, 16:1, 18:0, 18:1 and 18:2) were measured.
2.5 Statistical analysis
To ensure a normal distribution and to standardize comparisons between genes and lipids that had different degrees of interindividual variability, gene expression and lipid data were log2-transformed and then converted to Z-scores for analysis. Linear regression models were run in R version “Kick Things” with ‘tidyverse’ Version: 1.3.1 (Wickham et al., 2019). To account for multiple testing and minimize false discovery, Benjamini–Hochberg correction was applied with statistical significance set at p < 0.05. For each CPT, linear regression was first performed between gene expression (outcome) and maternal age. This model was then rerun with covariate adjustment for maternal fasting glycemia, ethnicity, maternal BMI, gestational age and infant sex. To determine how CPT expression might influence the production of placental acylcarnitines, linear regression was performed between placental acylcarnitine abundance (outcome) and gene expression (for each CPT). Lastly, to explore if maternal factors such as high maternal glycemia and BMI affected the relationship between placental CPT expression with maternal age and acylcarnitine abundance, these associations were examined in the study population as a whole, as well as following stratification by GDM or BMI status, as decided a priori.
3 RESULTS
3.1 Clinical characteristics of study participants
Study participants (n = 77) for the RT-qPCR analysis were predominantly of Chinese ethnicity, with a mean age of 33 years, a mean BMI in early pregnancy of 25.5 kg/m2 and delivered at an average of 38.6 weeks of gestation (Table 1). Approximately 50% of these women had GDM, with an average antenatal OGTT fasting and 2 h glucose of 4.5 and 7.4 mmol/L respectively. The maternal characteristics of the subset (n = 50) used for the lipidomic analysis were similar to those used for the RT-qPCR analysis. The proportion of male to female infants, birthweight mean and average birthweight centiles were also comparable between both groups.
3.2 Participant characteristics associated with placental expression of CPT isoforms
Older maternal age was associated with lower placental CPT1B expression [coefficient estimate: -0.107 (-0.167, -0.047) Z-score of expression per year, p = 0.001], but not with that of CPT1A [0.043 (-0.021, 0.108), p > 0.05], CPT1C [0.018 (-0.047, 0.083), p > 0.05] or CPT2 [0.003 (-0.062, 0.068), p > 0.05] (Figure 1). Associations remained similar [CPT1B coefficient estimate: -0.111 (-0.173, -0.049), p = 0.006] after covariate adjustment for maternal fasting glycemia, ethnicity, maternal BMI, gestational age and infant sex. No associations were observed between maternal fasting glycemia, ethnicity, maternal BMI, gestational age or fetal sex and the expression of any CPT isoform.
[image: Figure 1]FIGURE 1 | Associations between placental mRNA expression of CPT isoforms and maternal age in n = 77 placentas. Forest plot (A) shows coefficient estimates and 95% confidence intervals of associations between each CPT isoform (outcome) and age (years), after adjusting for maternal fasting glycemia, ethnicity, maternal BMI, gestational age and fetal sex. Scatter plot (B) shows the unadjusted relationship between maternal age and Z-score for CPT1B mRNA expression. A black line denotes a significant association. The shaded grey area represents the 95% confidence interval of the regression. Placental mRNA expression data of CPTs were log2-transformed then converted to Z-scores prior to linear regression.
3.3 Association of expression of CPT isoforms with acylcarnitines in the placenta
To determine whether variations in CPT isoform expression related to differences in transferase activity represented by placental acylcarnitine content, we examined the relationship between expression of each CPT isoform with 10 medium and long-chain acylcarnitines in the placenta (Figure 2). Placental CPT1A expression negatively associated with nine acylcarnitines (12:0, 14:0, 14:1, 14:2, 15:0, 16.0, 16:1, 18:0, 18:1), while CPT1B positively associated with eight acylcarnitines (12:0, 14:0, 14:1, 14:2, 16.0, 16:1, 18:0, 18:1) and CPT1C positively associated with three long chain acylcarnitines (16:0, 18:0 and 18:2). The exception was CPT2, which showed no associations with any acylcarnitine.
[image: Figure 2]FIGURE 2 | Associations between mRNA expression of CPT isoforms and placental acylcarnitines by linear regression. The forest plot shows coefficient estimates and 95% confidence intervals of associations between CPT isoforms and placental acylcarnitines (outcome, n = 50 placentas). Filled symbols show acylcarnitines that are significantly associated after adjustment by Benjamini–Hochberg’s correction. Data for placental acylcarnitine abundance and mRNA expression data of CPT isoforms were log2-transformed then converted to Z-scores prior to linear regression.
3.4 Associations between CPT1B expression and maternal age with placental acylcarnitines following stratification by maternal BMI or GDM status
Both a high maternal BMI (≥25 kg/m2) and GDM are known to increase the supply and availability of fatty acids to the placenta (Duttaroy and Basak, 2021), which could place greater stress on the placenta’s capacity for fatty acid processing. Thus, to determine whether such factors altered the relationships of CPT1B expression and maternal age with placental acylcarnitines, we examined these associations following stratification by BMI (Figure 3) and GDM status (Supplementary Figure S1).
[image: Figure 3]FIGURE 3 | Associations between (A) placental CPT1B mRNA expression or (B) maternal age with the abundance of placental acylcarnitines by linear regression stratified by maternal BMI status. The forest plots show coefficient estimates and 95% confidence intervals of associations between placental CPT1B mRNA expression (A) or maternal age (years, (B) with placental acylcarnitines (outcome) in subjects with healthy (<25 kg/m2, n = 25) and high (≥25 kg/m2, n = 25) BMI. Filled symbols show acylcarnitines that are significantly associated after adjustment by Benjamini–Hochberg’s correction. Data for placental acylcarnitine abundance and mRNA expression data of CPT1B were log2-transformed then converted to Z-scores prior to linear regression.
In BMI-stratified analyses (Figure 3), among participants with a healthy BMI (<25 kg/m2; n = 25), CPT1B expression positively associated with only one acylcarnitine (12:0). In contrast, in those with a high BMI (≥25 kg/m2; n = 25), CPT1B expression remained strongly positively associated with seven acylcarnitines (12:0, 14:1, 14:2, 16.0, 16:1, 18:0, 18:1). Only acylcarnitine 12:0 was significantly associated with CPT1B expression with similar coefficient estimates in both BMI groups. Differences by GDM status were less apparent, with the normoglycemic group showing significant positive associations for two acylcarnitines (12:0, 14:1) and the GDM group for three acylcarnitines (14:1, 16:0, 16:1), with an overlap observed for acylcarnitine 14:1 (Supplementary Figure S1A).
Since placental CPT1B expression declined with older maternal age, it was expected that placental acylcarnitines would be negatively associated with age. However, no direct relationships between maternal age and placental acylcarnitines were observed (Supplementary Table S3). Instead, we only observed such a relationship of older maternal age with lower acylcarnitines (12:0, 14:1, 16:0, 16:1, 18:1) in those with a high BMI and not in those with a healthy BMI (Figure 3B). No relationships were seen when stratified by GDM status (Supplementary Figure S1B). The associations seen for the high BMI group remained similar after adjusting for maternal ethnicity, fasting glycemia, gestational age at delivery and infant sex. Following adjustment for placental CPT1B expression, all associations between maternal age and placental acylcarnitines were attenuated and no longer significant.
4 DISCUSSION
4.1 Main findings
Our study demonstrates that older maternal age is associated with lower placental expression of CPT1B, but not that of CPT1A, CPT1C or CPT2. Furthermore, placental CPT1B expression positively associated with eight out of 10 acylcarnitines quantified in the placenta, suggesting it may play a prominent role in placental long-chain acylcarnitine synthesis. Placental acylcarnitines were only reduced with older maternal age in overweight/obese participants. These associations between maternal age and placental acylcarnitines were attenuated after accounting for CPT1B expression.
4.2 Implications of reduced CPT1B expression in the placenta
The inverse relationship between maternal age and placental CPT1B mRNA expression is consistent with past studies in elderly humans and aged rodents demonstrating decreased expression and activity of CPT in tissues such as the heart and skeletal muscles, where the CPT1B is the predominant isoform (McMillin et al., 1993; Odiet et al., 1995; Bétry et al., 2019; Vieira-Lara et al., 2021). Curiously, despite the relatively “young” age of placental tissue (originating from the recent conception), the conceptus and placenta inherits maternal mitochondria—a major site where CPT1B is active. Thus, in certain respects, the placenta may share maternal age-related physiological characteristics.
In a human study, participants with lower skeletal muscle CPT1B mRNA expression were less able to oxidize lipids in a fasted state and were more insulin-resistant (Bétry et al., 2019). In mice, the age-associated decrease in skeletal muscle CPT1B protein exacerbated insulin resistance induced by a high fat diet, indicating that older mice had reduced metabolic flexibility in response to an obesogenic dietary challenge compared with their younger counterparts (Vieira-Lara et al., 2021). Meanwhile, loss of CPT1B activity in the heart increases myocardial lipids in obese mice and causes cardiac lipotoxicity in a heart failure mouse model (He et al., 2012; Zhang et al., 2016). These studies particularly highlight the importance of CPT1B in buffering metabolic stress and its contribution to overall metabolic health. As such, the age-related decline in placental CPT1B may similarly impair the placenta’s ability to appropriately regulate fatty acid oxidation in response to metabolic challenges such as maternal obesity; this could lead to dysregulated placental lipid metabolism and altered lipid-derived signaling, and ultimately placental dysfunction. Nonetheless, while our sample population encompassed a range of maternal BMI and glycemia, our study was restricted to those with relatively uncomplicated pregnancies with a livebirth following an elective cesarean section and thus not representative of the general obstetric population. Therefore, we were unable to test for associations of placental CPT1B expression with adverse pregnancy outcomes such as pre-eclampsia and stillbirth that are linked with placental dysfunction and advanced maternal age. Future studies in large cohorts that are adequately powered could be used to further investigate the link between placental CPT1B expression with these relatively infrequent adverse pregnancy outcomes.
4.3 Significance of the role of maternal BMI in influencing placental fatty oxidation
In addition to advanced maternal age, high BMI is another risk factor for stillbirth and antenatal complications such as GDM (Flenady et al., 2011; Plows et al., 2018). Studies of placentas from women with obesity generally report lower expression of CPTs, reduced acylcarnitines and impaired fatty acid oxidation, although the changes in expression of specific CPT isoforms differed between studies. For instance, Calabuig-Navarro et al. found that obesity increased placental CPT2 mRNA expression, but decreased that of CPT1B and acylcarnitine content (Calabuig-Navarro et al., 2017), while Bucher et al. showed that CPT1A and CPT2 protein expression and acylcarnitines (16:0, 18:2, and 20:4) were reduced only in the placentas of female offspring (female placenta) among women with obesity (Bucher et al., 2021). In contrast, Powell et al. did not observe any changes with placental protein expression of CPTs, though they also demonstrated less fatty acid oxidation in female placentas of women with obesity (Powell et al., 2021). Similarly, we did not identify any associations of maternal BMI or infant sex with placental expression of CPTs. The discrepancies between studies may arise from different BMI cutoffs (i.e. overweight versus obese) and baseline population differences (e.g. Asian and non-Asian). Nonetheless, our finding of a maternal age-associated decline in placental acylcarnitines only among overweight women, provides additional supporting evidence that high BMI may contribute to reduced ability to process excess fatty acids.
Therefore, while maternal age is associated with decreased placental CPT1B expression, this only appears to impact acylcarnitine production when BMI is high, when the placenta is presumably already experiencing an increased fatty acid load. Hence, CPT1B may become the limiting factor in acylcarnitine production in an environment of excess fatty acids. Indeed, placental CPT1B mRNA expression positively associated with more acylcarnitines among overweight participants (BMI ≥25 kg/m2) as compared to just one significant association seen among the non-overweight participants (BMI <25 kg/m2), further highlighting the close relationship between maternal BMI, CPT1B expression and acylcarnitines in the placenta. Moreover, while placental fatty acid oxidation is reportedly reduced with GDM (Visiedo et al., 2013), GDM status had minor implications on the associations of placental CPT1B expression and of maternal age with placental acylcarnitines in our cohort, which suggests that differences in BMI are more important than differences in maternal glycemia.
4.4 Role of other placental CPTs
In addition to being the only CPT associated with age, CPT1B mRNA expression was positively associated with the largest number of placental acylcarnitines, suggesting it may be the main transferase for converting medium and long-chain fatty acids into acylcarnitines in the human placenta. This is similar to a previous finding showing that placental CPT1B mRNA expression positively correlated with total placental acylcarnitine content (Calabuig-Navarro et al., 2017). The positive relationships of placental CPT1C mRNA expression with only the longer chain acylcarnitines (16:0, 18:0 and 18:2) suggests its particular importance in generating the very long chain acylcarnitines. This is corroborated by the localization of CPT1C mainly in the endoplasmic reticulum, hinting at its role in biosynthesis as opposed to catabolism (in mitochondria) and that the loss of CPT1C results in decreased long chain signaling endocannabinoid production (Sierra et al., 2008; Lee and Wolfgang, 2012). Unexpectedly, placental CPT1A expression was negatively associated with acylcarnitines. The underlying reasons remain unclear, but one possibility is that placental increases in CPT1A enhances fatty acid oxidation overall, such that longer chain acylcarnitines become depleted. This is similar to the negative relationship seen in patients with chronic kidney disease, where decreased kidney CPT1A mRNA expression was linked with increased accumulation of short and middle chain acylcarnitines (Miguel et al., 2021). In contrast, CPT2 was not associated with any placental acylcarnitine in our cohort, which suggests it is not the limiting factor in the placenta for synthesis of the medium and long-chain acylcarnitines examined. Nonetheless, as there are no inhibitors currently available to selectively block the activity of each CPT in isolation, we are limited in our ability to determine the specific role of each CPT in vitro studies of the human placenta.
4.5 Possible mechanisms for CPT1B decline with age and potential reversal with carnitine supplementation
The mechanisms by which maternal age affects placental CPT1B expression are unknown. However, insights may be gained from non-placental studies. For example, decreased CPT1 expression with increasing age in tissues such as the heart and skeletal muscle is speculated to result from cumulative mitochondrial oxidative damage over time (Odiet et al., 1995; Vieira-Lara et al., 2021). As such, oxidative damage accumulated in the maternal mitochondria of the aging oocyte that are subsequently inherited by the fetus may be one contributing factor. In vitro studies conducted on placental explants show that acute oxidative stress of up to 4 h does not affect placental CPT1B expression at the mRNA or protein level (Thomas et al., 2019), but the effects of chronic oxidative stress remain to be investigated. Direct signaling from the maternal tissues to the placenta may also influence placental CPT expression, given that advanced maternal age can impair decidualisation and thus alter the biochemical and hormonal environment that the developing placenta is exposed to (Woods et al., 2017; Mendes et al., 2020). Alternatively, a decline in CPT may be due to deficiency of micronutrients needed for optimal fatty acid oxidation. For instance, in conjunction with the age-associated drop in CPT (Bétry et al., 2019; Vieira-Lara et al., 2021), skeletal muscle carnitine content also decreases with age in humans and mice (Costell et al., 1989). Interestingly, carnitine supplementation was able to enhance CPT1 transcription in the liver of aged rats (Karlic et al., 2002). In humans, pregnancy also results in a decline in circulating carnitine (Keller et al., 2009), and dietary carnitine supplementation can increase hepatic CPT1B activity in pregnant pigs (Xi et al., 2008). Furthermore, carnitine supplementation was previously shown to decrease the stillbirth rate in sows (Eder, 2009). Exercise can also increase skeletal muscle and adipose tissue CPT1B mRNA expression in young and middle adults across the BMI spectrum (Lohninger et al., 2005; Otero-Díaz et al., 2018) but whether exercise in pregnancy can increase placental CPT1B remains to be investigated. The notion that maternal physical activity can influence fetal-placental tissues at a molecular level was suggested in a study by Chaves et al. (Chaves et al., 2022), which demonstrated that maternal exercise altered metabolism in isolated umbilical cord mesenchymal stromal cells. It is thus tantalizing to speculate that the CPT-promoting effects of carnitine supplementation and exercise individually or in combination may be able to counter the age-associated placental CPT decline in pregnancy and possibly reduce advanced maternal age-linked stillbirths and other pregnancy adversity, which could be explored in future studies. Therefore, further studies are warranted to improve understanding of CPT regulation at the maternal-fetal interface.
5 CONCLUSION
In summary, older maternal age is specifically associated with lower placental CPT1B expression and CPT1B appears to be the main CPT that catalyzes acylcarnitine production in the placenta. However, placental acylcarnitines are only lower with older maternal age in overweight/obese women. These findings may underlie decreased placental metabolic flexibility and ability to adapt to adverse intrauterine environments, which may contribute to greater risk of pregnancy complications in older women, particularly if they are overweight/obese.
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Purpose: Uterine fibroids occur in 40%–60% of women and are symptomatic in 30% of the patients by causing abnormal uterine bleeding, pelvic pressure, pain, and infertility. The study aims to evaluate the long-term trend of uterine fibroids mortality and disability-adjusted life years (DALYs) in China and the relative risks of age, period, and birth cohort effects.
Methods: The mortality and DALYs of uterine fibroids from 1990 to 2019 were derived from the Global Burden of Disease 2019. The annual percentage change and average annual percent change (AAPC) were assessed using the Joinpoint regression. The effects of age, period, and birth cohort on death and DALYs were analyzed by the Age–Period–Cohort framework.
Results: The age-standardized rates were all on the ascending trend, with the greatest increase in the age-standardized mortality rate (AAPC, 1.53; 95% CI, 1.04–2.02). The net drift was found to be 3.51% (95% CI, 2.25%–4.78%) per year for mortality and 0.34% (95% CI, 0.14%–0.53%) per year for DALYs. Significant age, period, and birth cohort effects were found for mortality and DALYs (p < 0.001 for all). The mortality risk increased overall with age, but the DALYs risk increased first and then decreased with age. The period and birth cohort risks for mortality and DALYs showed different trends.
Conclusion: These secular time trends and changes of mortality and DALYs reveal the socioeconomic alterations, reform of diagnosis and therapy, and changes in social lifestyles and behaviors. Uterine fibroids are still the most common benign gynecological tumors in women, and more epidemiological investigations and social health prevention and control should be applied.
Keywords: uterine fibroids, mortality, disability-adjusted life years, Joinpoint regression analysis, Age–Period–Cohort analysis
INTRODUCTION
Uterine fibroids are the most common benign gynecological tumors in women (Bulun, 2013; Drayer and Catherino, 2015), which are derived from uterine smooth muscle cells and consist of massive extracellular matrices (Kim and Sefton, 2012). Due to their hormonally responsive nature, fibroids increase with age during a women’s reproductive years, are rare before puberty, and regress after menopause (Wise and Laughlin-Tommaso, 2016). The incidence of uterine fibroids was 60% and 40% by the age of 35 years in African–American women and white women, respectively, growing to >80% and 70% by the age of 50 years (Baird et al., 2003). In 2014, the estimated incidence of uterine fibroids among women was 101.4/10,000 person-years, with the highest incidence rate in the age group of 45–49 years (240.3/10,000 person-year) in the United States (Yu et al., 2018). Besides, the prevalence of fibroids varies from 4.5% to 68.8% depending on different countries and studies (Stewart et al., 2017). Although the data varies widely, uterine fibroids are recognized to affect a large number of women.
Although benign, the lesions of fibroids may lead to the dysfunction of the uterus and cause increased menstrual flow, prolonged periods, anemia, pelvic discomfort, obstruction of fertilized eggs, miscarriage, abnormal fetal positioning, placental abruption, postpartum hemorrhage, preterm labor, and malignancy (Bulun, 2013). Up to 25% of all women and 30%–40% of perimenopausal women may be influenced by symptomatic uterine fibroids (Cramer and Patel, 1990); surgery is the main option for women with severe symptoms. Given the high incidence of uterine fibroids, they are a heavy healthcare burden for women. Nearly 29% of gynecological hospitalizations are attributable to fibroids (Whiteman et al., 2010). In the United States, approximately 200,000 hysterectomies, 30,000 myomectomies, and thousands of uterine artery embolizations and high-intensity focused ultrasound procedures are performed each year for the removal or destruction of fibroids (Bulun, 2013), which occupy 40%–60% of all performed hysterectomies and account for 30% of hysterectomies among women aged 18–44 years (Merrill, 2008).
The high prevalence, hospitalization rates, and surgery rates of uterine fibroids have a profoundly negative impact on healthcare and economic costs worldwide, which include direct costs and indirect costs. The direct annual costs of uterine fibroids, such as the cost of surgeries, hospital admissions, outpatient visits, and medications, are 4.1–9.4 billion dollars (Cardozo et al., 2012). Nevertheless, the indirect annual costs include $1.55–$17.2 billion of the estimated lost work costs and $238 million–$7.76 billion of obstetric outcomes attributed to uterine fibroids (Cardozo et al., 2012). Totally, the costs of uterine fibroids are estimated to be $5.9–$34.4 billion annually in the United States. The mean total cost of hysterectomy for uterine fibroids ranges from 7,370 yuan to 10,064 yuan in China (Gu et al., 2015). Obviously, uterine fibroids remain a problematic issue for women’s healthcare and health economies, especially in a developing country like China with a large number of women. However, relevant studies have scarcely evaluated the long-term trend of uterine fibroids in China. Moreover, the potential cause of the long-term trend is underdetermined, and the relative risks of age, period, and birth cohort effects remain to be elucidated.
To gain insight into this area, we aim to interrogate the long-term trend in death and disability-adjusted life years (DALYs) and investigate the specific effects of age, period, and birth cohort in China from 1990 to 2019 using the Joinpoint regression and Age–Period–Cohort analyses, based on detailed and comparable information of the Global Burden of Disease 2019 (GBD 2019) (Mattiuzzi and Lippi, 2020). Our findings may provide evidence for uterine fibroids intervention by integration and allocation of health resources.
MATERIALS AND METHODS
Data resource
The mortality and DALYs of uterine fibroids from 1990 to 2019 were derived from the GBD 2019, which provides a comprehensive and internally consistent estimation of the health losses from hundreds of diseases, injuries, and risk factors to improve health systems and eliminate disparities (Lancet, 2018a; Lancet, 2018b). The GBD 2019 comprised assessments of age–sex-specific all-cause and cause-specific mortality and DALYs from 369 diseases and 87 risk factors in 204 countries and territories (Lancet, 2020a; Lancet, 2020b). The methods of GBD 2019 were fully understood as reported previously (GBD, 2019 Demographics Collaborators, 2020; Lancet, 2020a). Uterine fibroids were diagnosed based on the International Statistical Classification of Diseases and the International Classification of Diseases and Injuries (ICD-10). The mortality and DALY rates of uterine fibroids in Chinese women were age-standardized based on the GBD global age-standardized population (Zhou et al., 2016). The study enrolled a national population–based Chinese cohort from the GBD, and no interaction with human subjects or personal private information was involved.
Statistical analysis
Joinpoint regression analysis
Trends of the mortality or DALY rate over a specific time interval could be depicted by a Joinpoint regression model under the assumption that the change of rates is constant over each time partition defined by the transition points, but varies among different time partitions (Clegg et al., 2009). The basic theory of the Joinpoint regression model is to separate the whole specific-time-interval regression trend into several segmented regression trends by transition points, of which the maximum number is five. This analysis postulates that dependent variables follow a Poisson distribution, exploiting the year as the predictor (Iannuzzi et al., 2022). The significance level of each segmented regression trend was evaluated by using Monte Carlo methods and the significance level of the whole specific-time-interval regression trend was obtained by a Bonferroni correction (Clegg et al., 2009). The segmented regression trends were presented as the annual percentage change (APC) and 95% confidence intervals (CI), while the whole specific-time-interval regression trend was presented as the average annual percent change (AAPC) and 95% CI. The Joinpoint Regression Program 4.9.1.0 (National Cancer Institute, Washington, DC) was used to calculate the APC and AAPC. A two-tailed p-value < 0.05 was considered statistically significant.
Age–Period–Cohort analysis
The Age–Period–Cohort (APC) model was designed to evaluate the effects of age, period, and birth cohort on outcomes, especially in the sociology and epidemiology fields. It is based on a log-linear model for the outcome variable with additional effects from the age, period, and birth cohort, as shown in the following formula:
[image: image]
where [image: image] is the outcome variable, such as the mortality rate; μ is the intercept; [image: image] represents the i-th age effect; [image: image] represents the j-th period effect; [image: image] represents the k-th birth cohort effect; and [image: image] is the error term (Fosse and Winship, 2019). In this model, the age effect represents the effect of outcome risk changes related to different age groups; the period effect represents the effect of outcome risk changes of all age groups at different time intervals; the birth cohort effect represents the effect of outcome risk changes associated with different birth cohorts (Yang and Land, 2013). Net drift, the overall logarithmic linear trend by period and birth cohort, indicates the overall annual percentage change; local drifts, the logarithmic linear trend by period and birth cohort for each age group, indicate annual percentage changes for each age group; longitudinal age curve indicates the fitted longitudinal age-specific rates in the reference birth cohort adjusted for period deviations; the period relative risk (RR) indicates the RR adjusted for age and non-linear birth cohort effects in a certain period versus the reference period, which represents the period effect; the birth cohort RR indicates the relative risk adjusted for age and non-linear period effects in a certain birth cohort versus the reference birth cohort, which represents the birth cohort effect (Rosenberg et al., 2014; Wang et al., 2017; Wang et al., 2021).
For the APC analysis, the mortality and population data for uterine fibroids were divided into continuous 5-year periods from 1990 to 2019 and consecutive 5-year age intervals from 10–14 to 90–94 years. Uterine fibroids were rare in age groups under 10 years, and the data for age groups over 94 years in China were not provided in GBD 2019. The age-specific rates were appropriately recoded into successive 5-year age groups (10–14, 15–19, …, and 90–94 years), consecutive 5-year periods from 1990 to 2019 (1990–1994, 1995–1999, …, and 2015–2019), and correspondingly consecutive 5-year birth cohorts (1898–1902, 1903–1907, …, 1998–2002, and 2003–2007) to estimate net age, period, and birth cohort effects of uterine fibroids mortality and DALYs. The central period (2000–2004) and birth cohort (1948–1952) were defined as the references, respectively. The estimable parameters were obtained by using the APC web tool (Biostatistics Branch, National Cancer Institute, Bethesda, MD, http://analysistools.nci.nih.gov/apc/) (Rosenberg et al., 2014). The central age group, period, and birth cohort were defined as the respective references in the APC analysis. The significance of the estimable functions was tested by the Wald chi-squared test. Other analyses were performed by the R Project for Statistical Computing (version 4.0.5, http://www.r-project.org/). All statistical tests were two-tailed, and a p-value < 0.05 was considered statistically significant.
RESULTS
Trends of uterine fibroids incidence, death, and DALY rates in China
By and large, there were 747,648 incidences, 138 deaths, and 90,389 DALYs in China in 1990 and 1,046,738 incidences, 473 deaths, and 159,558 DALYs in China in 2019, with a 40.0% increase in incidence, 242.8% increase in death, and 75.6% increase in DALYs. Trends of uterine fibroids incidence, death, and DALY rates in China from 1990 to 2019 are shown in Figure 1. In general, the crude incidence rate and age-standardized incidence rate (ASIR) exhibited a binormal distribution with peaks in 2004 and 2005. The crude mortality rate and age-standardized mortality rate (ASMR) were elevated fast from 2000 and began to fall since 2013. The crude DALY rate and age-standardized mortality rate showed an obvious upward trend since 1990 and stabilized after 2000.
[image: Figure 1]FIGURE 1 | Trends of the crude rates and the age-standardized rates per 100,000 persons for incidence (A), mortality (B), and DALY (C) of uterine fibroids in China, 1990–2019 (A), The crude rates and the age-standardized rates per 100,000 persons for incidence of uterine fibroids in China, 1990–2019; (B), The crude rates and the age-standardized rates per 100,000 persons for mortality of uterine fibroids in China, 1990–2019; (C), The crude rates and the age-standardized rates per 100,000 persons for DALY of uterine fibroids in China, 1990–2019; DALY, disability-adjusted life years.
Table 1 displays the AAPCs and APCs in uterine fibroids incidence, death, and DALYs in China from 1990 to 2019. The age-standardized rates were all on the ascending trend, with the greatest increase in ASMR (AAPC, 1.53; 95% CI, 1.04–2.02). As shown in Supplementary Table S1, for age-specific incidence rates, significant increases were observed in the 30–34, 35–39, and 40–44 years age groups, in which age-specific DALY rates also showed significant increases. A stable trend was observed in the 25–29 years age group, while the other age groups were on the decline. The age-specific mortality rates were on the ascending trend in most age groups. The age-specific DALY rates were on the decline in the younger age groups (10–14, 15–19, 20–24, and 25–29 years) and on the increase in the older age groups (75–79,80–84, 85–89, and 90–94 years).
TABLE 1 | Trends of ASIR, ASMR, and age-standardized DALY rates in uterine fibroids in China.
[image: Table 1]Effect of age, period, and birth cohort on uterine fibroid mortality and DALY
The net drift indicating the overall annual percentage change was 3.51% (95% CI, 2.25%–4.78%) per year for mortality and 0.34% (95% CI, 0.14%–0.53%) per year for DALY. The local drifts, which represent annual percentage changes for each age group, are shown in Figure 2. The local shift values of mortality were above 0 in all age groups (Figure 2A). The local shift value of DALY exhibited an overall upward trend, where the values were below 0 for younger age groups (10–14, 15–19, 20–24, 25–29, and 30–34 years) and above 0 for age groups over 34 years (Figure 2B).
[image: Figure 2]FIGURE 2 | Local drifts of mortality and DALY for uterine fibroids in China. Age group-specific annual percent change (%) in mortality and DALY rate and the corresponding 95% CI. (A), Local drifts of mortality for uterine fibroids in China; (B), Local drifts of DALY for uterine fibroids in China; DALY, disability-adjusted life years.
Figure 3 displays the longitudinal age curves of uterine fibroids mortality and DALY. Chinese women in the same birth cohort witnessed a stable growth in the mortality risk for uterine fibroids with age (Figure 3A). Contrary to the steady growth of mortality, DALYs showed a binormal distribution with a peak in the 40–44 years age group (Figure 3B).
[image: Figure 3]FIGURE 3 | Longitudinal age curves of mortality and DALY for uterine fibroids in China. Fitted longitudinal age-specific rates of mortality and DALY (per 100,000 person-years) and the corresponding 95% CI. (A), Longitudinal age curves of mortality for uterine fibroids in China; (B), Longitudinal age curves of DALY for uterine fibroids in China; DALY, disability-adjusted life years; CI, confidence interval.
The estimation of the period RR of mortality and DALYs is shown in Figure 4. The mortality of uterine fibroids shows an increasing trend between the period 1995 and 2015 and a declining trend for the periods 1990–1994 and 2015–2019 (Figure 4A). The mortality RR increased by approximately 74.6% in the period 2015–2019 when compared to that in the period 1990–1994. The DALY RRs of uterine fibroids were on an increase for most periods except for the period 2005–2014 (Figure 4B). When compared to the reference period 2000–2004, the period RRs of DALYs in other periods did not differ much. Detailed information on the period RR is shown in Supplementary Table S2.
[image: Figure 4]FIGURE 4 | Period RRs of mortality and DALY for uterine fibroids in China. The RR of each period adjusted for age and non-linear cohort effects and the corresponding 95% CI. (A), Period RRs of mortality for uterine fibroids in China; (B), Period RRs of DALY for uterine fibroids in China; DALY, disability-adjusted life years; RR, relatively risk; CI, confidence interval.
The estimated birth cohort RR of mortality and DALYs is displayed in Figure 5. The overall trend of mortality RR is on the increase (Figure 5A). Compared with the birth cohort 1898–1902, the RR of mortality in the birth cohort 2003–2007 is increased by 427.2% for uterine fibroids. Different from the steady growth of mortality, the DALY risk shows a binormal distribution with a peak in the birth cohort 1973–1977 (Figure 5B). The RRs of DALYs in the birth cohort 1973–1977 is increased by 115.8% when compared to that in the birth cohort 1898–1902. Detailed information on the period RR is shown in Supplementary Table S2.
[image: Figure 5]FIGURE 5 | Birth cohort RRs of mortality and DALY for uterine fibroids in China. The RR of each birth cohort adjusted for age and non-linear period effects. (A), Birth cohort RRs of mortality for uterine fibroids in China; (B), Birth cohort RRs of DALY for uterine fibroids in China; DALY, disability-adjusted life years; RR, relatively risk.
Finally, the net drifts of mortality and DALYs and the local shifts of DALYs are statistically significant according to the Wald test results (p-value < 0.001 for all), and the birth cohort and period RRs of mortality and DALYs were also statistically significant (p-value < 0.001 for all). However, the local shifts of death are not significant (p = 0.999).
DISCUSSION
To our knowledge, this is the first study to investigate the long-term trend of mortality and DALYs of uterine fibroids in China from 1990 to 2019 and evaluate the specific effects of age, period, and birth cohort based on the APC framework analysis. The trends of incidence, mortality, and DALY rates in China were not consistent with the trends of the corresponding global rates (Cheng et al., 2022). When compared with an overall upward trend in ASIR and downward trends in ASMR and age-standardized DALY rate at the global level, the ASIR, ASMR, and age-standardized DALY rates of uterine fibroids in China fluctuated, increased, and decreased, respectively, over the past 30 years. Overall, the age-standardized rates were all on the ascending trend, with the greatest increase in ASMR (AAPC, 1.53; 95% CI, 1.04–2.02). The findings of our study provide valuable evidence for uterine fibroids control through policy and health system planning.
Uterine fibroids are the most common and frequently occurring benign gynecological tumors in women of productive age. Increasing age is one of the most important risk factors for uterine fibroids, especially in women aged over 40 years and women at the premenopausal stage (Faerstein et al., 2001; Wise et al., 2005). According to the longitudinal age curve results of mortality and DALYs, it is clear that the mortality risk increased overall with age, but the DALY risk increased first and then decreased with age. Since DALY is mainly influenced by incidence, the incidence of uterine fibroids reaches a peak at premenopausal age. The peak of the DALY risk was in the 40–44 years age group.
The period effects reflected the influence of different time periods on death and DALYs among all age groups, generally through social, economic, and medical measures, especially the changes in guidelines. So, when we wonder about the reasons for the mortality risk due to period effects, the impact of the International Classification of Diseases (ICD) coding issues should be taken into consideration (Wang et al., 2017). The improvement in cause-of-death reporting in China may be closely associated with the increase in the period RRs of mortality for uterine fibroids. Uterine fibroids–related deaths were possibly underestimated when the quality of reporting of the cause-of-death codes was suboptimal in the past. For instance, an old woman with uterine fibroids had likely died of severe anemia, massive uterine bleeding, or other complications; however, the physician responsible for reporting the cause-of-death may have ignored fibroids and instead filled in the underlying cause of death as severe anemia, massive uterine bleeding, or other fatal illness. A similar phenomenon was found in a study of reported causes of injury and poisoning deaths in China (Gao and Li, 2013). The decline of DALY RRs after 2004 might be due to improvements of therapy; advancements in medical and uterine-preserving treatment options have been made in the past decade. A step-up approach, beginning with pharmacological and minimally invasive treatments before moving to surgery, is recommended by many international obstetrical and gynecology societies when treating uterine fibroids (ACOG practice bulletin, 2008). Available medical therapies include non-hormonal treatment and hormonal treatment, which work together to manage symptoms. Minimally invasive treatments such as uterine artery embolization and magnetic resonance–guided focused radiofrequency ablation are shorter procedures with faster recovery and quicker return to normal activities (ACOG practice bulletin, 2008). These improvements in medical and minimally invasive therapy have helped decrease the DALYs in recent years.
The birth cohort effects reflect different risk factors in early life, such as environmental, behavioral, and socioeconomic factors. The birth cohort RRs of mortality increased gradually in all birth cohorts, and the birth cohort RRs of DALY increased before the birth cohort 1973–1977 and then decreased somehow. The increase in mortality might be mainly due to unhealthy lifestyles. Obesity prevalence and the rate of increase have been high in women (Afshin et al., 2017). The rapid growth of obesity in women probably leads to an increase in the occurrence and growth of uterine fibroids through hormonal and inflammatory mechanisms (Wise and Laughlin-Tommaso, 2016; Ciavattini et al., 2017). Apart from obesity, the alteration of lifestyle might also increase the risk of uterine fibroids. Less physical activity, stress of work and family, unhealthy diet, smoking, alcohol, and too much caffeine consumption all contribute to a higher risk of uterine fibroids (Pavone et al., 2018). Since fibroids are estrogen related, birth control methods (such as oral contraceptives and intrauterine devices) for the policy of one child per family might be partially responsible for the birth cohort risk increase in DALYs before the birth cohort 1973–1977 (Wang, 2012). The possible reason for the following decline in DALY period risks might be the widespread use of condoms.
Strengths of this study include a comprehensive and up-to-date analysis of uterine fibroid death and DALYs in China between 1990 and 2019 and the illustrated effects of age, period, and birth cohort through the Age–Period–Cohort analysis. Due to the inherent deficiencies of GBD 2019, some limitations are unavoidable in this study. First, the accuracy of the results of this study depends on the quality and quantity of GBD data, although there were many adjustment steps, such as the correction of incompleteness, underreporting, and misclassification, as well as redistribution of garbage codes, to improve data quality and comparability of data in GBD 2019. Second, due to the limitation of GBD 2019 data, we could not investigate the incidence and burden of uterine fibroids subtypes by location (intermural, subplasma, and submucosa). Third, since the GBD study took the country as its basic unit, we cannot investigate the differences in race. Finally, GBD 2019 only includes DALY, YLL, and YLD as the indicators of disease burden, therefore the recurrence rate, malignancy rate, and impact on fertility cannot be estimated.
The study investigates the secular time trends of mortality and the DALY trend of uterine fibroids from 1990 to 2019 in China. The age-standardized rates were all on the ascending trend, with the greatest increase in ASMR. The net drift was found to be 3.51% (95% CI, 2.25%–4.78%) per year for mortality and 0.34% (95% CI, 0.14%–0.53%) per year for DALYs. Significant age, period, and birth cohort effects were found for mortality and DALYs. These secular time trends and effects of mortality and DALYs reveal socioeconomic alterations, reforms of diagnosis and therapy, and changes in social lifestyles and behaviors. More epidemiological investigations and social health prevention and control should be applied to uterine fibroids. Our results suggest an exaggeration of the epidemic among older individuals. Timely intervention should be conducted, especially for earlier birth cohorts at high risk.
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Preeclampsia, gestational diabetes mellitus, and recurrent spontaneous abortion are common maternal pregnancy complications that seriously endanger women’s lives and health, and their occurrence is increasing year after year with a rejuvenation trend. In contrast to biomarkers found freely in tissues or body fluids, exosomes exist in a relatively independent environment and provide a higher level of stability. As backbone molecules, guidance molecules, and signaling molecules in the nucleus, lncRNAs can regulate gene expression. In the cytoplasm, lncRNAs can influence gene expression levels by modifying mRNA stability, acting as competitive endogenous RNAs to bind miRNAs, and so on. Exosomal lncRNAs can exist indefinitely and are important in intercellular communication and signal transduction. Changes in maternal serum exosome lncRNA expression can accurately and timely reflect the progression and regression of pregnancy-related diseases. The purpose of this paper is to provide a reference for clinical research on the pathogenesis, diagnosis, and treatment methods of pregnancy-related diseases by reviewing the role of exosome lncRNAs in female pathological pregnancy and related molecular mechanisms.
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1 Introduction

Exosomes are membrane vesicles that are released into the extracellular fluid by various cells (1). The exosome membrane is high in cholesterol, sphingolipids, and other components, and it contains a variety of proteins, mRNA, and lncRNA, including mother cell-specific proteins and exosome-associated proteins. Exosomes are the best markers for determining the levels of various substances expressed within the mother cell (2). Scholars have paid close attention to the non-coding RNAs found in the non-coding region in recent years (3). lncRNAs are expressed in low amounts in cells or tissues and have a length of more than 200 nt. Their regulation primarily consists of epigenetic regulation, transcriptional regulation, and post-transcriptional regulation, all of which affect cell proliferation, apoptosis, and differentiation and play an essential role in the development of many diseases (4, 5). Research has found that lncRNA plays an important role in the homeostasis of cells or tissues during development. Although LncRNAs cannot directly regulate protein translation, they can exert regulatory power through miRNAs, which may be mediated as a mediator (6). Some lncRNAs are enriched in exosomes, while others are almost absent, implying that lncRNAs are selectively sorted into exosomes (7). Pathological pregnancy is becoming more common, and the resulting problem of reduced fertility cannot be ignored (8). Exosomal lncRNA, which is abundant and stable in plasma and has high ribonuclease activity, can serve as a reference for clinicians in the diagnosis of pregnancy-related disorders (9). As a result, it is clinically significant to investigate the exosome lncRNAs that affect women’s pathological pregnancy behavior, as this can help to further investigate the disease’s development mechanism and provide new ideas and strategies for disease treatment, thereby genuinely protecting women’s reproductive health (10).




2 Overview of exosomes



2.1 Biogenesis of exosomes

Exosomes are made up of a double-layered lipid membrane structure that ranges in size from 30nm to 150nm and contains DNA, mRNA, and lncRNA (11, 12). Exosomes are present in almost all eukaryotic body fluids (13), including uterine fluid, urine, amniotic fluid, breast milk, peritoneal fluid, and cell culture fluid, according to recent research (14). When exposed to extracellular stimuli, microbial attack, or other stress conditions, the cell membrane invaginates, allowing material from outside the cell membrane to enter the cell along with the cell membrane surface proteins, resulting in the formation of the early-sorting endosome (ESE) (15). By “budding,” the ESE membrane generates multivesicular bodies (MVBs) or late endosomes. Finally, MVBs are secreted extracellularly to form exosomes under the control of the endosomal sorting complex required for transport (ESCRT) and specific proteins (16). Exosomes and target cells interact in three ways: exosome surface membrane proteins directly bind to target cell receptors, activating intracellular signaling pathways; target cells take up exosomes via endocytosis; and exosomes can directly fuse with the plasma membrane of target cells, releasing the miRNAs and lncRNAs they carry into the target cells (17) (Figure 1).




Figure 1 | Biogenesis and identification of exosomes. Fluid and extracellular constituents such as proteins, lipids, metabolites, small molecules, and ions can enter cells, along with cell surface proteins, through endocytosis and plasma membrane invagination. The resulting plasma membrane bud formation in the luminal side of the cell presents with outside-in plasma membrane orientation. Several proteins are implicated in exosome biogenesis and include ESCRT proteins, as well as others that are also used as markers for exosomes (CD9, CD81, CD63, flotillin, ceramide, and Alix). Exosome surface proteins include tetraspanins, integrins, immunomodulatory proteins, and more. Exosomes can contain different types of cell surface proteins, intracellular proteins, RNA, DNA, amino acids, and metabolites (15).






2.2 Function of exosomes

Exosomes are critical intercellular messengers that regulate cellular physiological functions such as immune regulation, cell proliferation, antigen expression and presentation, and bioenergetic conversion (18, 19). Exosomes transport nucleic acids, which play an essential role in cellular communication (20). Exosomes contain at least ten different types of RNA, and actively secreted exosomes can package a large amount of intracellular information material for transmission from one cell to another, achieving cross-cellular regulation and participating in intercellular communication and microenvironment regulation (21). Because cell membrane transmembrane proteins are also expressed on the exosome membrane, it is critical for exosome identification (22). Glycoproteins and transmembrane proteins are enriched in intercellular communication and adhesion events, which can be utilized to determine their cellular or tissue origin, such as placental-derived exosomes that express placental-like alkaline phosphatase (PLAP) (23). Exosomes can control morphogenetic signaling, immune cell recruitment, and genetic material transport to carry out a range of cell biological tasks in the cellular microenvironment (24). The majority of methods for detecting exosomal nucleic acid information rely on the presence of mRNA and microRNA in exosomes (25). In recent years, the importance of targeting exosomal lncRNAs has gained more attention. LncRNAs protected by the exosomal tegument exhibit higher expression and better stability than lncRNAs isolated directly from peripheral bodily fluids, and their results are trustworthy.





3 Overview of lncRNAs



3.1 lncRNAs play a role in the regulation of pre-transcription

By controlling the regulation of target genes by the epimodification complex before transcription takes place through chromatin modification, genomic imprinting, and dosage compensation effects, lncRNAs in the nucleus play an epigenetic function in gene expression (26, 27). The chromatin state and the way proteins attach to chromatin are both altered by the different ways that lncRNAs can modify histones, including methylation, acetylation, and ubiquitination. In order to interact with the histone modification complex Polycomb Repressive Complex 2 (PRC2) and mediate histone methylation and demethylation, LncRNA HOX antisense intergenic RNA (HOTAIR) may serve as a molecular scaffold. The ATP-dependent chromatin remodeling complex plays a major role in controlling chromatin remodeling, an enzymatic co-process that enables nucleosomal DNA acquisition by altering the structure, composition, and placement of nucleosomes. BRG1, the central component of the chromatin remodeling complex SWI/SNF, can interact with lncRNA MANTIS, stabilizing it. An open chromatin conformation is induced by the interaction of BRG1 with BAFl55, another chromatin remodeling factor, and this increases the transcription of genes involved in angiogenesis. MANTIS is a lncRNA that is thought to have pro-endothelial angiogenic potential (Figure 2).




Figure 2 | Conceptual summary of supragenomic regulation by lncRNAs Vast and heterogeneous lncRNAs interact broadly with gene regulatory machineries. By providing a supragenomic layer of control built upon genomic and epigenomic processes, lncRNAs modulate many levels of gene regulation, from transcription to protein modification (26).






3.2 LncRNAs play a role in controlling gene transcription

By preventing the RNA Pol II complex from attaching to the promoter, LncRNA can interfere with transcription (28). According to Latos et al., the lncRNA Aim transcript covers the lgf2r promoter region and prevents the recruitment of RNA Pol II, preventing the transcription of lgf2r. LncRNA can directly activate the downstream genes by bridging the gap between the enhancer and promoter regions (29). It is crucial for the transcriptional activation of Snail that activating lncRNAs interact with enhancers and transcription factors, be present inside the enhancer, and have enhancer activity. Studies demonstrate that the binding of activating lncRNAs to the Snail promoter region is mediated by the transcriptional co-activation complex Mediator, acting in concert with CDK8-catalyzed histone modifications to promote transcriptional activation of Snail, underscoring the significance of activating lncRNAs in human disease. lncRNA LNMAT2 is loaded into exosomes through direct interaction with heterogeneous ribonucleoprotein A2B1 (hnRNPA2B1) by direct interaction to exosomes and delivery to human lymphatic vessel endothelial cells (HLEC); subsequently, LncRNALNMAT2 forms a triple complex with the PROX1 promoter by inducing hnRNPA2B1-mediated H3K4me3 and enhances PROX1 transcription, thereby promoting lymphangiogenesis and lymph node metastasis.




3.3 LncRNAs participate in the selective shear regulation process

Genetic information from DNA is translated into mature mRNA by biological processes, including shearing and splicing; this process does not function directly (30). More than 95% of gene transcripts go through a process called selective splicing, which makes biological gene expression more complex and plays a regulatory function in the growth and development of living things (31). LncRNA participates in gene expression regulation by constructing different variable splicing forms through splicing factors, regulating miRNA precursor transcripts and upstream differentially methylated regions (DMR) (32). In order to control the phosphorylation level of the serine/arginine-rich (SR) protein family, which controls mRNA splicing, lncRNAs have been shown to function as regulatory factors (33). It has been demonstrated that the lncRNA metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) associates with numerous proteins to form a nuclear speckle that takes part in varied pre-mRNA shearing (34). Vidisha et al. discovered that the lncRNA MALAT1 selectively binds to the nuclear protein TDP-43, resulting in the recruitment of the SR protein family to the nucleus. The nuclear speckle was recruited by splicing factors like TDP-43, which improved the SR protein family’s capacity to splice and thus raised its level of phosphorylation.





4 Exosomal lncRNA offers excellent clinical use potential

Specificity, as exosomes include particular indicators of tissue or cellular origin, is one of the properties of exosome-derived lncRNAs as biomarkers. Notably, the RNase activity is high in the extracellular environment, but extracellular ncRNAs remain relatively stable in plasma, suggesting that circulating ncRNAs may be protected and circumvented from harsh conditions (35). Exosome stability: Exosomes remain in a stable state in bodily fluids, and RNA is not significantly exposed because of the protection of lipid bilayer membranes, where enzymes cannot easily digest the contents of exosomes (36). Although the lncRNA expression is low in some cells, it is highly expressed in their secreted exosomes and correlates with the development of disease. Exosomes are widely distributed in different body fluids. The primary techniques for isolating exosomes are gradient density centrifugation, differential ultracentrifugation, polymer immunoprecipitation, gel exclusion separation, and membrane affinity kits (37, 38). Exosomal lncRNAs combine the benefits of exosomes and lncRNAs in a way that enhances the effectiveness of treatment and the prognosis of patients (39). Exosomes can be employed as specialized targets for treating disease. As a result, the non-invasive detection of lncRNA produced from exosomes has the potential to be exploited as a biomarker for future diagnosis and therapy (40).




5 Correlation of exosomal lncRNA with pregnancy



5.1 Endometrial tolerance

Fertilization, implantation, endometrial metaphase, placental development, and birth are significant, complex, and irreversible aspects of pregnancy in humans and other mammals (41). Abnormalities or the failure of any one of these processes can have an impact on the pregnancy’s outcome (9) (Figure 3). By directly influencing embryonic development and regulating the expression of important adhesion molecules, the endometrium can leak exosomes into the uterine fluid and govern implantation (42). h19 is a naturally occurring lncRNA that is widely produced, developmentally controlled, and affects Let-7 target genes (43). Reduced expression of the H19 gene and the ITG-3 protein was found in the recurrent implantation failure (RIF) group, proving that the expression of the lncRNAH19 is positively associated with that of the ITG-3 protein, reducing endometrial tolerance and ultimately causing implantation failure.lncRNATUNAR was initially expressed in the human endometrium and is thought to play a role in embryo implantation by controlling the attachment of blastocysts to the endometrial epithelium as well as the proliferation and ecdysis of embryonic stem cells. In healthy females, the expression of lncRNATUNAR was increased in LH+2 and downregulated in LH+7. Due to the cyclic expression of the endometrium and its abnormal expression in RIF patients, lncRNATUNAR may have a role in controlling the embryonic implantation process. lncRNATUNAR was found to be increased in LH+7 endometrium from RIF patients.




Figure 3 | Exosomes and exosomal noncoding RNAs throughout human gestation (9).






5.2 Promote the establishment of immune tolerance at the maternal-fetal interface

The maternal-fetal interface, which is made up of extra-embryonic tissues and the meconium, is a crucial component that helps the mother’s immune system adapt to the fetus during pregnancy (44). By triggering the JNK and p38 signaling pathways in meconium macrophages via the exosomal lncRNA Zinc finger E-box-binding homeobox 2 antisense RNA 1 (ZEB2-AS1), trophoblast cells can create and maintain the maternal-fetal immune tolerance microenvironment. This promotes the polarization of macrophages toward the inhibitory M2 phenotype. In order to support the orderly development of a typical pregnancy, the induced M2 can also operate on trophoblast cells and encourage their proliferation and differentiation at the same time. The decline in recurrent spontaneous abortion patients’ metaphase macrophage M2 may be brought on by low expression of ZEB2-AS 1 in their trophoblast exosomes. The preservation of a stable pregnancy may be made possible by apoptosis, which may allow the human placenta and fetal allografts to avoid a detrimental maternal immune attack while pregnant and enjoy immunological privileges in the uterine cavity (45). The results point to functional FasL and TRAIL being secreted by human early and term placentas, which help deliver apoptosis and shield the fetal placenta from activated maternal immune cells. This suggests placental exosome-mediated fetal immunological privilege. Exosomes play a key role in preserving homeostasis at the maternal-fetal interface throughout pregnancy and are a cutting-edge instrument for intercellular communication (46).




5.3 Promote successful embryo implantation

Embryo implantation, a crucial stage in pregnancy, is the process by which the blastocyst interacts with the uterus in a receptive condition while in an activated state before making close contact with the endometrium (47). Mammalian reproduction depends on the embryo’s successful implantation into the mother (48). Placenta-derived exosome (PEXO) can be ingested by epithelial and stromal cells in the meconium, changing the regional immunological milieu, according to in vitro research. In order to start and maintain pregnancy, cell-to-cell communication at the maternal-fetal interface is crucial. Exosomes, which the embryo secretes to help with implantation, enhance the embryo’s natural adaptability and support successful implantation and the start of pregnancy, allowing the embryo to control its growth. Before embryo implantation, extracellular vesicles of decidual epithelial cells can activate the expression of Bcl2, Bax, Casp3, and Tp53 genes in endometrial epithelial cell apoptosis pathways. Exosomes primarily increase the expression of endometrial epithelial cell adhesion-related proteins following embryo implantation to aid subsequent adherence (49). Exosomes from human ectodermal stromal cells can upregulate the production of trophoblast calmodulin and so boost invasive activity in addition to that of epithelial cells. They can also promote the creation of endothelial cell tubes and may be crucial for angiogenesis. In mouse trials, embryos treated with embryonic-derived exosomes were able to increase implantation rates and improve implantation ability. They could also improve blastocyst formation rate, embryo quality, and future growth and development.





6 Exosomal lncRNA and pathological pregnancy

Exosomes contain various proteins and nucleic acids, serving as diagnostic markers for obstetric diseases with high specificity. The study of exosome lncRNA can explore the pathogenesis of various diseases in pathological pregnancy, screen biomarkers, and provide a new basic basis for the diagnosis and treatment of diseases. Many lncRNAs associated with tumor cell function may also play significant regulatory roles for trophoblasts because placental trophoblasts share characteristics with tumor cells during proliferation, migration, and invasion (50). This is especially true for pathways involved in angiogenesis, cell cycle regulation, cell migration, and invasion (51). Through interacting with miR-216a-5p and controlling recombinant hexokinase 2(HK2), LncRNA MALAT1 prevents placental trophoblast growth, migration, and invasion, as well as angiogenesis, cell cycle arrest, and apoptosis. In addition to the syncytial trophoblast-specific protein PLAP and the trophoblast-specific protein human leukocyte antigen G(HLAG), PEXO is abundant in the exosomal marker proteins CD9, CD63, and CD81 (52–54). These two proteins can be separated to form PEXO in maternal peripheral blood, and the quantity of PEXO can be used to forecast fetal growth and ascertain the success of a pregnancy. Exosomes carry a variety of payloads in maternal peripheral blood, and histological study of these exosomes in various disorders has shown that changes in their type and amount may negatively impact the function of target cells (55).



6.1 Exosomal lncRNA and Preeclampsia



6.1.1 Exosomes participate in the occurrence of PE

A key contributor to increased maternal and neonatal mortality, Preeclampsia is a pregnancy problem that manifests beyond 20 weeks of gestation with proteinuria, hypertension, or other systemic damage (56–60). To lower maternal and neonatal mortality and enhance mother and baby health, early Preeclampsia diagnosis is crucial (61). The number of placental exosomes, changes in their composition, and their impact on the maternal immune system are thought to be the key ways that PEXO contributes to Preeclampsia pathogenesis (62).

Preeclampsia patients exhibit decreased expression of functional proteins such as matrix metalloproteinase (MMP) 2 and MMP9, as well as increased levels of phosphatidylserine (PS) and lower levels of phosphatidic acid and phosphatidylglycerol in exosomes when compared to the normal pregnancy group (63, 64). The remodeling of spiral arteries, fetal growth, superficial placentation, reduced blood flow, and ultimately the development of Preeclampsia can all be impacted by decreased expression of any one of these proteins. Human umbilical cord mesenchymal stem cells (HUCMSCs)- exosomes can increase IL-10, TNF-, IFN-, and the local recruitment of NK cells and macrophages in utero, modulating the immunological balance at the maternal-fetal plane and indirectly affecting pregnancy outcomes. Compared to women who had normal pregnancies, the placentas of Preeclampsia patients had a significant number of differently expressed lncRNAs, according to research using lncRNA microarray technology. They were implicated in the development of Preeclampsia by interfering with trophoblast cell activity, among other things (65).




6.1.2 Decreased expression of exosomal lncRNA in Preeclampsia

A lncRNA called MALAT1 is linked to placental implantation and penetration (66). When compared to healthy pregnant women, Preeclampsia sufferers’ placental tissues express less of the lncRNA MALAT1 (67). When lncRNAMALAT1 levels are low, EMT is induced with less trophoblast invasion, migration, and angiogenesis, which can result in a higher uterine spiral artery remodeling injury (68). According to research, lncRNA MALAT1 levels in plasma exosomes from pregnant women with Preeclampsia were positively correlated with vascular endothelial growth factor (VEGF) expression levels. This suggests that downregulating lncRNA MALAT1 levels in plasma exosomes may speed up the progression of Preeclampsia by controlling VEGF expression, which in turn suppresses angiogenesis (69). Wu et al. discovered that lncRNAMALAT1 could bind to miR-206, prevent the latter from degrading IGF-1 mRNA, boost IGF-1 expression, and activate the PI3K/AKT signaling pathway, which in turn encouraged trophoblast migration and invasion (70).

Preeclampsia patients had a lower placental expression of the short nucleolar RNA host gene 22 (SNHG22) than healthy pregnant women did. By interacting with miR-128-3p to encourage PCDH11X expression and open up downstream pathways, lncRNASNHG22 can have a role in Preeclampsia. In comparison to normal pregnant placental tissues, the expression of lncRNA XIST was found to be considerably reduced in the placentas of Preeclampsia patients. lncRNA XIST is involved in the development of Preeclampsia by regulating the proliferation and invasive ability of trophoblast HTR-8/SVneo through miR-135b. The lncRNA TUG1 was downregulated in the placental tissue of Preeclampsia patients compared to healthy pregnant women, and this downregulation decreased cell proliferation, migration, and invasion while promoting trophoblast death. While TUG1 downregulation boosted the expression of the enhancer of zeste homolog 2 (EZH2) and decreased the levels of the Rho family GTPase 3 (RND3) in Preeclampsia, it prevented remodeling of the uterine spiral artery. Studies have shown that downregulating lnc-dendritic cell (DC), a lncRNA expressed in DC, prevents monocytes from differentiating into DC, diminishing the inhibitory effect of DC on Treg, encouraging the proliferation of Th1 cells in the meconium of Preeclampsia patients, and ultimately promoting Preeclampsia (71, 72).




6.1.3 Increased expression of exosomal lncRNA in Preeclampsia

Compared to normal pregnancies, the placenta of Preeclampsi patients has higher levels of lncRNAH19 expression (73). In the human choriocarcinoma cell line JEG-3 and the human choriocapillaris trophoblast cell line HTR-8/SVneo, lncRNAH19 regulates the PI3K/Akt/mTOR pathway and boosts autophagy and invasiveness (74). Moreover, the lncRNAH19 gene encodes miR-675, which can suppress cell growth by lowering the expression of the nodal modulator 1 (NOMO1) in JEG-3 cells (75). In the placental tissues of Preeclampsia patients, lncRNA GAS5 expression is elevated, and its level rises as the severity of the disease does as well (76). The development of atherosclerosis can be aided by the lncRNA GAS5, which can encourage the death of vascular endothelial cells as well as aberrant proliferation and migration of vascular smooth muscle cells. The degree to which lncRNA GAS5 was expressed in Preeclampsia patients was inversely correlated with spiral artery lumen area and positively correlated with spiral artery wall thickness, suggesting that lncRNA GAS5 may be connected to the process of placental spiral artery recasting. Many lncRNAs have an impact on trophoblast cells’ physiological processes, which are intimately associated with the development of Preeclampsia and include migration, invasion, proliferation, and apoptosis (77). Determining the regulatory roles that Preeclampsia-related lncRNAs play in various pathways can therefore assist in clarifying the interactions that contribute to Preeclampsia pathophysiology, identify essential molecules for diagnosis and therapy, and provide potential targets for Preeclampsia prevention and treatment (78).





6.2 Exosomal lncRNA and gestational diabetes mellitus



6.2.1 Exosomal lncRNA’s role in the emergence of gestational diabetes mellitus

The condition known as gestational diabetes mellitus is characterized by aberrant glucose metabolism in the body, which is brought on by insulin insufficiency and hormonal changes during pregnancy (79). In extreme cases, gestational diabetes mellitus can result in maternal and neonatal death. The incidence of gestational diabetes mellitus is increasing as people’s lifestyles and diets change (80). Research has revealed that gestational diabetes mellitus is a risk factor for cardiovascular disease and type 2 diabetes (T2DM), which can raise the risk of immediate or long-term issues in expecting mothers and children and gravely jeopardize the physical and mental health of women and neonates (81, 82). Insulin resistance (IR), one of the primary causes of gestational diabetes mellitus, has a complex etiology and unknown pathophysiology (83, 84). Hence, a contemporary topic that requires attention is the quest for biomarkers with high sensitivity and specificity for the early diagnosis and treatment of gestational diabetes mellitus as well as the maternal postpartum state (85).

Exosome levels and biological activity were shown to vary with gestational stage in pregnant women with gestational diabetes mellitus and normal glucose tolerance (NGT) (86). When matched for gestational weeks, the concentration of placental exosomes in the plasma of gestational diabetes mellitus patients is significantly higher than that of healthy pregnant women and may positively correlate with baby weight. Between 22 and 28 weeks of gestation, the plasma exosomes mostly displayed altered expression of proteins related to insulin sensitivity, including CAMK2b and pregnancy-as-sociated plasma protein A (PAPPA). As a result, gestational diabetes mellitus patients’ plasma exosomes play a significant role in controlling glucose homeostasis during pregnancy (87).




6.2.2 Decreased expression of exosomal lncRNA in gestational diabetes mellitus

An endogenous lncRNA called SNHG17 can bind and inhibit the transcription of miRNAs, which control the transcription and expression of target genes and contribute to the onset and progression of gestational diabetes mellitus (88). Research suggests that lncRNASNHG17, which is connected to vascular endothelial cell survival and angiogenesis, is abnormally underexpressed in the peripheral blood of T2DM patients (89). Serum lncRNASNHG17 levels are significantly lower in pregnant women with gestational diabetes mellitus than in healthy pregnant women, and they are correlated with fasting blood glucose (FBG), glycosylated hemoglobin, type A1c (HbA1c), and Homeostasis model assessment(HOMA)-IR negatively and HOMA-β positively. This suggests that lncRNASNHG17 may be involved in the pathological lesion process of gestational diabetes mellitus by influencing these variables (90). In gestational diabetes mellitus patients, the expression level of lncRNAMALAT1 was discovered to be correlated with the disease severity and to have a strong negative relationship with the maternal BMI and FBG at delivery (91). Compared to healthy pregnant women, gestational diabetes mellitus patients had significantly lower serum levels of the lncRNAMALAT1 gene (92). By increasing miR-155-5p expression, suppressing IGF2 expression, enhancing trophoblast cell survival, migration, and invasion, and reviving the biological activity of high glucose-induced trophoblast cells, in vitro cellular assays demonstrated that silencing lncRNAMALAT1 plays a role in the development of gestational diabetes mellitus (93).




6.2.3 Increased expression of exosomal lncRNA in gestational diabetes mellitus

Maternally expressed gene 3 (MEG3) has been linked to abnormal placental expression, trophoblast migration, and apoptosis. It also has an impact on the expression of the NF-B, caspase-3, and Bax proteins in the placenta. Human umbilical vein endothelial cells (HUVEC) from gestational diabetes mellitus have elevated MEG3 expression, which affects fetal endothelial function through the PI3K signaling pathway (94). MEG3 overexpression, meanwhile, was able to prevent human villous trophoblast HTR-8/SVneo from proliferating, migrating, and invading while inducing apoptosis, indicating that MEG3 may be implicated in the development of gestational diabetes mellitus and playing a significant role (95). The conserved family SNX member sortingnexin17 (SNX17) is crucial for the endocytic, intracellular transport of cell surface proteins. It is crucial for endocytosis and the intracellular activities that involve cell surface proteins. It was discovered that lncRNA-SNX17 was elevated and miR-517a was downregulated in the blood of gestational diabetes mellitus patients and that the two together were more useful for the diagnosis of gestational diabetes mellitus than the single index test (96). Both the lncRNA P21 and the lncRNA H19 were shown to be elevated in the serum and placental tissues of gestational diabetes mellitus patients. These two lncRNAs may cooperate to promote the development of gestational diabetes mellitus and correlate with newborns’ birth weights. The incidence of gigantic newborns in gestational diabetes mellitus patients was connected with serum lncRNA HOXA transcript expression at the distal tip (HOTTIP), which was considerably increased in gestational diabetes mellitus patients. Both miR-21 and lncRNA HOTTIP were discovered to be abnormally expressed in gestational diabetes mellitus and connected with a poor pregnancy outcome, which could be used as a prediction for early identification of gestational diabetes mellitus (97). In order to identify other potential targets for the therapy of gestational diabetes mellitus, we will keep screening exosomal lncRNAs strongly associated with IR and glucose metabolism and investigate their potential participation in regulatory networks (98, 99).





6.3 Exosomal lncRNA and recurrent spontaneous abortion



6.3.1 The emergence of recurrent spontaneous abortion is intimately related to exosomal lncRNA

Two or more consecutive spontaneous abortions constitute the incidence of recurrent spontaneous abortion (100). Early superficial placental implantation, poor trophoblast migration and invasion, and defective placental microvascular formation are three significant pathophysiological causes for the development of recurrent spontaneous abortion, all of which are becoming more common (101, 102). Exosomal lncRNAs participate in the regulation of trophoblast invasive capacity, the expression of cyclin-dependent kinases (CDKs), and various physiological processes like lipid metabolism and protein synthesis. These actions have an impact on early embryonic implantation. Exosomes produced by mesenchymal stem cells can operate on trophoblast cells to cause them to secrete MMP, which in turn makes trophoblasts more invasive. By being endocytosed by trophoblast cells, exosomes from metaphase macrophages can carry out the corresponding biological action (103). When we co-cultured exosomes from patients with unexplained recurrent spontaneous abortion (URSA) and patients with normal early pregnancy abortion with trophoblast HTR-8/SVneo cells, we discovered that the number of cells migrating in URSA patients was significantly lower than that in patients with normal early pregnancy abortion. Both the number of cells migrating and the viability of the cells were much lower in URSA patients. This shows that meconium macrophages can control trophoblast cells’ biological behavior by secreting exosomes, leading to embryonic arrest and playing a role in the emergence of URSA (104).

The regulation of embryonic development, endometrial tolerance, trophoblast function, stimulation of inflammation, placental vascular development, and the regulation of embryonic stem cells are the key ways that lncRNAs contribute to miscarriage (105, 106). It was discovered that the p53-regulated lncRNA lncPRESS1 safeguards embryonic stem cells by inhibiting the function of the silent information regulator (SIRT) 6 (107). Meanwhile, lncKdm2b stimulates the production of transcription factor zinc finger and BTB structural domain protein 3, promoting early embryonic development and embryonic stem cell self-renewal (108). Small interfering RNA-silenced mouse embryonic stem cells may suffer harm or even miscarry if appropriate lncRNAs are administered (109). LncRNA screening before embryo implantation can lower the chance of a failed transfer and miscarriage since lncRNAs play a significant role in controlling embryonic stem cell development (110, 111).




6.3.2 Exosomal lncRNA offers fresh approaches to identifying and treating recurrent spontaneous abortion

Defective gene expression and aberrant cell proliferation are brought on by the increased expression of LncRNA H19 in recurrent spontaneous abortion patients’ embryonic tissues (112). Through its binding to let-7, lncRNA H19 inhibits ITG3 expression. This has an impact on how cells adhere to the basement membrane and lowers endometrial tolerance. As a result, embryos are lost (113). Apoptosis and iron death are promoted by IncRNA H19 by downregulating the expression of Bax and upregulating the expression of Bcl2 and GPX4 in recurrent spontaneous abortion. Nuclear enriched transcript 1(NEAT1) and MALAT levels in recurrent spontaneous abortion patients are much lower than in healthy women, and trophoblast cell proliferation, migration, invasiveness, and apoptosis were all reduced when the MALAT1 gene was knocked down (114). The human plasmacytoma variant translocation 1 (PVT1) promoter is directly impacted by lncRNA regulation, which also lowers the ability of trophoblast cells to invade (115).

Patients with recurrent spontaneous abortion had increased villous tissue LINC01088 expression. ARG1 can be bound by LINC01088, which is mostly found in the nucleus of trophoblast cells (116). This increases ARG1’s protein stability and suppresses the expression of NOS. When LINC01088 is overexpressed, ARG1’s protein stability is improved, which in turn lowers the expression of NOS and lowers NO expression. The JNK/P38 MAPK signaling pathway is further activated by the decreased NO, which impairs trophoblast cell proliferation, invasion, and migration and contributes to the development of recurrent spontaneous abortion. The lnc-SLC4A1-1 gene was discovered to be significantly expressed in the villi of URSA patients and to be able to trigger an immunological response via the NF-B/CXCL8 axis (117). In peripheral blood mononuclear cells from pregnant women with URSA, the expression levels of the lncRNAs SNHG5 and KLF4 were aberrant, and both of these were risk factors for the development of URSA (118, 119). We discovered that the lncRNA types HOTAIR and SNHG7 are related to recurrent spontaneous abortion pathogenesis and control trophoblast proliferation, apoptosis, invasion, and chorionic villus angiogenesis (120, 121). These investigations revealed prospective biomarkers and therapeutic targets, offering fresh perspectives on the early detection and management of recurrent spontaneous abortion (122) (Table 1).


Table 1 | The expression of exosomal lncRNAs in pathological pregnancy.









Conclusion

Exosomal lncRNAs have a wide range of potential for investigation (123). Exosomal lncRNAs have the power to control a wide range of cellular biological processes, including the recasting of the helical arteries, the inflammatory response, immunological control, cellular metabolism, and autophagy (124–126). Exosomal lncRNAs are more durable and less prone to degradation than serum-derived lncRNAs, allowing them to move unaltered from their “origin” to their “destination” and carry out their intended functions (127–130). Exosomal lncRNAs at the maternal-fetal interface have been shown in numerous studies to play an essential role in pregnancy-specific illnesses and to support embryo implantation and maintenance. Hence, it is necessary to address the issue of how to harvest exosomes that more accurately depict the cellular environment in vivo (126, 131, 132). Pregnancy-specific disorders have been linked to abnormal changes in placenta-derived exosomes seen in the peripheral blood of pregnant women, although larger sample sizes are still required to confirm their utility as biomarkers for clinical testing. Exosomes can also forecast embryonic developmental potential, and shortly, using exosomes as markers in clinical testing will be a promising and significant noninvasive test (133, 134).
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Introduction

The delayed-start gonadotropin-releasing hormone antagonist protocol seems effective for patients who are poor ovarian responders, but there are insufficient data on whether it is also effective for patients with poor-quality embryos and low rates of good blastocyst formation. Specifically, the effectiveness of delayed-start gonadotropin-releasing hormone antagonists with progesterone has not been adequately investigated. Therefore, we compared the efficacy of the original delayed-start gonadotropin-releasing hormone antagonist protocol using medroxyprogesterone acetate (MPA) and high-dose gonadotropin in patients with poor ovarian response.





Methods

Overall, 156 patients with recurrent assisted reproductive technology failure who underwent the original protocol were included. They received cetrorelix acetate (3 mg) and MPA (10 mg) on cycle day 3, and high-dose gonadotropin was initiated on day 11. When the leading follicle reached 14 mm, ganirelix acetate (0.25 mg) was administered until the trigger day. The number of oocytes retrieved, metaphase II (MII) oocytes, two pronuclear (2PN) zygotes, and good blastocysts and live birth rates were compared between the previous (Cycle A) and original (Cycle B) cycles in three groups (Group A, all patients; Group B, poor responders; and Group C, patients with poor-quality embryos).





Results

In Group A (n=156), the number of MII oocytes (3.6 ± 3.3 versus 4.5 ± 3.6), 2PN zygotes (2.8 ± 2.9 versus 3.8 ± 3.1), good blastocysts (0.5 ± 0.9 versus 1.2 ± 1.6), and live birth rates (0.6 versus 24.4) significantly increased in Cycle B. Similar results were obtained in Group B (n=83; 2PN zygotes [1.7 ± 1.7 versus 2.3 ± 1.8], good blastocysts [0.4 ± 0.7 versus 0.9 ± 1.3], live birth rates [0 versus 18.1]) and Group C (n=73; MII oocytes [5.1 ± 3.8 versus 6.6 ± 4.0], 2PN zygotes [4.0 ± 3.4 versus 5.4 ± 3.4], good blastocysts [0.7 ± 1.1 versus 1.6 ± 1.9], and live birth rates [1.4 versus 31.5]).





Conclusion

This original protocol increased the number of MII oocytes retrieved, 2PN zygotes, good blastocysts, and live birth rates in both poor responders and in patients with poor-quality embryos.





Keywords: delayed start, gonadotropin-releasing hormone antagonist, medroxyprogesterone acetate, poor responder, poor-quality embryo




1 Introduction

The main goal of controlled ovarian stimulation (COS) in assisted reproductive technology (ART), including conventional in vitro fertilization and intracytoplasmic sperm injection cycles, is to achieve live births in the least number of cycles. For this purpose, many COS protocols have been established to retrieve multiple mature oocytes, increase fertilized embryo count, and obtain good blastocysts according to the patients’ backgrounds (1), particularly in patients with poor ovarian response (5.6–35.1% of ART patients) (2). Low COS response is a crucial concern in poor responders and patients with poor-quality embryos. To overcome this problem, several COS protocols have been reported, including delayed-start gonadotropin-releasing hormone (GnRH) antagonists (3–13), microdose GnRH agonists (14–16), and long GnRH agonists (17, 18). Among these, a current meta-analysis recommended a delayed-start GnRH antagonist protocol (13) for poor responders. In addition to the improvement in the number of mature oocytes, the clinical pregnancy rate was increased significantly (relative risk: 2.90, [95% confidence interval: 1.52–5.51], P = 0.001) (11). The delayed-start GnRH antagonist protocol seems effective for poor responders (3, 4, 7–13), but there are insufficient data on whether it is also effective for patients with poor-quality embryos and low rates of good blastocyst formation. The delayed-start GnRH antagonist protocol has some variations, such as the combination with estrogen or progesterone and the frequency of GnRH antagonist administration as a pretreatment. Frankfurter et al. reported the effectiveness of a delayed-start GnRH antagonist with progesterone (3). Some reports have investigated delayed-start GnRH antagonists with estrogen (7–10), but there are no additional reports investigating the effectiveness of delayed-start GnRH antagonists with progesterone. In this study, an original protocol, modified from Frankfurter’s protocol, was evaluated. This study aimed to investigate the efficiency of this original delayed-start GnRH antagonist with progesterone in patients with poor ovarian response, including poor responders according to the Bologna criteria (19) and patients with poor-quality embryos.




2 Methods



2.1 Study design and population

Patients who underwent the original delayed-start GnRH antagonist with the progesterone protocol whose previous COS cycle resulted in poor outcomes (low rate of metaphase II [MII] oocytes, fertilization) from May 2015 to January 2021 were included. Cases with an interval >6 months between Cycle A and Cycle B, in vitro fertilization cycles, and without gonadotropin usage in Cycle A were excluded. Finally, 156 patients who underwent intracytoplasmic sperm injection were included in this study (Figure 1). To investigate protocol effectiveness, the previous COS cycle (Cycle A) and the delayed-start GnRH antagonist with progesterone cycle (Cycle B) were compared. In addition, patients were divided into three groups, and the outcomes were compared in each group: Group A, all patients; Group B, poor responders according to the Bologna criteria (19) and Group C, patients with poor-quality embryos who did not satisfy the Bologna criteria (Figure 1).




Figure 1 | Patient selection flow chart. IVF, in vitro fertilization.



This study was approved by the institutional review board of Takeuchi Ladies Clinic/Center for Reproductive Medicine (Number: 23-201) and was conducted in accordance with the 2013 Declaration of Helsinki. We announced this study in displays and on the hospital’s homepage and provided an opt-out option for patients.




2.2 Data collection

All data were collected from the patients’ medical records. The baseline characteristics of all patients, including maternal age, number of previous oocyte pick-up (OPU) cycles and previous embryo transfer (ET) cycles including previous clinics, and anti-Müllerian hormone levels in Cycle B, were collected. The period from day 1 of the menstrual cycle to the OPU day; dose of gonadotropin, estradiol (E2), and progesterone (P4) on the trigger day; diameter of the leading follicle on the trigger day; number of retrieved oocytes; number of MII oocytes; rate of MII oocytes; number of two pronuclear (2PN) zygotes; number of morphologically good blastocysts; implantation rate; clinical pregnancy (defined as detection of the gestational sac) rate; and live birth rate were investigated. The reasons for cancellation were also investigated and divided into the following stages: OPU=0, MII=0, and 2PN=0.




2.3 Outcome measures

The primary outcome was the efficacy of the protocol which was assessed by comparing the period from day 1 of the menstrual cycle to the OPU day; dose of gonadotropin, E2, and P4 on the trigger day; diameter of the leading follicle on the trigger day; number of retrieved oocytes; number of MII oocytes; rate of MII oocytes; number of 2PN zygotes; number of morphologically good blastocysts (defined as better than 3BB according to the Gardner blastocyst grading system); implantation rate; clinical pregnancy (defined as detection of the gestational sac) rate; and live birth rate between Cycle A and Cycle B in all patients (Group A). The rates of OPU=0, MII=0, and 2PN=0 were also compared. These parameters were also compared between Groups B and C to investigate their efficiency in poor responders and patients with poor-quality embryos.




2.4 Ovarian stimulation protocols

Cycle A: There were 87 patients with the antagonist protocol, 68 with the agonist protocol (4 patients with the long protocol and 64 patients with the short/ultrashort protocol), and 1 with progestin-primed ovarian stimulation. When the leading follicle reached 18–20 mm in diameter and more than two follicles reached 18 mm in diameter, the trigger was administered, considering the patient’s background and the outcome of the past COS cycle, as appropriate (3000–10,000 IU of human chorionic gonadotropin, a GnRH agonist, and a dual trigger). Transvaginal OPU was performed 34–38 h later, as appropriate, considering the patient’s outcome in the past cycle.

Cycle B: On day 3, cetrorelix acetate (3 mg) was administered subcutaneously. From days 3–10, daily oral medroxyprogesterone acetate (MPA, 5 mg twice daily) was continued. On day 11, after ovarian suppression (E2 < 50 mg/mL) was identified, daily high-dose gonadotropin (human menopausal gonadotrophin 225–450 IU, subcutaneously) was initiated. When the leading follicle measured 14 mm, ganirelix acetate (0.25 mg, subcutaneously) was initiated and continued until the trigger day. When the leading follicle reached 18–20 mm in diameter and more than two follicles reached 18 mm in diameter, the trigger was administered considering the patient’s background and the outcome of the past COS cycle, as appropriate (3000–10,000 IU of human chorionic gonadotropin, a GnRH agonist, and a dual trigger). Transvaginal OPU was performed 34–38 h after, as appropriate, considering the patient’s outcome in the past cycle (Figure 2).




Figure 2 | Outline of delayed-start ovarian stimulation protocol with a gonadotropin-releasing hormone antagonist, medroxyprogesterone acetate, and high-dose gonadotropin. GnRH, gonadotropin-releasing hormone; MPA, medroxyprogesterone acetate; FSH, follicle-stimulating hormone; HMG, human menopausal gonadotrophin.



All oocytes underwent intracytoplasmic sperm injection, and all embryos were frozen. The embryos were then thawed and transferred into the hormone replacement cycle on days 3 or 5, as appropriate, under transabdominal ultrasound guidance.




2.5 Embryo transfer protocol

All transferred embryos were frozen-thawed embryo transfers during the hormone replacement cycle. Cleavage-stage embryos were frozen on day 3, and blastocysts were frozen on day 5 or 6 as appropriate. Cleavage-stage embryos were transferred 3 days after progesterone administration, and blastocysts were transferred 5 days after progesterone administration.




2.6 Statistical analysis

Intergroup comparisons were performed using Student’s t-test and a nonparametric test for continuous variables or Fisher’s exact test for nominal variables. Statistical significance was set at P < 0.05. All statistical analyses were performed using EZR (Saitama Medical Center, Jichi Medical University; http://www.jichi.ac.jp/saitama-sct/SaitamaHP.files/statmedEN.html ; Kanda, 2012) (20), which is a graphical user interface for R (The R Foundation for Statistical Computing, Vienna, Austria). More precisely, it is a modified version of R Commander designed to add statistical functions frequently used in biostatistics.





3 Results

Between May 2015 and January 2021, 181 patients received a delayed GnRH antagonist according to the progesterone protocol. Eleven patients were excluded based on the exclusion criteria described above, and 156 patients were included in this study. There were 83 poor responders according to the Bologna criteria (Group B) and 73 patients with poor-quality embryos who did not meet the Bologna criteria (Group C). No surgically obtained sperms or donated sperms were used in the protocols. In Group A, the patients’ median age was 40 years [interquartile range (IQR): 37–42], the median anti-Mullerian hormone level was 1.04 ng/mL [IQR: 0.48–1.83], the median number of previous OPU cycles was three [IQR: 3–5], and the median number of previous ET cycles was one [IQR: 0–3). In Group B, the patients’ median age was 41 years [IQR: 38–42], the median anti-Mullerian hormone level was 0.53 ng/mL [IQR: 0.32–0.85], the median number of previous OPU cycles was three [IQR: 2–5], and the median number of previous ET cycles was one [IQR: 0–2.5]. In Group C, the patients’ median age was 39 years [IQR: 35–41], the median anti-Mullerian hormone level was 1.86 ng/mL [IQR: 1.30–3.54], the median number of previous OPU cycles was three [IQR: 3–4.3], and the median number of previous ET cycles was one [IQR: 0–3] (Table 1). The rates of cleavage-stage (day 3) transfer were not different in cycles A and B (20.4% in Cycle A versus 17.9% in Cycle B, P = 0.264).


Table 1 | Background of patients.



In Group A, although the number of oocytes retrieved did not increase significantly between Cycles A and B (5.5 ± 5.3 versus 6.5 ± 6.3, P = 0.120), the number of MII oocytes (3.6 ± 3.3 versus 4.5 ± 3.6, P = 0.015), number of 2PN zygotes (2.8 ± 2.9 versus 3.8 ± 3.1, P < 0.01), and number of good blastocysts (0.5 ± 0.9 versus 1.2 ± 1.6, P < 0.001) increased significantly in Cycle B. Subsequent ET rates (41.0% versus 62.8%, P < 0.001), implantation rates/OPU cycles (11.5% versus 39.1%, P < 0.0001), implantation rates/the number of embryos transferred (18.4% versus 37.2%, P < 0.01), clinical pregnancy rates (4.5% versus 32.1%, P < 0.0001), and live birth rates (0.6% versus 24.4%, P < 0.0001) increased significantly in Cycle B. The periods up to trigger (12.8 ± 1.8 days versus 21.2 ± 2.3 days, P < 0.001) and gonadotropin dose (1653 ± 678 IU versus 2088 ± 819 IU, P < 0.001) increased significantly in Cycle B. The mean leading follicle size (21.9 ± 4.1 mm versus 21.8 ± 2.8 mm, P = 0.764) and E2 level (1649 ± 1231 pg/mL versus 1633 ± 1209 pg/mL, P = 0.909) were not different between Cycles A and B, but the P4 level was significantly lower in Cycle B (0.68 ± 0.60 ng/mL versus 0.40 ± 0.25 ng/mL, P < 0.001). The cancellation rates because of OPU=0 (2.6 versus 2.6, p=1) and MII=0 (5.9 versus 2.6, p=0.256) were not different, likely because the 2PN=0 was significantly lower (9.8 versus 1.4, P < 0.01) in Cycle B (Table 2).


Table 2 | Comparison of parameters and outcomes measured in all patients (Group A).



Similar results were obtained for both groups B and C. In poor responders (Group B), although the number of MII oocytes (2.2 ± 1.8 versus 2.8 ± 1.9, P = 0.053) was not significantly increased, the number of oocytes retrieved (3.0 ± 2.2 versus 3.7 ± 2.2, P = 0.027), number of 2PN zygotes (1.7 ± 1.7 versus 2.3 ± 1.8, P = 0.015), and number of good blastocysts (0.4 ± 0.7 versus 0.9 ± 1.3, p=0.001) increased significantly in Cycle B. Subsequent ET rates (38.6 versus 59.0, P = 0.0127), implantation rates/OPU cycles (12.0 versus 31.3, P < 0.01), clinical pregnancy rates (2.4 versus 21.7, P < 0.001), and live birth rates (0 versus 18.1, P < 00001) increased significantly in Cycle B. Implantation rates/the number of embryos transferred (20.8% versus 34.7%) was higher in Cycle B; however, this was not statistically significant (P = 0.109). Similarly, the periods up to the trigger (12.9 ± 2.0 versus 21.3 ± 2.4, P < 0.001) and the gonadotropin dose (1687 ± 983 versus 2250 ± 974, P < 0.001) increased significantly in Cycle B. The mean leading follicle size (21.6 ± 4.1 versus 21.7 ± 2.5, P = 0.722) and E2 level (1093 ± 599 versus 1118 ± 557, P = 0.783) were not different between Cycles A and B, but the P4 level was significantly lower in Cycle B (0.62 ± 0.46 versus 0.38 ± 0.25, P < 0.001). The cancellation rates because of OPU=0 (4.8 versus 4.8, p=0.1) and MII=0 (8.9 versus 3.8, P = 0.328) were not different, but that because of 2PN=0 was significantly lower (13.9 versus 1.3, P < 0.001) in Cycle B (Table 3).


Table 3 | Comparison of parameters and outcomes measured in poor responders (Group B).



In Group C, although the number of oocytes retrieved did not increase significantly between Cycles A and B (8.4 ± 6.2 versus 9.8 ± 7.7, P = 0.256), the number of MII oocytes (5.1 ± 3.8 versus 6.6 ± 4.0, P = 0.032), number of 2PN zygotes (4.0 ± 3.4 versus 5.4 ± 3.4, P = 0.015), and number of good blastocysts (0.7 ± 1.1 versus 1.6 ± 1.9, P < 0.001) increased significantly. Subsequent ET rates (39.7 versus 67.1, P < 0.01), implantation rates/OPU cycles (11.0 versus 47.9, P < 0.001), implantation rates/the number of embryos transferred (16.0% versus 39.3%, P < 0.005), clinical pregnancy rates (6.8 versus 43.8, P < 0.0001), and live birth rates (1.4 versus 31.5, P < 0.0001) increased significantly in Cycle B. The periods up to trigger (12.6 ± 1.5 versus 21.1 ± 2.2, P < 0.001) and gonadotropin dose (1614 ± 674 versus 1905 ± 548, P = 0.005) increased significantly in Cycle B. The mean leading follicle size (22.4 ± 4.2 versus 22.0 ± 3.1, P = 0.452) and E2 level (2281 ± 1446 versus 2220 ± 1462, P = 0.797) were not different between Cycles A and B, but P4 level was significantly lower in Cycle B (0.74 ± 0.73 versus 0.42 ± 0.24, P < 0.001). The cancellation rates because of OPU=0 (0 versus 0, p=1), MII=0 (2.7 versus 1.4, p=1), and 2PN=0 (5.6 versus 1.4, P = 0.209) were not different between the two cycles (Table 4).


Table 4 | Comparison of parameters and outcomes measured in patients with poor-quality embryos (Group C).






4 Discussion

In this study, the protocol of delayed stimulation using the GnRH antagonist with progesterone and high-dose gonadotropin was better than other conventional COS protocols in terms of the number of MII oocytes, 2PN zygotes, morphologically good blastocysts, and the live birth rates in patients with recurrent ART failure. In poor responders, although the number of MII oocytes was not significantly increased, the number of oocytes retrieved, 2PN zygotes, and number of good blastocysts increased significantly. In patients with poor-quality embryos, although the number of oocytes retrieved did not increase significantly, the number of MII oocytes, 2PN zygotes, and good blastocysts increased significantly. These results indicate that this protocol increases the number of retrieved oocyte in poor responders, and MII oocytes in patients with poor-quality embryos. In addition, the result of increasing number of good blastocyst indicates that this protocol contribute to improve the quality of the oocytes. There are many reports describing the efficiency of a delayed-start GnRH antagonist protocol in patients with a low ovarian response (3, 7–10, 12, 13). In particular, the delayed-start GnRH antagonist with an estrogen priming protocol, first described by Cakmak et al. (7), seems effective based on a recent meta-analysis (13). However, the European Society of Human Reproduction and Embryology guidelines (21) considered the delayed-start GnRH protocol as a conditional low recommendation. Although the recommendation of the European Society of Human Reproduction and Embryology guidelines is low, the delayed-start GnRH protocol, compared with other conventional COS, may be effective for poor responders to increase retrieved oocytes and clinical pregnancy rate and decrease the cancellation rate (3, 4, 7–10, 12, 13), which is similar to the result in this study. Administration of GnRH antagonists in the early follicular phase is thought to suppress follicle-stimulating hormone levels, which allows growth of smaller antral follicles and halts the time for larger antral follicles (13, 22, 23). Suppression of early luteinizing hormone (LH) rise in patients with poor ovarian response may play a role in the improvement of outcomes (3). It leads to synchronized follicle growth and increased numbers of MII oocytes and good blastocysts, thereby increasing the chances of ET and live birth. Additionally, this protocol allows the use of more gonadotropin in terms of both dose and duration. Administration of GnRH antagonists in the early follicular phase suppresses the endogenous follicle-stimulating hormone and LH, which increases the requirement for gonadotropin.

A recent meta-analysis (13) has shown that a delayed-start GnRH antagonist protocol is more effective than long GnRH agonist, microdose GnRH agonist, multiple-dose GnRH agonist, GnRH antagonist, or GnRH antagonist/letrozole in patients with poor ovarian response. The main advantage is that GnRH antagonists have an early pituitary suppression and recovery from suppression compared with other protocols (4). However, the disadvantages of this protocol include a longer treatment time and a higher dose of gonadotropin. Frankfurter’s protocol is an original delayed GnRH antagonist protocol combined with progesterone. Progesterone-mediated LH surge suppression is currently used as a progestin-primed ovarian stimulation protocol. This suppression is mediated by an increase in dynorphin and GABAA receptor signaling acting through kisspeptin neurons in the anteroventral periventricular nucleus of the hypothalamus (23). Therefore, we hypothesized that GnRH antagonist administration might decrease progesterone supplementation. To overcome this disadvantage, earlier and lower doses of GnRH antagonists were administered (day 3 and one administration of 3 mg cetrorelix acetate) compared with Frankfurter’s protocol (days 5–8/9–12 and two administrations of 3 mg cetrorelix acetate) (3). As a result, the stimulation period was shorter (11 versus 12 days) and the gonadotropin dose was lower (2097 versus 5400 IU) than those in Frankfurter’s protocol. The number of retrieved oocytes (6.3 versus 4.5), number of zygotes (3.6 versus 2.5), and live birth (ongoing pregnancy) rate (21.8% versus 25.0%) were similar in both protocols. Based on these results, our protocol is as effective as Frankfurter’s protocol and addresses the disadvantage.

These findings were especially evident in poor responders but there have been few reports describing the efficiency in patients with poor-quality embryos. Younis et al. (4) investigated the efficiency of GnRH antagonist pretreatment among patients with two intact ovaries, age <39 years, body mass index 18–32 kg/m2, and a normal uterine cavity, excluding polycystic ovary syndrome, severe endometriosis, low ovarian reserve, thyroid disease, diabetes mellitus, significant hyperprolactinemia, and hypogonadotropic-hypogonadism. They concluded that pretreatment with a GnRH antagonist improved the meiotic status of retrieved oocytes and their competence for normal fertilization by suppressing serum follicle-stimulating hormone and LH levels while COS (not significantly). Our results in patients with poor-quality embryos (Group C) are similar to those in their report. Therefore, in addition to poor responders and other patients with ART failure, including those with poor-quality embryos, early follicular-phase GnRH antagonist administration is effective in increasing the number of mature oocytes, 2PN zygotes, and good blastocysts and the chance of live birth. The most significant difference in reasons for cancellation was 2PN=0. It is difficult to explain why 2PN increased in Cycle B only because of the increased oocyte counts. This indicates that this protocol may have a positive effect on the quality of oocytes, as previously described by Younis et al. (4). Further research, including basic research, is necessary to confirm this hypothesis.

The limitations of this study are its retrospective design, the various protocols in Cycle A, and the subsequent advantage of Cycle B. It was previously reported that a change in COS protocol for the second cycle may affect the outcome in both positive and negative ways regarding oocyte recovery and the total number of mature oocytes/embryos (7, 24, 25). In this study, the median number of previous OPU cycles was three, so personalized intervention, such as the timing of OPU after the trigger, can improve the MII rate and decrease cancellation. In fact, the size of the leading follicle on the trigger day and the cancellation rate because of OPU=0 and MII=0 were not different between Cycles A and B. In addition, an interval of more than 6 months between the two cycles was excluded to reduce the chance of improved outcomes in the latter cycle as a result of the intervention using new technology. Although the data were not shown, Frankfurter et al. (3) reported that the type of initial COS protocol used did not affect the outcomes. The limitations of this study are not completely eliminated, and the facts mentioned above support its reliability. In the future, a randomized prospective trial is desirable to evaluate the effectiveness of this protocol. To further evaluate the effectiveness of the GnRH antagonist combined with MPA, a comparison of the delayed GnRH antagonist protocol with or without MPA in the early follicular phase is desirable.

In conclusion, the original delayed-start GnRH antagonist with progesterone and high-dose gonadotropin protocol is effective and useful as an alternative protocol in patients with recurrent ART failure, both in poor responders according to the Bologna criteria and patients with poor outcomes because of poor-quality embryos. Although it has disadvantages compared with other COS protocols, such as a longer treatment period and a larger dose of gonadotropin, it has an advantage in terms of the number of oocytes retrieved, number of morphologically good blastocysts, and the live birth rate. However, further research is required to confirm this finding.
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Macrophages (MΦs) are the most abundant leukocytes in mammalian ovaries that have heterogeneity and plasticity. A body of evidence has indicated that these cells are important in maintaining ovarian homeostasis and they play critical roles in ovarian physiological events, such as folliculogenesis, ovulation, corpus luteum formation and regression. As females age, ovarian tissue microenvironment is typified by chronic inflammation with exacerbated ovarian fibrosis. In response to specific danger signals within aged ovaries, macrophages polarize into different M1 or M2 phenotypes, and specialize in unique functions to participate in the ovarian aging process. In this review, we will focus on the physiologic roles of MΦs in normal ovarian functions. Furthermore, we will discuss the roles of MΦs in the process of ovarian senescence, as well as the novel techniques applied in this field.
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1 Introduction

The ovary is a key organ in female reproductive system. It produces oocytes and multiple reproductive hormones including estrogen, progesterone and androgens (1). Unlike other organs in the body, the mammalian ovary is one of the first organs to undergo early senescence. Ovarian aging is characterized by ongoing reduction in follicle number and steroid hormones generation, with deterioration of oocyte quantity and quality (2–4). In humans, ovarian function usually begins to decline around age of 35 years, and deteriorates after 37 years old, ultimately leading to endocrine dysfunction, fertility loss and menopause (1, 3, 5). It is noteworthy that in recent years, a growing body of women opt to postpone childbearing to the later stage of life partially due to social factors. As a result, the decline of female fertility due to ovarian aging represents a great challenge in reproductive medicine for which there is no reliable treatment (4, 6, 7). So far, the molecular mechanisms underpinning ovarian aging remain unclear.

Macrophages (MΦs) are a central population of leukocytes in the innate immune system, with high levels of heterogeneity and plasticity in various tissues (8–11). They are the most abundant immune cells in mammalian ovaries (8). In addition to their general functions in infection, injury and inflammation, increasing evidence has suggested critical roles of MΦs in multiple aspects of ovarian physiology, including folliculogenesis, ovulation, corpus luteum formation and regression (12, 13). Notably, along with advancing maternal age, ovarian microenvironment is characterized by chronic inflammation with exacerbated stromal fibrosis (14–17). In response to tissue-derived stimuli such as inflammatory cytokines/chemokines and Th2-type cytokines, ovarian MΦs can polarize into different M1 or M2 phenotypes, and specialize in unique functions to participate in ovarian senescence (9, 14). It has become increasingly clear that during reproductive senescence, the perturbation of M1 and M2 phenotypes is closely associated with ovarian aging (8, 9, 14). Therefore, we summarize the physiologic roles of MΦs in normal ovarian functions. Moreover, we discuss the roles of MΦs in ovarian senescence, as well as novel techniques applied in this field.




2 Overview of macrophages

MΦs constitute a vital component of innate immune system, and play important roles during infections and inflammation. They are often distributed in multiple tissues/organs of the body (8, 18). Previously, MΦs are thought to solely originate from monocytes, which are derived from precursors of bone marrow. Monocytes circulate in blood for several days and ultimately migrate to specific tissues where they differentiate into MΦs. However, in addition to monocyte-derived MΦs, it has recently reported that some MΦs within tissues arise from yolk sac and fetal liver during embryogenesis (9, 11). Notably, MΦs display high levels of plasticity, as reflected by that they phenotypically and functionally adapt to diverse tissue-specific environments. These local MΦ populations are essential for maintaining tissue homeostasis (11, 19). So far, due to MΦs’ complex property, the biology of MΦs is still not fully understood.



2.1 Plasticity, polarization and phenotype of macrophages

MΦs display strong heterogeneity and plasticity in their phenotypes and functions when exposed to various tissue microenvironments (20). In response to microorganism, microenvironmental stimuli/signals, MΦs switch from one phenotype to another, reflecting MΦs’ plasticity (11, 14, 19). Based on surface markers and biological activities, MΦs are commonly divided into two distinct subpopulations, including classically activated (M1) and alternatively activated (M2) MΦs (19, 21). Traditionally, M1 MΦs are induced by pro-inflammatory signals, such as interferon-γ, tumor necrosis factor-α (TNF-α), granulocyte-macrophage colony stimulation factor (GM-CSF), or lipopolysaccharide. In contrast, M2 MΦs are induced by anti-inflammatory signals such as IL-4, IL-13 and IL-10. Besides, IL-21 and IL-33 can also drive M2 polarization. Under the stimulation of various stimuli, M2 MΦs can be further divided into four subsets, M2a, M2b, M2c and M2d (12, 19). Specifically, M2a subset is induced by IL-4 or IL-13, whereas M2b subset is induced by immune complexes, Toll-like receptor (TLR) ligands, or IL-1 receptor agonists (IL-1Ra). M2c subset is induced by glucocorticoids, IL-10 or TGF-β. Finally, M2d subset, also known as tumor-associated macrophages, is induced by TLR ligands, A2 adenosine receptor agonists, or IL-6 (11, 12).




2.2 Function of macrophages

Typically, activated MΦs express a variety of receptors, including co-stimulatory and antigen presenting molecules (e.g. CD80, CD86, major histocompatibility complex I/II), chemotactic/activating cytokine receptors, pattern recognition receptors, and opsonic receptors (12). MΦs perform diverse functions during inflammation, infection and injury (22–24). Firstly, they defense against microorganisms by engulfing pathogens, and removing dying cells. Secondly, they process and present antigens to helper T-cells and stimulate them. Thirdly, they produce various cytokines, chemokines, growth factors and enzymes to recruit immune cells, as well as to facilitate vasculogenesis, tissue remodeling and repair (11, 20).

With MΦs polarization into M1 and M2 phenotypes, they exhibit enormous functional heterogeneity (11, 20). Specifically, M1 MΦs have a pro-inflammatory phenotype. They generate various chemokines and pro-inflammatory cytokines, such as TNF-α, IL-1α/β, IL-6, IL-12, IL-18 and IL-23, and possess enhanced antigen-presentation capabilities to participates in adaptive immune response (11). Additionally, M1 MΦs produce lysosomal enzymes and inducible nitric oxide synthase (iNOS) to eliminate pathogens (21). By stark contrast, M2 MΦs have an anti-inflammatory phenotype. They produce anti-inflammatory cytokines including IL-10 and transforming growth factor β (TGF-β), fibroblast growth factor (FGF) and platelet-derived growth factor (PDGF), which facilitate inflammation resolution, tissue repair and fibrosis (11, 19, 21). Moreover, diverse M2 subpopulations perform differential functions (11, 12). M2a subset suppresses inflammation and promotes tissue remodeling/repair through producing IL-10 and TGF-β (21). M2b subset simultaneously secretes pro-inflammatory and anti-inflammatory cytokines including IL-1β, IL-6, TNF-α and IL-10, which are responsible for immune regulation (25, 26). In contrast, M2c subset can phagocytose apoptotic bodies and repair injured tissues (25, 27). Also, they exert a strong anti-inflammatory effect via releasing TGF-β and IL-10 (11). M2d subset produces TGF-β, IL-10, and vascular endothelial growth factor (VEGF), which promotes tumor angiogenesis and metastasis (28).





3 Macrophages and ovarian function

MΦs are the most abundant immune cells in mammalian ovaries. The number and distribution of these cells change during ovarian cycles (8, 29). Accumulated evidence has revealed that MΦs are key players in various aspects of ovarian physiology (12, 13, 30). Table 1 summarizes the roles of MΦs subsets in normal ovarian function.


Table 1 | Roles of macrophage subsets in normal ovarian function and ovarian aging.





3.1 Roles of macrophages in folliculogenesis and follicular atresia

Human and animal studies have suggested an abundant presence of MΦs in thecal layer of growing follicles (9). Ovarian MΦs contribute to follicular growth via their derived cytokines and growth factors, involving VEGF, hepatocyte growth factor (HGF), FGF, epidermal growth factor (EGF), TGF-α/β, insulin-like growth factor (IGF), IL-1β and IL-6 (Figure 1). These factors promote proliferation of granulosa cells, vascular growth, follicle development and production of steroid hormones, whereas inhibit apoptosis of granulosa cells in the ovary (9, 12, 37, 38). Additionally, recent studies have identified distinct MΦs subpopulations in mouse ovaries, which play essential roles in ovarian homeostasis and functions (9, 31, 39). It is revealed that in young mouse ovaries, the proportion of CD11c+ M1 MΦs increases significantly around developing follicles, while the proportion of CD206+ M2 MΦs does not. Moreover, depletion of CD11c+ M1 MΦs using diphtheria toxin injection in mice leads to follicular impairment, vasculature impairment and ovarian hemorrhage, whereas depletion of CD206+ M2 MΦs does not (31). This implies that M1 subset plays an important role in maintenance of follicles development and ovarian physiology.




Figure 1 | Roles of ovarian macrophages in normal ovarian functions. In mammalian ovaries, the macrophages contribute to ovarian physiological events, such as folliculogenesis, ovulation, corpus luteum formation and regression, through production of multiple cytokines and mediators.



In mammalian ovaries, only a fraction of primordial follicles achieve ovulation, while more than 99% of follicles undergo atresia (40). Studies have revealed that ovarian MΦs increasingly infiltrate granulosa cell layers surrounding atretic follicles (9, 41). This migration/recruitment event is mediated by IL-33, which is mostly generated by endothelial cells adjacent to atretic follicles (42, 43). The infiltrated MΦs facilitate granulosa cell apoptosis and follicle atresia by secretion of TNF-α (44) (Figure 1). Subsequently, these cells are responsible for removing apoptotic cells and degrading atretic follicles through production of matrix metalloproteinases (MMPs) like MMP-3[9] (Figure 1).




3.2 Roles of macrophages in ovulation, corpus luteum formation and regression

A surge of luteinizing hormone (LH) secreted by pituitary gland initiates ovulation, which involves preovulatory follicles rupture at the apex and extrude cumulus cell-oocyte complex (45). Animal studies have revealed that ovarian MΦs actively participate in ovulation (12), as colony stimulation factor-1 knockout female mice with elimination of MΦs demonstrate compromised ovulation (46). During ovulatory process, LH surge facilitates production of multiple chemoattractants by granulosa cells, such as chemokine (C-X-C motif) ligand 10, C-C-motif ligand-20, monocyte chemoattractant protein-1 (MCP-1), IL-1 and IL-6. As a result, a large number of ovarian MΦs are recruited to preovulatory follicles by the chemoattractants (34, 47). These cells promote ovulation through secreting MCP-1 and pro-inflammatory cytokines like IL-1β, IL-6 and TNF-α, which simultaneously amplify recruitment effects (Figure 1). Besides, recruited MΦs produce MMPs like MMP-1 and MMP-19 contributing to extracellular matrix (ECM) breakdown, which facilitates follicle rupture and oocyte extrusion (9, 45) (Figure 1).

Following ovulation, the remains of ovarian follicles undergo tissue remodeling, involving luteinization of follicular theca cells and granulosa cells, and vascularization, to develop a corpus luteum (CL) (48). The CL functions as a temporary endocrine structure through generation of high levels of progesterone and moderate levels of estradiol and inhibin A (9, 48). Evidence from human and animal models has suggested a close relationship between ovarian MΦs and CL development and function (9, 32, 49, 50). Upon stimulation of chemokine MCP-1 and C-C-motif ligand-2 (CCL-2), and GM-CSF, MΦs accumulate and exhibit an activation status in theca-lutein layer of CL (49, 50). They support vascularization of luteal cells and synthesis of progesterone through releasing of FGF, VEGF and MMPs (9, 51) (Figure 1). It is worth noting that disruption of M2 phenotype polarization in TGF-β-deficient female mice leads to impaired luteinization and reduced progesterone production in CL, implying that M2 subset is a key player in developing CL (9, 35). If the oocyte is not fertilized, the CL subsequently undergoes degeneration. This process is also called luteolysis, which is set off by prostaglandin F2α (PGF2α) (32). Ovarian MΦs are found to polarize towards M1 phenotype that facilitate PGF2α production through secretion of TNF-α, thereby promoting luteolysis, indicative of importance of M1 subset in CL regression (19, 32, 33) (Figure 1). Conversely, if the oocyte is fertilized and implantation occurs, human chorionic gonadotropin produced by syncytiotrophoblast prevents MΦs accumulation, resulting in the CL maintenance (12).





4 Macrophages and ovarian aging

As a key reproductive organ in females, the ovary, however, ages early in life (2, 3, 39). Until now, the mechanisms underlying ovarian aging have not been fully elucidated. The studies of ovarian MΦs in both mice and humans are constrained, as their number is very small and they display high heterogeneities in phenotypes (9, 34). Recently, the advance of high-throughput sequencing techniques has made it possible to investigate ovarian MΦs at the single-cell level. Using these novel technologies, emerging studies highlight critical roles of MΦs in ovarian aging (9, 39). Table 1 summarizes the roles of MΦs subsets in ovarian aging process.



4.1 Macrophages dictates the inflammatory milieu within the aging ovary

Mounting evidence suggests that ovarian aging in mammals is associated with a sterile chronic inflammation in ovaries, which adversely affects ovarian function and oocyte quality (14, 16, 17, 52, 53). Recent studies have revealed that as female C57BL/6 mice age (from two to eighteen months old), levels of pro-inflammatory cytokines, including TNF-α, IL-1α/β and IL-6, were significantly elevated in serum and ovary (53). Furthermore, similar alterations were seen in levels of inflammasome genes, involving nucleotide-binding domain and leucine rich repeat containing family, pyrin domain containing 3 (NLRP3) and apoptosis-associated speck-like protein containing a CARD (ASC). They are capable of boosting production of pro-inflammatory cytokines IL-1β and IL-18 (53). Notably, the increased levels of these pro-inflammatory cytokines and inflammasome genes are found to be closely related to declined follicle reserve along with reproductive senescence (53, 54) (Figure 2). Nonetheless, the mechanisms underlying persistent inflammatory condition in aged ovaries remain elusive.




Figure 2 | Roles of ovarian macrophages and their subsets in ovarian aging process. In the early stage, M1 phenotype subset is dominant and plays a pro-inflammatory role by secreting pro-inflammatory cytokines, including TNF-α, IL-1α/β, IL-6, IL-18, which in turn boost elevated expression of inflammasome genes like NLRP3 and ASC. In the late stage, M2 phenotype subset is more predominant and participates in ECM deposition and stromal fibrosis, ultimately leading to ovarian fibrosis.



Recently, it has been proposed that MΦs are responsible for age-associated inflammation within the ovary (9, 14, 39). In comparison with reproductively young mice (2-month-old), there is a conspicuous increase in the MΦs proportion within ovaries from reproductively aged mice (12-month-old), which were driven by CCL-2 and chemokine ligand-5 (16, 53). These cells showed an activation status reflected by secreting high levels of pro-inflammatory cytokines including IL-1, IL-6 and TNF-α, exacerbating granulosa cell apoptosis and follicular depletion (9, 53) (Figure 2). In addition, other mouse studies demonstrated the presence of a hyperactivated form of MΦs, multinucleated giant cells, in ovarian stroma over the course of reproductive ageing (15, 16). However, the mechanisms underlying activation status of ovarian MΦs as females age remain poorly understood. Several studies in mouse models have revealed that excessive accumulation of incompletely digested cell debris like lipofuscin, and low molecular weight hyaluronan fragments from ECM, might be the drivers of intensive activation status of MΦs during ovarian aging (54–56).




4.2 Macrophages contribute to ovarian fibrosis during reproductive aging

In addition to chronic inflammation, stromal fibrosis within ovaries is another hallmark of mammalian ovarian senescence (16, 57). Ovarian stroma is broadly considered as non-follicular components of the ovary, including immune cells, blood vessels, nerves, and ovary-specific components like spindle-shaped stromal cells, stem cells and ECM (39, 57–59). It serves as an essential supporting tissue for maintaining ovarian homeostasis and functions (9). Previous works in mice and humans have shown an increase in stromal fibrosis and an excessive deposition of ECM components in reproductively old ovaries, which are associated with reduced follicle number, impaired follicle development and ovarian dysfunction (16, 60). Besides aging-related increase of fibrosis, a marked increase in monocyte recruitment and a shift in MΦs phenotype towards M2 were found within ovaries from reproductively aged mice (18 months) relative to young mice (3 months). Subsequently, the monocyte-derived MΦs and M2 subpopulation become more predominant with reproductive aging. They promote ovarian ECM deposition and fibrosis by secreting high levels of TGF-β, FGF, PDGF as well as pro-inflammatory cytokines like IL-6 (9, 14) (Figure 2). Moreover, recent transcriptomics data from ovarian aging models of cynomolgus monkey has further confirmed these findings (61).




4.3 Macrophage polarization is associated with ovarian aging

Recent animal studies have revealed that shifted MΦs subpopulations with different phenotypes resulting from their polarization play critical roles in ovarian senescence (17, 62, 63) (Figure 2). It has been found that in ovaries of young female ICR mice at 8 weeks old, M1 phenotype mainly functions in primordial follicles activation, while M2 phenotype functions in maintenance of follicles in a dormant status (34). They perform differential functions through MΦs-derived distinct extracellular vesicles (EVs) (34). Notably, with female ICR mice aged at 10 months old, the percentage of M1 phenotype within ovaries was increased relative to young females, which is accompanied by an elevated expression of several pro-inflammatory genes including IL-6, TNF-α, IL-17, iNOS, ASC and NLRP3. By contrast, M2 phenotype did not show significant changes (34). Furthermore, the addition of M2-derived EVs into these old mice could enhance M2 phenotype proportion, which ultimately rescued growing follicle number, oocyte quality, serum anti-mullerian hormone and estrogen levels. Meanwhile, it could reduce atretic follicle number, and levels of pro-inflammatory genes expression involving IL-1β, IL-6, iNOS and TNF-α. This implies that the perturbed dynamics of M1 and M2 subpopulations are actively involved in ovarian functional decay with reproductive senescence (34) (Figure 2). However, another recent study showed inconsistent results using C57BL mouse models with advanced reproductive age at 12-16 months old. This work revealed high expression levels of inflammatory chemokines (CCL-2, CCL-3, and CXCL-2), pro-inflammatory cytokines TNF-α and IL-6, and Th2-type cytokines IL-4 and IL-13 in the aged ovarian stroma, which drove MΦs polarization. As a result, there were increase numbers of both M1 and M2 subpopulations, while M2 number was more predominant within ovarian stroma of old mice. These cells promoted ovarian fibrosis by stimulating fibrotic collagen deposition (Figure 2). Following suppression of the M2 subpopulation by antifibrosis drug (BGP-15), it was observed that ovarian fibrosis was reversed, and ovarian function and female fertility were finally improved (36). The discrepancy of these findings may be due to dynamic changes of M1/M2 phenotype in different stages of ovarian aging. In early phase, M1 phenotype is dominant and plays a pro-inflammatory role, whereas in late phase, M2 phenotype is more predominant and participates in inflammation resolution, tissue remodeling and repair in aging ovaries (9, 14, 64) (Figure 2). Thus, regulation of the balance of MΦs polarization may be a potential therapeutic strategy for reproductively aged women to restore ovarian function and fertility.

Until now, most studies on ovarian MΦs during aging are focused on animals, while human studies are still scarce, probably due to difficulties in obtaining human samples (17, 65). A recent human study has shown that in comparison to premenopausal women (30-50 years old), MΦs number was remarkably higher in ovarian stroma in women at early (55-59 years old) and late menopausal (60-85 years old) stages. These MΦs produce high levels of interleukin 16 (IL-16), a pro-inflammatory and chemotactic cytokine, indicative of an inflammatory role of ovarian MΦs during female aging (66). Therefore, more investigations in human models are still required to elaborate the roles of different MΦs phenotypes during ovarian aging.

Remarkably, recent studies have successfully applied single-cell RNA sequencing (ScRNA-seq) technology to transcriptomic analysis of ovaries, follicles as well as MΦs subpopulations (61, 67). Diverse methods have been further derived from ScRNA-seq, involving massively parallel single-cell RNA sequencing (MARS-seq), CEL-seq, Drop-seq, and Slide-seq (68–71). Additionally, in vivo imaging techniques, like intravital two-photon imaging and multichannel spinning-disk confocal intravital microscopy, will allow researchers to track ovarian MΦs subpopulations and investigate their polarization behaviors in real time within aging ovaries (72–74). Hence, these advanced technologies may assist an in-depth understanding of the roles of different MΦs subsets in ovarian senescence.





5 Conclusion and perspectives

Ovarian MΦs play pivotal roles in normal ovarian functions and ovarian aging. During reproductive senescence, danger signals within aged ovaries induce MΦs polarization into different M1/M2 phenotypes. Perturbation of balance of M1/M2 phenotypes in aged ovaries dictates chronic inflammatory milieu concurrent with stromal fibrosis, leading to follicular loss and ovarian dysfunction. To regulate the balance between M1 and M2 subsets might be a promising therapeutic strategy for women with advanced reproductive age. Future studies are still needed to further unravel the roles of MΦs in ovarian aging and develop a new approach to ameliorate ovarian decay.
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With the introduction of elexacaftor/tezacaftor/ivacaftor (ETI), more women with cystic fibrosis (CF) are likely to grow families. Hence, an understanding long-term safety and effects of CFTR modulators on fertile women and children while monitoring their concentrations is crucial. Here, we report on the development of an improved LC–MS/MS methodology to measure ETI concentrations in maternal and child blood and breastmilk, applied in one case of successful pregnancy of a 30-year-old woman with CF (F508del/R334W). We observed that ETI remains stable in breastmilk, is absorbed by the infant and can be detected in child plasma. Our results confirm accumulating evidence of a successful pregnancy in women treated with CFTR modulators without significant side effects on the child and provide valuable analytical procedures suitable for the post-marketing evaluation of CFTR modulators in pregnant and lactating women, as well as in their infants.
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1 Introduction

Highly effective CFTR modulator therapies, such as the triple combination of elexacaftor/tezacaftor/ivacaftor (ETI), have brought about a transformative treatment for people with cystic fibrosis (CF), significantly improving the quality and length of their lives (1, 2). Consequently, an increasing number of women living with CF are expressing the desire for pregnancy and the number of pregnancies among adults with CF is increasing. ETI and other modulators may enhance female fertility by improving physical and psychological status as well as by normalizing the cervical micro-environment (3). Although teratogenicity has not been observed in animals treated with ETI at doses routinely administered to humans (4) and accruing clinical data show no alarming signals (3), there are though concerns on the effects of chronic exposure of a fetus or an infant who may not have CF to ETI. Given the absence of clear data or guidelines, the decision to discontinue ETI during pregnancy and lactation (increasing the risk of maternal health decline) or to continue it (with uncertain fetal/newborn outcomes) remains a dilemma for both women and caregivers.

Here, we report on the development of a pioneering method for measuring the concentration of these compounds in maternal and newborn biological fluids, which we tested in one case of pregnancy of a patient with CF treated with ETI.



2 Results


2.1 Case

The proband was diagnosed at 18 years of age with CF-causing mutations (F508del/R334W), pancreatic sufficiency, and 115 mmol/L sweat Cl-concentration. Besides chronic lung colonization by Staphylococcus aureus, she had atopy and cholestasis requiring treatment with ursodeoxycholic acid (450 mg/die). She was treated at the Abruzzo regional CF center in Atri, Teramo (TE), Italy.

At the age of 31, she was prescribed ETI (Elexacaftor 100 mg/die, Tezacaftor, 50 mg/die, Ivacaftor 75 mg/die) in combination with Ivacaftor (150 mg/die) as standard of care (Kaftrio + Kalydeco, Vertex Pharmaceuticals) in association with flunisolide (Fluspiral) 125 μg 1 puff × 2/day and salbutamol 3 puff × 2/day. Anthropometric characteristics of the patient were as follows: weight = 60 kg; height = 163 cm; BMI = 22 kg/m2. Prior to ETI + Iva therapy, the sweat Cl-was 82 mmol/L and the respiratory function was moderately reduced, with a forced expiratory volume percent of predicted (FEV1pp) of 61–66, and multiple diffuse chest bronchiectasis and bronchiolectasis were deduced. She had an average of two episodes of hemoptysis/year and five infection reacutizations/year. Ultrasound scan revealed liver within normal limits with mild echogenicity. The mean total score in the Cystic Fibrosis Questionnaire Revised (CFQ-R) was 66. The six-minute walking test (6MWT) was 500 m (normal range 400–700 m).

The proband initiated ETI + Iva therapy in December 2021 had no relevant adverse side effects, with normal blood tests and negative eye exams (carried out to exclude cataract, which is reported as a side effect of ETI + Iva). Normal blood tests included the following evaluations: total blood cell count, glycemia, liver function tests (albumin, total protein, alkaline phosphatase, alanine transaminase, aspartate aminotransferase, gamma-glutamyl transferase, bilirubin, lactate dehydrogenase), prothrombin time, and pancreatic enzymes.

One month post ETI + Iva, sweat Cl-was 89 mEq/L and FEV1pp raised up to 83. Vital parameters were normal. Body weight was 62 kg, height 163 cm, BMI 23.3, CFQ-R 87, 6MWT 600 m, blood pressure (BP) 116/64 mmHg.

The proband reported had unprotected sexual intercourse with her partner for 9 years without conceiving. However, in March 2022, 3 months after the initiation of ETI + Iva therapy, she announced her pregnancy. Body weight was 64 kg, BMI 24, CFQ-R 83, 6MWT 575 m. FEV1pp was 85. Vital parameters were normal (sO2 100%, respiratory rate 88 bpm/r, BP 112/64 mmHg). Urinary pregnancy exams tested positive (serum beta hCG 14,042 mIU/mL). Gynecological examination confirmed the pregnancy, the correct embryo implant, and the presence of the gestational sac. A fibromatous uterus was reported.

Since safety data on ETI + Iva during human pregnancy were limited to few case reports (5, 6) with only a single large study on 45 pregnant American women (7) and the general recommendation was still to avoid the administration of ETI during pregnancy, we discontinued the therapy with ETI + Iva, with disclosed gravidity in accordance with the proband, and continued the general clinical evaluation regarding the patient’s respiratory and infectious state. However, her symptoms started to deteriorate as early as 1 week after discontinuation: pulmonary function declined (FEV1pp 64), cough increased, and she had a reactivation of pulmonary infection at 1 month post discontinuation (treated with cefuroxime 500 mg/every 8 h for 14 days, os). This worsening of symptoms prompted us to reinitiate therapy with ETI + Ivacaftor in May 2022 (12 weeks of gestation). CFQ-R was 74, BP 103/56 mmHg. The patient tested positive for SARS-COV-2 virus prior to the re-initiation of therapy with CFTR modulators, with generic symptoms, fever, and cough. No specific therapies were given. Echograpic exams showed a normal fetus. In July 2022, FEV1pp had raised up to 86, BP was 100/60 mmHg, and weight 63.7 kg. In January 2023, sweat Cl-was 77 mmol/L.

Pregnancy was regular. From May to July 2022, the proband underwent morphometric echography who did not show any fetal abnormality. Amniotic fluid, auxological parameters, and growth percentiles were normal. No gynecological concerns existed. The oral glucose tolerance test was negative, and the fetal growth followed the normal path. A mild hydronephrosis was suspected upon close prenatal fetal sonoanatomy (resolved at birth).

The proband completed the pregnancy regularly at week 37 + 6 by a Cesarean section. She gave birth to a healthy boy of 3.625 kg (50th percentile), 50 cm of body length (75th percentile), and 37 cm of cranial circumference (>97th percentile). Patent foramen ovale was observed for the newborn at birth. APGAR score was 9–10, and sO2 was 100%. The newborn underwent total cell count, alanine transaminase, aspartate aminotransferase, and hemogas blood test in addition to eye exam, otoemission exam, clinical exam, and renal ecograph (all negative). Sweet Cl-was 11 mEq/L and genetic screening revealed that the newborn was carrier of one F508del Cftr allele. The mother continued to breastfeed her child while continuing ETI + Iva therapy, and no significant side effects related to ETI + Iva have been observed in the child thus far.



2.2 ETI measurements

In order to assess the presence of ETI in both maternal and fetal biological fluids and mother–child passage, given the limited number of reported analytical methods (8), we developed a new rapid, sensitive, and robust quantification methodology using LC/MS–MS.

Fasting EDTA-plasma and breast milk were collected at 8 a.m., 12 h after the last Iva dose (in the evening) and before the morning administration of ETI + Iva.

The baby was 3 months old and was not breastfed 2 h prior to milk and blood collection. The mother was breastfeeding exclusively.

Samples (100 μL) were mixed with four volumes of methanol containing an internal standard (IS), consisting of 10 pg/μL (final concentration) VX 770 d-19 (Cayman Chemical Company), and precipitated by centrifugation (14,000 × g 10 min at 4°C). Ten μL of supernatants were injected into a Ultivo LC–MS–MS system (Agilent Technologies, United States) equipped with LC-1260 Infinity II HPLC (Agilent Technologies, United States). An Agilent Eclipse Plus C18 (50 × 2.1 mm, 1.8 μm) was used with a gradient of water/formic acid/acetonitrile from 55:0.1:45 to 65:0.1:35 vol/vol at 0.3 mL/min flow rate for 8 min of run. The chromatographic separation and MS/MS spectra of each compound are illustrated in Figure 1.

[image: Figure 1]

FIGURE 1
 LC–MS/MS method development for measuring ETI in biological samples. (A,B) HPLC chromatograms of VX-445, VX-661, and VX-770 spiked (0.05 ng/μL) in pooled blank human plasma or breastmilk. Proteins were removed by precipitation and samples injected (10 μL) into the C18-HPLC system. (C–E) Full product ion scan plots of VX-455, VX-661, and VX-770 obtained with MS/MS. Main transitions for each target molecules are in red. Bond cleavage sites are represented by dashed lines. Data are representative from n = 20 LC–MS/MS separate injections.


Standard curves and quality controls were obtained by spiking a pool of blank plasma and/o milk and with analytes from different batches of working solutions of VX-770, VX-661, and VX-445 (from Cayman Chemical Company). The 8-point calibration curve, ranging from 0.39 to 50 pg/μL, which included limit of quantitation, limit of detection, and method detection limit, are shown in Figure 2 and Table 1. Concentrations of VX 661, VX 770, VX 445 in mother’s plasma, breast milk, and child’s plasma are reported in Table 2.

[image: Figure 2]

FIGURE 2
 Mean calibration curves of ETI in human plasma and breast milk. Eight-point calibration curves were obtained for each an-analyte with a pool of blank plasma and/ milk spiked with 0.39–50 pg./μL of working solutions of VX-445, VX-661, and VX-770. Relative responses were calculated as ratio between area of the standard (n = 5 replicate/concentration) over that of IS.




TABLE 1 Analytical performance parameters of the ETI quantification methods.
[image: Table1]



TABLE 2 Concentrations of VX-661, VX-770, and VX-445 measured in plasma and breastmilk (mean ± SD from n = 3 separate determinations).
[image: Table2]




3 Discussion

Here, we report a case of a woman with CF who delivered a healthy, term infant while remaining on ETI therapy for most of her pregnancy. We quantified ETI in breast milk and in the child plasma.

Expression of CFTR in female reproductive organs has been established ~30 years ago by Tizzano and colleagues (9). Although the reproductive anatomy of women with CF is generally similar to that of women without CF, abnormal CFTR function can lead to increased mucus viscosity, pH imbalances, dysbiosis, and chronic inflammation that can reduce fertility. Suboptimal nutrition status and overall health conditions may also decrease the chances of becoming pregnant for some women with CF (10). With the advent of CFTR modulators, fertility of women with CF is expected to increase. Consistent with this, few cases of pregnancies shortly after the initiation of CFTR modulator therapy have been reported, and in phase 3 clinical trials with ivacaftor, ~2% of the participating women disclosed pregnancy during the study. ETI was approved by the Italian Medicine Agency (AIFA), the government’s regulatory authority, for patients with CF older than 12 years with two or a single F508del allele in July 2021 (AIFA DG. 784 and 786 07/1/2021). Hence, our case represents one of the earliest reporting a successful pregnancy in women with CF upon therapy with ETI in Italy. Given that 90% of women with CF eligible for CFTR modulators are in their childbearing age (11, 12), our results demonstrate further the timeliness of properly designed clinical studies aimed at ascertaining the basic effects of CFTR modulators on fertility, which is likely to be a growing desire for people with CF.

Our results show that ETI can pass and remain chemically stable in breast milk for a long time after intake and into infant plasma in high ng/mL ranges, confirming preclinical studies and other reports on Ivacaftor, Ivacaftor/Lumacaftor, and Tezacaftor/Ivacaftor (8), or ETI (5). Even if accruing evidence from sparse case reports and preclinical toxicity studies are reassuring on the safety of CFTR modulators, there have been cases of congenital cataracts in babies exposed to ETI in utero and during breast feeding (12). In keeping with other case reports from real-life experience, our results indicate that growth, eye, and blood tests were normal in the child exposed to ETI + Iva in utero and after birth.

The fact that CFTR modulators can pass into breast milk and be absorbed by infants can be advantageous for treating children with CF, similarly to the case in which ETI + Iva was used to intentionally treat CF-associated meconium ileus (13). Considering the concentrations measured in breast milk and the average daily intake of milk [~720 mL/day at 1 month, ~750 mL/day at 3 months, ~850 mL/day at 6 months (14)] by healthy babies, the following milk-delivered doses can be estimated: VX-661 ~ 800 μg/day, VX-445 ~ 1,000 μg/day, VX-770 ~ 700 μg/day in the first month of age; VX-661 ~ 830 μg/day, VX-4451100 μg/day, VX-770 ~ 740 μg/day at 3 months; VX-661 ~ 940 μg/day, VX-4451270 μg/day, VX-770 ~ 830 μg/day at 6 months. These data deserve clinical consideration. On the contrary, further medical aspects should be considered in the case of heterozygous children, for whom the risks of long-term side effects of CFTR modulators may outweigh the benefits associated with improved CFTR function. These aspects impose an accurate clinical monitoring of the baby’s health over the breastfeeding period. The different concentrations of VX-661 between maternal plasma and breast milk could be explained by physiologic changes in pregnancy that may alter the pharmacokinetics of this molecule. Additionally, increases in maternal body fat during pregnancy can change VX-661 distribution between plasma and breast milk. Moreover, VX-661 may undergo a more rapid metabolism compared to other compounds. Furthermore, the different ratio or percentage between child plasma and breastmilk concentrations for the three molecules could depend upon solubility and pharmacokinetics aspects.

Further studies on ETI pharmacokinetics in pregnancy will be useful to clarify these points.

The methodology, developed and employed here, represents a step forward over previous published methods (15, 16) since it allows quantification of ETI from a small amount of biological fluids, thus minimizing the impact of withdrawal procedures. It also has a linear dynamic range of pg./mL [1,000 times lower than the one reported in (16)], which enables a more precise and sensitive ETI monitoring. A detailed description of the methodology will be published separately. Thus, the present procedure can be useful for post-marketing evaluation of CFTR modulators in patients with CF, including pregnant/lactating women and their babies. At the time this report was released, the Maternal and Fetal Outcomes in the Era of Modulators (MAYFLOWER) study sponsored by the CF Foundation and CF Therapeutics Development Network is ongoing (17).

Our work has some limitations: it reports a single case and lacks a study of ETI kinetics following administration.

In conclusion, here we present one of the few cases registered in Italy of successful delivery upon therapy with ETI without adverse pregnancy outcomes and post birth abnormalities, thus contributing to the continuous data on the use of ETI in pregnant and breast-feeding women, which adds a crucial wealth of knowledge in the absence of large clinical studies. We also present the development and use of a LC–MS/MS method for quantifying ETI in human biological fluids, which can be valuable in clinical laboratories for directing medical decisions.



4 Patient perspective

From the patient and CF community perspective, this case highlights that spontaneous conception and pregnancy are possible in female with CF treated with ETI, and urges more women to participate in a large clinical trial to better understand the long-term effects of ETI on the health of the newborn.
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Changes of uterocervical angle and cervical length in early and mid-pregnancy and their value in predicting spontaneous preterm birth
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Objective: To explore the feasibility of transvaginal ultrasound measurement of uterocervical angle (UCA) and cervical length (CL) in early and mid-pregnancy and evaluate their combined prediction of spontaneous preterm birth (sPTB) in singleton pregnancies.
Patients and Methods: This retrospective study comprised 274 pregnant women who underwent transvaginal ultrasound measurement of CL in mid-pregnancy (15–23+6 weeks); in 75 among them, CL also had been measured in early-pregnancy (<14 weeks). These 274 pregnant women were further divided into a preterm group (n = 149, <37 weeks gestation) and a control group (n = 125, >37 weeks gestation) according to delivery before or after 37 weeks, respectively. In the preterm group, 35 patients delivered before 34 weeks and the remaining 114 delivered between 34 and 37 weeks.
Results: The optimal threshold of CL to predict preterm birth risk in women with <37 weeks gestation was 3.38 cm, and the optimal threshold of the UCA to predict preterm birth risk in the same group of women was 96°. The optimal threshold of CL to predict preterm birth risk in women with <34 weeks gestation was 2.54 cm, while that of the UCA in the same group of patients was 106°. The area under the curve for predicting preterm birth by combining the UCA and CL measurements was greater than that by using the UCA or CL alone (p < 0.01). The sensitivity and specificity for predicting preterm birth at <34 weeks gestation was 71.7% and 86.4%, respectively; and the sensitivity and specificity for predicting preterm birth at <37 weeks gestation was 87.6% and 80.6%, respectively. The difference between the two groups in CL and UCA were not significant in early pregnancy (p > 0.01), but only in mid-pregnancy (p < 0.01). There was a negative correlation between UCA and gestational week at delivery (r = −0.361, p < 0.001) and a positive correlation between CL and gestational week at delivery (r = 0.346, p < 0.001) in mid-pregnancy. The proportion of deliveries at <34 weeks was highest when the UCA was >105°, and the proportion of deliveries between 35 and 37 weeks was highest when the UCA was between 95° and 105°. The proportion of deliveries at <34 weeks was highest when the CL was <2.5 cm.
Conclusion: The combination of UCA and CL has a better ability to predict preterm birth than either measurement alone. A more obtuse UCA or a shorter CL is associated with an earlier spontaneous preterm birth. The UCA increases from early to mid-pregnancy, while the CL decreases from early to mid-pregnancy.
Keywords: cervical length, uterocervical angle, spontaneous preterm birth, transvaginal ultrasound examination, early and mid-pregnancy
1 INTRODUCTION
According to global statistics, more than one-tenth (15 million) of infants are born prematurely every year (Blencowe et al., 2012), and about 1 million infants die from complications of preterm birth (Perin et al., 2022). It is reported that approximately 75% of these deaths could be avoided by timely intervention measures (Iams et al., 2008). According to the gestational week of preterm birth, it can be divided into the following types: extremely preterm birth occurring before 28 weeks, accounting for about 5%, severe preterm birth occurring between 28 and 31 weeks, accounting for about 15%, moderate preterm birth occurring between 32 and 33 weeks, accounting for about 20%, and near-term birth occurring between 34 and 36 weeks, accounting for 60%–70% (Goldenberg et al., 2008). Therefore, early identification of pregnant women at risk of preterm birth is critical, which can provide them with timely follow-up and treatment (Cunningham et al., 2014).
Currently, the techniques for diagnosing risk of preterm birth include the patient’s history of preterm birth; transvaginal ultrasound; clinical signs including uterine contractions, vaginal bleeding, uterocervical angle (UCA) and cervical length (CL) (McCarty-Singleton and Sciscione, 2012). During pregnancy and delivery, the cervical tissue undergoes a series of cervical remodeling behaviors such as softening and increased compliance, which enables the cervix to better adapt to the gravity of pregnancy tissue and fetal delivery (Myers et al., 2015). Therefore, the cervix is considered an anatomical marker of the potential pathological process leading to spontaneous preterm birth (Wendy and Katherine, 2011), and transvaginal ultrasound measurement of CL or UCA has been applied in the clinical prediction of preterm birth (Dziadosz et al., 2016). However, Hiersch et al. (2016) analyzed 1,068 pregnant women at high risk of preterm birth in mid-pregnancy and found that a simple CL measurement of <3 cm could not really predict preterm birth with good specificity. Given that the measurement of UCA is closely related to factors such as gestational week, patient ethnicity, and medical history, which leads to differences in the optimal cut-off point judgment among various studies, the international range of UCA for predicting preterm birth is between 95° and 115°(Dziadosz et al., 2016; Farràs Llobet et al., 2017). There are only few studies on the optimal cut-off segment of UCA for Chinese people (Shi et al., 2018). At present, limited literature exists on the analysis of spontaneous preterm birth prediction by combining CL and UCA in a multivariate regression model in mid-pregnancy and the relationship between gestational period (early pregnancy vs. mid-pregnancy) and preterm birth. We hope that our research data can further supplement this field of study.
2 MATERIALS AND METHODS
2.1 Subjects
A retrospective study was conducted among 30,039 pregnant women who delivered at Shenzhen Baoan Women’s and Children’s Hospital from January 2021 to March 2023. Of these, 1,865 were born prematurely with a rate of 6.2%. Out of 1865, 149 persons who had mid-trimester CL measurements were selected as the experimental group. Age and height and weight matched 125 full term deliveries were used as controls. The study was approved by the ethical review board of our hospital.
Inclusion criteria: (1) clear and excellent cervical images; (2) complete clinical data.
Exclusion criteria: (1) multiple pregnancies; (2) congenital fetal malformations; (3) premature rupture of membranes; (4) uterine malformations.
2.2 Measurement of CL and UCA
In this retrospective study, the sample measurement was performed by several attending ultrasound physicians with >5 years’ relevant work experience, who measured the CL. Patients were examined using a GE Voluson E8 color Doppler ultrasound diagnostic instrument with RIC5-9-D probe. The Frequency range is 4.55MHz–8.33 MHz. The patients were placed in the lithotomy position after emptying the bladder, and the CL were measured. The specific operation method was as follows: The vaginal ultrasound probe was covered with a medical disposable condom. To minimize acoustic impedance, the inner and outer layers of the condom are coated with medical sterile coupling agent. The probe was slowly moved to the vault of the vagina, and images of the lower segment of the uterus and the internal and external ora of the cervix were obtained. The cervical image occupied two-thirds of the whole image. The CL was measured by the internal and external ora of the cervix on the sagittal plane of the cervix (Kagan and Sonek, 2015) (Figure 1). ImageJ software was used by an attending ultrasound physician with more than 5 years of work experience to measure the UCA on the previously stored cervical image again, and repeated 3 times to obtain the average value. The angle between the lower segment of the uterus and the internal and external os of the cervix was considered the UCA (Sawaddisan et al., 2020) (Figure 2).
[image: Figure 1]FIGURE 1 | (A) Time of delivery <34 weeks, CL is 2.44 cm (gestation time: 23 weeks 5 days). (B) Time of delivery between 34 and 37 weeks, CL is 3.32 cm (gestation time: 23 weeks). (C) Time of delivery >37 weeks, CL is 3.6 cm (gestation time: 20 weeks 2 days).
[image: Figure 2]FIGURE 2 | The measurement of uterocervical angle (UCA). UCA was calculated as the angle between two lines. The first line was drawn between the internal (I) and external ostium (os) (E). The second line was drawn 3 cm parallel to the lower aspect of the anterior inner uterine wall passing through the end of the first line at the internal os. (A) Time of delivery <34 weeks, UCA 124° (gestation time: 23 weeks and 5 days). (B) Time of delivery between 34 and 37 weeks, UCA 102° (gestation time: 17 weeks). (C) Time of delivery >37 weeks, UCA 91° (gestation time: 17 weeks 1 day).
2.3 Statistical analysis
Data analysis was performed using R version 4.2.3 (Shortstop Beagle), count data were expressed as frequency (percentage), comparison between groups was performed by chi-square test, If the theoretical frequency was relatively small, Fisher’s exact test was used. Measurement data were tested for normality and homogeneity of variance. If variables showed normal distribution and homogeneity, they were expressed as mean ± standard deviation, and t-test was used for intergroup comparison. Otherwise, they were expressed as the median (interquartile range), and independent sample Wilcoxon rank sum test was used for intergroup comparison. In this study, we used linear regression to analyze the relationship between cervical angle, cervical length and weeks of labor, and logistic regression to develop a predictive model for the risk of preterm birth. The area under the receiver operating characteristic (ROC) curve (AUC) and its 95% Confidence interval (CI) were calculated. Comparisons of AUC were made using the delong test. If the AUC was >0.5 and the difference was significant compared with 0.5, the diagnostic index was considered to have some diagnostic value. The point on the ROC curve where the Jordon index (sensitivity + specificity-1) was greatest was used as the cut-off point. p < 0.05 was considered statistically significant, and all tests were two-sided.
3 RESULTS
3.1 General data
There was no statistical significance in the comparison of pre-pregnancy BMI, prenatal BMI, female fetus, prior artificial abortion, hypertensive disorder, prior ectopic, anemia, thyroid disease and prior spontaneous abortion between the two groups. However, there were significant differences with respect to age, delivery week, fetal weight, in vitro fertilizer, diabetes, cesarean delivery repeat (p < 0.05) (Table 1)
TABLE 1 | Demographic data.
[image: Table 1]3.2 Changes of UCA and CL in early and mid-pregnancy
From early to mid-pregnancy, the UCA increased and the CL shortened. There was no significant statistical difference in the CL and UCA between the two groups in early pregnancy. Spearman’ correlation coefficient between the UCA and CL in early pregnancy was 0.06 (p = 0.608), and there was no correlation between the changes of the two variables. However, the CL was shorter and the UCA was larger in the preterm group in mid-pregnancy. Spearman’s correlation coefficient between the UCA and CL was −0.517 (p < 0.001) (Table 2).
TABLE 2 | Test characteristics of the UCA and CL for the prediction of sPTB.
[image: Table 2]3.3 The relationship between UCA and CL in mid-pregnancy and gestational week at delivery
There was a negative correlation between UCA in mid-pregnancy and gestational week at delivery (r = −0.361, p < 0.001) (Figure 3A), and a positive correlation between CL in mid-pregnancy and gestational week at delivery (r = 0.346, p < 0.001) (Figure 3B).
[image: Figure 3]FIGURE 3 | Regression analysis: (A). Plot of UCA in relation to the week of labor in the middle trimester There was a negative correlation between the UCA in mid-pregnancy and gestational week at delivery (r = −0.361, p < 0.001).
3.4 Distribution of UCA and CL in different delivery gestational weeks
In Tables 3, 4, it can be seen that the proportion of deliveries that happened <34 weeks was highest when the UCA was greater than 105°, and the proportion of deliveries between 35 and 37 weeks was highest when the UCA was between 95° and 105°. The proportion of deliveries <34 weeks was highest when the CL was <2.5 cm.
TABLE 3 | Distribution of sPTB (at < 37 weeks) and term births in women according to uterocervical angle (UCA).
[image: Table 3]TABLE 4 | Distribution of sPTB (at < 37 weeks) and term births in women according to cervical length (CL).
[image: Table 4]3.5 Analysis of the efficacy graph of CL and UCA for predicting spontaneous preterm birth
In Figure 4A of the efficacy graph of CL and UCA for predicting spontaneous preterm birth, it can be seen that the area under the ROC curve (AUC) for predicting preterm birth (<34 weeks) by CL was 0.726 (0.633–0.819). The threshold value was 2.54 cm, corresponding to a sensitivity, specificity, positive predictive value, and negative predictive value of 42.9%, 91.7%, 42.9%,91.7%, respectively. The AUC for predicting preterm birth (<34 weeks) by UCA was 0.837 (95% confidence interval [CI]: 0.757–0.917), and the threshold value was 106°, corresponding to a sensitivity, specificity, positive predictive value, and negative predictive value of 71.4%, 83.1%, 37.9%, and 95.3%, respectively. The AUC for predicting preterm birth (<34 weeks) by combining the CL and UCA was 0.85 (0.773–0.927), and the sensitivity, specificity, positive predictive value, and negative predictive value were 71.4%, 86.4%, 43.1%, and 95.4%, respectively.
[image: Figure 4]FIGURE 4 | Receiver operating characteristic curves of evaluating UCA, CL, and gestational age at delivery (A). UCA and CL for sPTB <34 weeks, (B). UCA and CL for sPTB <37 weeks.
In Figure 4B of the efficacy graph of CL and UCA for predicting spontaneous preterm birth, it could be observed that the optimal threshold for predicting preterm birth risk (<37 weeks) by CL was 3.38 cm, with an AUC of 0.892 (0.851–0.932), and the sensitivity, specificity, positive predictive value, and negative predictive value were 93.5%, 75%, 82.2%, and 90.3%, respectively. The optimal threshold for predicting preterm birth risk (<37 weeks) by UCA was 96°, with an AUC of 0.883 (0.843–0.922). The sensitivity, specificity, positive predictive value, and negative predictive value were 87.6%, 80.6%, 84.8% and, 80.4%, respectively. The AUC for predicting preterm birth risk (<37 weeks) by combining the UCA and CL was 0.942 (0.914–0.969), and the sensitivity, specificity, positive predictive value, and negative predictive value were 85%, 91.1%, 92.2%, and 83.1%,respectively.
3.5.1 Statistical analysis of AUC
For preterm birth occurring <34 weeks of gestation, the combination of UCA and CL predicted preterm birth better than CL alone, with a statistically significant difference (p < 0.01). The UCA predicted preterm birth better than CL, with a statistically significant difference (p < 0.01). The efficacy of predicting preterm birth by combining UCA and CL was the same as that by UCA alone, with no statistical significance (p > 0.01) (Figure 4A; Table 5).
TABLE 5 | Statistical analysis of area under the curve (AUC) in Figure 3A, B.
[image: Table 5]For preterm birth occurring <34 weeks of gestation, a combination of UCA and CL predicted preterm birth better than either of these two indicators alone, with a statistically significant difference (p < 0.01). The efficacy of predicting preterm birth by UCA and CL was the same, with no statistical significance (p > 0.01) (Figure 4B; Table 5).
4 DISCUSSION
This study showed that the combination of UCA and CL had the best effect in predicting preterm birth according to the efficacy graph. As pregnancy progressed from early to mid-stages, the UCA increased significantly and the CL shortened significantly in the preterm group. A more obtuse UCA or shorter CL was associated with a more premature spontaneous preterm birth.
Previous studies by Dziadosz et al. (Dziadosz et al., 2016) showed that the optimal threshold for CL was 2.5 cm with a specificity and negative predictive value of 98% and 96%, respectively, when preterm birth occurred<34 weeks. Comparing only single indicators, they also shows UCA was a better predictor of preterm labor than CL in predicting spontaneous preterm birth <34 weeks. Our conclusion was consistent with theirs. We found that the efficacy of UCA was greater than that of CL in predicting preterm birth <34 weeks, which was consistent with Rasha E. Khamees (Khamees et al., 2022) and Dziadosz et al.‘s (Dziadosz et al., 2016) studies. This suggests that our results are reproducible. Our optimal threshold for predicting preterm birth by UCA was consistent with the studies of Dziadosz et al. (2016) and Kumar et al. (Kumar et al., 2022), but our specificity was the highest. The specificity was 83.1% and the specificity was 80.6%, which indicates that our research results had the greatest ability to screen out patients who were not preterm, and strengthened the previous research results of Dziadosz et al. (Dziadosz et al., 2016) and Kumar et al. (Kumar et al., 2022).
The optimal threshold for CL was 3.38 cm, which was the same as that obtained by Luechathananonr et al. (2021), When preterm birth occurred<37 weeks. This is likely because our population was a predominantly Asian population, and the literature suggests that the CL of pregnant Asian women was different from that of Western women, which may be related to body mass index (BMI), height, and/or ethnicity. However, comparing single indicator alone, Luechathananonr et al. (2021) reported CL had more advantages than UCA in predicting spontaneous preterm birth<37 weeks.Our research shows UCA has no advantage over CLfor predicting spontaneous preterm labor <37 weeks. Either one of them is a good predictor of preterm labor <37 weeks.This result conflicts with Luechathananonr et al., which we will investigate further later.
In addition to drawing the above conclusions, our study also showed that the combination of UCA and CL had application and promotion value in screening our pregnant women who may have preterm birth.
Dziadosz et al. (Dziadosz et al., 2016) also concluded that the efficacy of predicting preterm birth by combining UCA and CL (including <37 weeks and <34 weeks) was higher than that by single indicators. However, their study did not provide the specific AUC value, rather they only calculated the specificity and negative predictive value. In our study, we calculated not only the sensitivity, specificity, positive predictive value, and negative predictive value but also the specific AUC value of the ROC curve. Hence, we believe our results are more complete and clinically meaningful.
We analyzed that as the pregnancy progressed from early to mid-stages, the UCA increased significantly and the CL shortened significantly in the preterm group. Spearman’s correlation coefficient between the UCA and CL in mid-pregnancy was −0.517 (p < 0.001), which was similar to Dziadosz et al.‘s study (Dziadosz et al., 2016) (correlation coefficient: −0.05 [p < 0.05]) and Kumar et al.‘s study (correlation coefficient: −0.264 [p < 0.001]), (Kumar et al., 2022),suggesting that the UCA increased significantly while the CL decreased significantly. According to Sochacki-Wojcicka et al. (2015) and House et al. (House et al., 2013), the cervix bears pressure from the surrounding pelvic organs and increased uterine gravity and load during pregnancy. An acute angle of the cervix can buffer these loads transmitted to the cervix, maintaining normal morphology of the cervix. An obtuse UCA may transmit these loads to the cervix, causing dilation of the cervical canal, leading to preterm birth. At the same time, Dziadosz et al. (Dziadosz et al., 2016) also pointed out that the same force acting on a blunt cervical canal may more likely cause the cervical canal to open. Therefore, the UCA changes from an acute angle in early pregnancy to an obtuse angle in mid-pregnancy, leading to preterm birth. However, the UCA of pregnant women who delivered at term remained acute from early to mid-pregnancy. This is because the acute angle forms a “inverted triangle support” in the lower segment of the uterus to support the pressure from the top, thus reducing the pressure and maintaining its normal shape (Yao et al., 2014; Yoshida et al., 2014). In this study, the change of CL length in early pregnancy was consistent with that of Thain et al. (2020), who found that there was no statistical significance in the change of CL in early pregnancy in the Asian population. However, in mid-pregnancy (18–22 weeks), the CL of the preterm group was lower than that of the control group, which was also similar to the study by Shi et al. (Shi et al., 2018). The CL of the preterm group was relatively shorter than that of the term group (3.09 cm vs.3.78 cm). There was no significant statistical difference in the UCA in early pregnancy. We speculate that the underlying mechanism is that in early pregnancy, the weight of the uterus is not large, and the cervix bears relatively less load, so the cervical function remains normal. With fetal growth, the load on the uterus increases, and at the same time, the smooth muscle or elastic fiber of the cervix reduces that, in turn, reduces cervical compliance, and resists deformation caused by collagen fiber disorder and a 5% increase in the water content. The cervix of preterm patients softens prematurely, leading to cervical shortening (Myers et al., 2009; House et al., 2013).
Our study reviewed not only the previous studies on UCA and CL in mid-pregnancy but also studies on UCA and CL in early pregnancy and compared the changes in these two stages. By studying these two stages of UCA and CL, we found that when pregnant women’s UCA changed from acute angle in early pregnancy to obtuse angle in mid-pregnancy, we should be alert to preterm birth. We observed that there was no significant statistical difference in CL and UCA between the two groups in early pregnancy. The UCA of pregnant women at this stage was acute and the CL was greater than 3.37 cm. Spearman’s correlation coefficient between the UCA and CL in early pregnancy was 0.06, p = 0.608, indicating that there was no correlation between the changes of these two variables. T here was no regularity in early pregnancy, and cervical softening started from mid-pregnancy (Iams et al., 1996). Therefore, we speculate that there is no difference in the softness and toughness of the cervix among all pregnant women at this stage, and there is no deformation and remodeling. This conclusion is partly consistent with Conoscenti et al. (2003), whose study showed that measuring CL in early pregnancy had no significance for predicting preterm birth. We think that measuring CL alone in early pregnancy has no significance, rather it needs to be analyzed together with CL in mid-pregnancy.
This study has some limitations. First, this was a retrospective study, and the subjects were singleton pregnant women with gestational age <25 weeks, which may have led to selection bias. Second, there were very few samples of patients who had both CL and UCA measurements in both early and mid-pregnancy. In the future, we plan to conduct prospective studies and increase the sample size of patients who have both cervical examinations in both stages of pregnancy. Finally, this study was a single-center study, and the optimal cut-off value selected may not be representative enough.
In summary, measuring the UCA combined with CL is more accurate than measuring the CL or UCA alone for predicting preterm birth risk, which is worthy of further investigation and clinical application. If transvaginal ultrasound shows that CL is short especially less than 2.48 cm or the UCA is obtuse, especially larger than 106° in mid-pregnancy, clinicians should be alerted to a high risk of preterm birth less than 34 weeks.
5 SCOPE STATEMENT
We believe that our study is a significant contribution because we identified the combination of uterocervical angle (UCA) and cervical length (CL) has a better ability to predict preterm birth than cervical length or uterocervical angle alone. A more obtuse uterocervical angle or a shorter cervical length is associated with an earlier spontaneous preterm birth. The uterocervical angle increases from early to mid-pregnancy, while the cervical length decreases from early to mid-pregnancy. Further, we believe that this paper will be of interest to the readership of your journal because it matches your researches topics about aging in female infertility and pathologic pregnancy.
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Purpose

This study aims to investigate the relationship between the total muscle-to-fat ratio (tMFR) and female urinary incontinence (UI), determine whether tMFR can serve as a useful index for predicting UI, and identify factors that may influence this relationship.





Methods

We retrospectively analyzed data from 4391 adult women participating in the National Health and Nutrition Examination Survey (NHANES) conducted between 2011 and 2018. The correlation between tMFR and UI was examined using a dose-response curve generated through a restricted cubic spline (RCS) function, LASSO and multivariate logistic regression. Furthermore, predictive models were constructed incorporating factors such as age, race, hypertension, diabetes, cotinine levels, and tMFR. The performance of these predictive models was evaluated using training and test datasets, employing calibration curves, receiver operating characteristic curves, and clinical decision curves. Mediation effects were also analyzed to explore potential relationships between tMFR and female UI.





Results

In a sample of 4391 adult women, 1073 (24.4%) self-reported experiencing UI, while 3318 (75.6%) reported not having UI. Based on the analyses involving LASSO regression and multivariate logistic regression, it was found that tMFR exhibited a negative association with UI (OR = 0.599, 95% CI: 0.497-0.719, P < 0.001). The results from the restricted cubic spline chart indicated a decreasing risk of UI in women as tMFR increased. Furthermore, the model constructed based on logistic regression analysis demonstrated a certain level of accuracy (in the training dataset: area under the curve (AUC) = 0.663; in the test dataset: AUC = 0.662) and clinical applicability. The mediation analysis revealed that the influence of tMFR on the occurrence of UI in women might potentially occur through the blood index lymphocyte count (P = 0.040).





Conclusion

A high tMFR serves as a protective factor against UI in women. Furthermore, lymphocyte might be involved in the relationship between tMFR and female UI.





Keywords: total muscle-to-fat ratio, urinary incontinence, logistic regression analysis, predictive model, lymphocyte count





Introduction

An individual experiencing urinary incontinence (UI) involuntarily leaks urine for various reasons (1). It is more prevalent in women (2) and has adverse effects on the female population (3), including their careers and family life. UI can be categorized into three types: stress urinary incontinence (SUI), urge urinary incontinence (UUI), and mixed urinary incontinence (MUI) (4). An illustrative instance is SUI, which refers to involuntary urine leakage during physical activities, sneezing, or coughing. UI is linked to age, obesity, and childbirth (5, 6). According to surveys, the incidence of SUI in the female population can be as high as 24.8% (7), significantly impacting social engagements, mental well-being, and sexual function (3, 8), and adding to the economic and medical burdens for patients to a certain extent (9).

As individuals age and their physical activity decreases, sarcopenia becomes more prevalent. Sarcopenia entails both functional and mass loss in skeletal muscles (10). There’s evidence indicating that obesity escalates the risk of urinary incontinence (11), and the body mass index (BMI) stands as the primary measure of obesity. However, BMI fails to identify a substantial portion of individuals with high body fat content (12) as it doesn’t differentiate between abdominal obesity and age-related obesity. More critically, BMI doesn’t distinguish between the relative quantities of muscle and fat. Research indicates that the muscle-to-fat ratio (MFR) can serve as a biomarker for chronic kidney disease (13). While managing weight and achieving weight loss can effectively decrease the frequency and severity of urinary incontinence in women (14), diminishing body fat and augmenting muscle mass are pivotal for UI prevention. Nonetheless, it remains uncertain whether the MFR can be employed as a predictor of UI in women.

No previous study has explored the correlation between the prevalence of UI in women and the total muscle mass divided by the total body fat mass (tMFR), as assessed by dual-energy x-ray absorptiometry (DXA). Hence, we utilized data from participants within the National Health and Nutrition Examination Survey (NHANES) database to investigate whether tMFR could serve as an indirect radiological predictor for the prevalence of UI in women. Our objective is to offer novel insights into female UI prevention strategies.





Materials and methods




Study population

NHANES is a research program designed to assess the health and nutritional status of adults and children in the United States. It integrates interviews and physical examinations, with a focus on various populations and health topics. The diseases investigated by NHANES are diverse and encompass various systems. The program primarily relies on health interviews. The research team includes physicians, medical and health technicians, as well as diet and health interviewers. NHANES is structured to facilitate and incentivize participation, and all participants receive compensation and medical outcome reports. All data collected during the survey are held in strict confidentiality. NHANES obtains informed consent and ethical approval from all participants. The NHANES survey utilized a computer-assisted personal interview system conducted by trained medical personnel. Information on age, race, education, and disease status was obtained through a professional home questionnaire. Body measurements were taken during medical examinations at mobile medical screening centers. Blood samples were collected and quality controlled for all participants except for the very young. For more information about the database, please visit the website https://www.cdc.gov/nchs/nhanes.

In this study, we utilized questionnaire and survey data from NHANES for four consecutive periods (2011-2012, 2013-2014, 2015-2016, and 2017-2018) in a retrospective analysis. Throughout this eight-year timeframe, a cumulative total of 39,196 individuals took part in the NHANES survey, out of which 34,765 were excluded from our study. The inclusion and exclusion criteria for this study were: i) exclusion of male participants, 19,308; ii) exclusion of participants missing information on the UI questionnaire, 9,877; iii) exclusion of participants missing information on total body fat weight, 4,916; iv) exclusion of participants missing information on educational level and family income to poverty ratio, 381; and v) exclusion of participants missing information on history of hypertension, history of diabetes mellitus and blood urea nitrogen, 283. Supplementary Figure 1 illustrates our screening process. Following the screening criteria, a total of 4,391 women were included in this study.





Definition of the tMFR

In this study, our aim was to investigate whether tMFR could serve as a physical measurement for predicting UI in women. tMFR is computed by dividing the total body muscle mass by the total body fat mass. Both total body muscle mass and total body fat mass can be quantified using DXA. DXA’s quality control measures include equipment calibration and field inspection observations. Site visits by NCHS staff, subject matter experts from collaborating agencies, and component-specific contract technical consultants were done throughout the year to monitor staff performance as part of quality assurance. Periodic retraining sessions were conducted with the MEC staff. The rigorous schedule of quality control scans provided continuous monitoring of machine performance. The expert review procedures helped to ensure that scan analysis was accurate and consistent. In accordance with the NHANES measurement protocol, the exclusion criteria for DXA are as follows: 1) Pregnancy (confirmed through a positive urine pregnancy test and/or self-report); 2) Self-reported history of recent use of radiographic contrast media (such as barium) within the past 7 days; 3) Self-reported weight exceeding 450 lb or height surpassing 1.75 m.





Assessment of UI

The outcome variable in this study was female UI, diagnosed by the Kidney Conditions-Urology section of the NHANES database. Participants who responded “yes” to any of the following three questions were categorized as having UI: “In the past 12 months, have you experienced any leakage or loss of control of even a small amount of urine during activities such as coughing, lifting, or exercising?”; “In the past 12 months, have you experienced any leakage or loss of control of even a small amount of urine when experiencing an urge or pressure to urinate and were unable to reach a toilet quickly enough?”; “In the past 12 months, have you experienced any leakage or loss of control of even a small amount of urine without engaging in activities such as coughing, lifting, or exercising, or without experiencing an urge to urinate?”.





Other covariates

The study also included the following confounding factors, including age, race (Spanish white, non-Hispanic black, Mexican United States, other Hispanic, and other), education (less than 9th grade, 9-11th grade, high school graduate/GED or equivalent, some college or AA degree, and college graduate or higher), marital status (married, widowed, divorced, separated, never married, and living with a partner), family income-to-poverty ratio, history of hypertension, history of diabetes mellitus, vigorous leisure activities, moderate leisure activities, blood urea nitrogen, creatinine, and cotinine. Hypertension and diabetes were diagnosed based on tests performed by a professional physician or self-reported history of hypertension/diabetes. “Do you do any vigorous-intensity sports, fitness, or recreational activities that cause a large increase in breathing or heart rate, such as running or basketball for at least 10 minutes continuously?”, “Do you do any moderate-intensity sports, fitness, or recreational activities that cause a small increase in breathing or heart rate, such as brisk walking, bicycling, swimming, or golf for at least 10 minutes continuously? Serum cotinine levels are a measure of the prevalence and extent of tobacco use, and blood concentrations can be used as markers of active smoking and exposure to second-hand smoke.





Statistical analysis

To further assess the predictive value of tMFR for the risk of UI in women, we first used LASSO regression (15) to screen for relevant variables and then constructed a nomogram (16) predictive model using P < 0.05 indicators in multivariate logistic regression. We randomly selected 50% of the participants to form a training dataset, and receiver operating characteristic (ROC) curves (17), calibration curves, and decision curve analysis (DCA) curves (18) were used to evaluate the nomograms predictive model. The remaining 50% of participants form an internal validation set to validate the model. In addition, mediation effect was applied to explore the internal mechanism between tMFR and female UI.

The variables used in this study include both continuous and categorical variables. The mean ± standard deviation (SD) is used for continuous variables that follow a normal distribution, the median (upper and lower quartiles) is used for continuous variables that do not follow a normal distribution, and proportions are used for categorical variables. In this study, the chi-squared test is used for statistical difference analysis of categorical variables. We used logistic regression to estimate the odds ratio (OR) and 95% confidence interval (CI) between tMFR and the risk of UI in women and visualized using the ‘forester’ package. In addition, dose curves were used to show the dose-response relationship between tMFR and UI in women. Statistical analyses were performed using SPSS (version 24.0) and R (version 4.2.3) software, and graphs were created using R (version 4.2.3) and Adobe Illustrator (version 26.0) software. P<0.05 (two-sided) was considered statistically significant.






Results




Participant characteristics

The study included 4391 women who met the criteria in the NHANES database from 2011 to 2018. The baseline clinical characteristics of all participants are shown in Supplementary Table 1, with 1073 (24.4%) self-reporting UI and 3318 (75.6%) without UI. We then assessed the clinical characteristics of all women using chi-squared tests, including variables such as age (P < 0.001), race (P < 0.001), education level (P < 0.001), marital status (P < 0.001), household income (P < 0. 001), hypertension (P < 0.001), diabetes mellitus (P < 0.001), vigorous leisure time activity (P < 0.001), moderate leisure time activity (P = 0.002), blood urea nitrogen (P < 0.001), creatinine (P = 0.006), cotinine (P = 0.001) and tMFR (P < 0.001). We found that the average age of UI patients was 46 years, and women who did not engage in leisure activities were more likely to develop UI.





Relationship between tMFR and female UI

We further analyzed the relationship between tMFR and UI. We used LASSO regression to screen 4391 participants for variables. According to Figure 1, age, marital status, household income and poverty ratio, hypertension, diabetes, intensive leisure time activity, moderate leisure time activity, blood urea nitrogen, cotinine and tMFR were the variables screened by LASSO regression. Multivariate logistic regression analysis (Figure 2A) was performed using the above indicators to obtain age (OR = 1.037, 95%CI = 1.029-1.045, P < 0.001), marital status (OR = 1.087, 95%CI = 1.044-1.131, P < 0.001), household income and poverty ratio (OR= 0.937, 95% CI, 0.893-0.983, P= 0. 008), diabetes mellitus (OR = 1.378, 95%CI = 1.079-1.755, P = 0.010), blood urea nitrogen (OR = 1.017, 95%CI = 1.000-1.034, P = 0.047), cotinine (OR= 1. 001, 95%CI, 1.000-1.002, P= 0.003) and tMFR (OR = 0.599, 95%CI: 0.497-0.719, P < 0.001) were strongly associated with the prevalence of UI in women. In addition, we used the dose curve in the restricted cubic spline (RCS) plot (19) to analyze the dose-response relationship between tMFR and UI in women. Figure 2B showed that the risk of UI in women decreased with increasing tMFR, which was inversely related.




Figure 1 | LASSO regression results for age, race, education level, marital status, ratio of family income to poverty, hypertension, diabetes, vigorous recreational activity, moderate recreational activity, blood urea nitrogen, creatinine, cotinine levels, and tMFR versus female UI for all participants.






Figure 2 | (A) Results of a multivariate logistic regression analysis of age, marital status, household income to poverty ratio, hypertension, diabetes, vigorous recreational activity, moderate recreational activity, blood urea nitrogen, cotinine levels, and tMFR in all participants and prevalence of UI in women; (B) Dose-response relationship between tMFR and female UI.







Model development and validation

According to the results of multivariate logistic regression, we randomly selected 50% of the participants as the training dataset and the remaining 50% as the internal test dataset. We constructed a nomogram to predict the risk of UI in women based on the training dataset (Figure 3). To verify the predictive performance of the nomogram model in the test dataset, we used the calibration curve as a calibration tool to evaluate the accuracy of the nomogram model. Figures 4A, D showed the calibration of the training and test datasets. The predicted risk of UI in women is highly consistent with the actual observed results, indicating that the calibration effect of the nomogram is significant. Figures 4B, E showed the ROC results for the training and test datasets, with an area under the curve (AUC) of 0.663 (0.636-0.690) and 0.662 (0.636-0.689), respectively. Those indicated that the constructed model is highly accurate in predicting the UI in women. Finally, we evaluated the clinical value of the nomogram in predicting the risk of UI in women using DCA curves. Figures 4C, F showed that patients could benefit from the predicting model.




Figure 3 | Nongram predicting the risk of UI in women were calculated by scoring each numerical level for age, marital status, household income to poverty ratio, diabetes, blood urea nitrogen, cotinine levels, and tMFR for all participants.






Figure 4 | Evaluation of the model. (A) a calibration curve of the model constructed from the training set; (B) ROC curve of the model constructed from the training set; (C) DCA curve of the model constructed from the training set; (D) Calibration curve of the model constructed from the internal test set; (E) ROC curve of the model constructed from the internal test set; (F) DCA curve of the model built from the internal test set.







Mediation effect analysis

The above results lead to the conclusion that tMFR is negatively associated with female UI, so we analyzed the potential mechanism between them by using mediation effects. A community health study found a significant association between C-reactive protein levels and UI in women (20). Additionally, several clinical studies have demonstrated a potential role for inflammation in female overactive bladders (21, 22). It is likely that inflammatory cytokines play a key role in the regulation of connexin expression and the pathogenesis of bladder dysfunction (23, 24). Therefore, blood white blood cells (WBC), the most common indicator of inflammatory conditions, were used to mediate the effect. The mediating variables included blood WBC, lymphocytes (LYM), monocytes (PBMC), neutrophils (GRAN), and eosinophils (E). The results of the mediation analysis are shown in Figure 5 and Supplementary Figure 2. It is concluded that tMFR may affect female UI through the mediating variable LYM (P=0.040).




Figure 5 | Analysis of the mediating effect between tMFR and female UI. Peripheral blood lymphocytes mediated the association between tMFR and UI in women (IE= -0.007; 95%Cl: -0.012 to -0.003; P=0.040).








Discussion

UI is a prevalent condition in women, significantly impacting their quality of life and mental well-being. In severe cases, it can also elevate the risk of falls and fractures (25, 26). Research has highlighted the close connection between UI and disruptions in homeostasis, making health-related indicators potential predictors of UI risk (27). The tMFR serves as an indirect marker of human health. However, it remains uncertain whether it correlates with female UI within a domestic context and whether it can anticipate the risk of female UI. In light of this uncertainty, the present study conducted a comprehensive analysis using a large sample derived from nationally representative NHANES data. The findings revealed a negative correlation between tMFR and female UI. Moreover, the model constructed based on tMFR demonstrated some predictive efficacy. Consequently, tMFR emerges as a crucial factor in both the prevention of female UI and the enhancement of the quality of life for individuals affected by UI.

Recent research has highlighted that cannabis use heightens the risk of UI in women (28). A potential mechanism behind this association could be that cannabis smoking leads to muscle weakness and fatigue (29), which, in turn, strongly correlates with UI in women. Obesity is recognized as a contributor to the heightened risk of urinary incontinence, particularly when it comes to abdominal obesity. This type of obesity augments the likelihood of urinary incontinence in women by elevating intra-abdominal and bladder pressure (30, 31). The prolonged elevation in intra-abdominal pressure results in varying degrees of damage to the pelvic muscles and nerves, culminating in pelvic floor muscle weakness and dysfunction (32). Consequently, this reduction in support for the pelvic organs transpires (33). Moreover, obese individuals often experience endocrine-metabolic system dysregulation, which fosters the secretion of pro-inflammatory factors within the body (34). This condition subsequently leads to bladder dysfunction (23) and eventually culminates in UI. Weakness or loss of elasticity in the bladder muscles can affect the storage and discharge of urine. Maintaining the health and strength of bladder muscles can reduce the risk of UI. Bladder control is dependent on the function of the muscles. Pelvic floor muscles play a crucial role in preventing UI, as greater muscle mass leads to better urine control. Muscle strength is also closely linked to the nervous system. Impairment of nerve conduction can affect bladder and urethral function. Therefore, maintaining neural health and normal neural conduction is crucial in preventing UI. The principal variable under scrutiny in this paper, tMFR, might amplify the risk of UI in women by virtue of the loss of total body muscle and concurrent increase in fat.

LYM is a type of WBC that play a crucial role in the immune system by fighting infections, clearing pathogens, and maintaining immune balance. Inflammation and infection can cause an increase in LYM, particularly in the urinary tract and bladder regions, which can lead to urinary issues. Abnormal increases in LYM due to urinary inflammation can affect the function of the urethra and bladder, resulting in UI.

This paper’s primary research highlights are centered around the following aspects. Firstly, it presents the inaugural analysis of tMFR as a predictive measure for the risk of UI in women, contributing value to the domain of female UI prevention. Secondly, we identified LYM as a potential mediating variable between tMFR and female UI. Lastly, in comparison to conventional computed tomography and magnetic resonance imaging methods, DXA offers a convenient, non-invasive (35), and cost-effective approach for assessing tMFR in women. Despite the aforementioned advantages, this study also encounters certain limitations. Initially, cross-sectional studies are unable to establish unequivocal causal relationships. Second, the data utilized in this study stem from participants’ self-reported responses, potentially introducing recall and reporting biases. Furthermore, this study solely analyzed correlations using the public NHANES database, which lacks external validation. Prospective studies using clinical data are required to validate the findings.





Conclusion

Our analysis indicates that tMFR is linked to the risk of UI in women in the United States. Enhancing tMFR may lead to a reduction in the likelihood of UI occurrence. These findings offer fresh insights into UI prevention. Furthermore, the study also unveils the potential involvement of LYM in the pathogenesis of UI among women with low tMFR.
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breakdown, follicle rupture

Follicular atresia

- TNF-a: promote granulosa cell

apoptosis and follicle atresia
- MMP-3: degrade atretic follicles

Ovarian

macrophages

Corpus luteum formation
- FGF, VEGF, MMPs: promote vascularization
and progesterone synthesis

Corpus luteum regression

- PGF2a: set off luteolysis
- TNF-a: promote luteolysis
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Cycle A le B

Period up to trigger, days 128+ 1.8 21.2+23 <0.001
Duration of gonadotropin injection,

9.6 £ 1.5 10.1£22 0.128
days
Gonadotropin, IU 1653 + 678 2088 + 819 <0.001
Leading follicle, mm 219 +41 21.8+28 0.764

1649 +
Estradiol, pg/mL 1633 + 1209 0.909
1231

Progesterone, ng/mL 0.68 + 0.60 0.40 £ 025 <0.001
Number of oocytes 55453 6.5+6.3 0.120
Number of MII oocytes 3.6+33 4.5+3.6 0.015
Number of 2PN zygote 28+29 38+31 <0.01
Number of good blastocysts 0.5+09 12+16 <0.001
Rate of OPU = 0, % 2.6 (4/156) 2.6 (4/156) 1
Rate of MII 0, % 59 (9/152) 2.6 (4/152) 0256
Rate of 2PN = 0, % 9.8 (14/143) 1.4 (2/148) <0.01

41.0 (64 62.8 (98,
ET rate/OPU cycles, % (o4 o8/ <0.001

156) 156)

Rate of day 3 transfer, % 20'4:;)(24/ 17'91“;66;28/ 0.263
Number of embryos transferred/ET 16 + 090 17 + 086 0578
cycles

11.5 (18 39.1 (61,
Implantation rate/OPU cycles, % 15;) / 152) ! <0.0001
Implantation rate/embryo 18.4% (18/ 37.2% (61/ <001
transferred, % 98) 164) :
Clinical pregnancy rate/OPU cycles, 45 (7/156) 32.1 (50/ <0.0001
% 156)

24.4 (38/

Live birth/OPU cycles, % 0.6 (1/156) 152) <0.0001

ET, embryo transfer; MII, metaphase 1I; OPU, oocyte pickup; PN, pronuclear.
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cleA CycleB

Period up to trigger, days 129+ 2.0 21324 <0.001
Gonadotropin, IU 1687 + 983 2250 + 974 <0.001
Leading follicle, mm 21.6 + 4.1 217 £2.5 0.722
Estradiol, pg/mL 1093 + 599 1118 £ 557 0.783
Progesterone, ng/mL 0.62 £ 0.46 0.38 +0.25 <0.001
Number of oocytes 3022 37422 0.027
Rate of MII oocyte, % 73+34 75+28 0.617
Number of MIT oocytes 22+18 2819 0.053
Number of 2PN zygote 1.7+17 23+18 » 0.015
Number of good blastocysts 0.4 +0.7 09+13 0.001
Rate of OPU =0, % 4.8 (4/83) 4.8 (4/83) » 1
Rate of MII 0, % 8.9 (7179) 3.8 (3/79) 0.328

| Rate of 2PN = 0, % 13.9 (10/72) 1.3 (1/76) < 0.001
ET rate/OPU cycles, % 38.6 (32/83) 59.0 (49/83) 0.0127
Rate of day 3 transfer, % 22‘9::)(11/ 21'3:2)(16/ 0.827
Implantation rate/OPU cycles, % 12.0 (10/83) 31.3 (26/83) | <0.01

| Implantation rate/embryo 20.8% (10/ 34.7% (26/ ) 0109
transferred, % 48) 75)

Clinical pregnancy rate/OPU cycles,

% 2.4 (2/83) 21.7 (18/83) < 0.001
o

Live birth/OPU cycles, % 0 (0/83) 18.1 (15/83) | <0.0001

ET, embryo transfer; MII, metaphase II; OPU, oocyte pickup; PN, pronuclear.
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cle A cle B

Period up to trigger, days 12:6:% 15 211 £22 <0.001
Gonadotropin, IU 1614 + 674 1905 + 548 0.005
Leading follicle, mm 224+42 220 +£3.1 0.452
Estradiol, pg/mL 2281 + 1446 2220 + 1462 0.797
Progesterone, ng/mL 0.74 £0.73 042 +£0.24 <0.001
Number of oocytes 8.4 +62 98 +7.7 0.256
Rate of MII oocyte, % 63 +25 74 +£23 0.009
Number of MII oocytes 51+38 6.6 £4.0 0.032
Number of 2PN zygote 40+34 54+3.4 0.015
Number of good blastocysts 0711 16+1.9 <0.001
Rate of OPU=0, % 0(0/73) 0(0/73) 1
Rate of MII 0, % 2.7 (2/73) 1.4 (1/73) 1
Rate of 2PN=0, % 5.6 (4/71) 14 (1/72) 0.209
ET rate/OPU cycles, % 39.7 (29/73) 67.1 (49/73) <0.01
Rate of day 3 transfer, % 26'0:))(13/ 13'5;;)(12/ 0.106
Implantation rate/OPU cycles, % 11.0 (8/73) 47.9 (35/73) <0.001
Implantation rate/embryo 16.0% (8/ 39.3% (35/ V <0.005
transferred, % 50) 89)

;linical pregnancy rate/OPU cycles, 68 (5/73) 458 (2173) | <0.0001
Live birth/OPU cycles, % 1.4 (1/73) 315 (23/73) | <0.0001 |

ET, embryo transfer; MII, metaphase II; OPU, oocyte pickup; PN, pronuclear.
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All patients

Exclusion criteria

« Cases with more than 6 months interval
between Cycle A and Cycle B [N =2]

« IVF cycle [N=8]

« Cases without gonadotropin use in

N=181
Group A
N=156

previous cycle [N =15}

l

Group B: Poor responder
N=83

Group C: Patients with poor-quality embryo
N=73
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1
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0.25 mg/da;
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Trigger
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Group B Group C

Poor Poor-quality

responders embryos
Number of patients 156 83 73
Age, years [IQR] 40 [37-42] 41 [38-42] 39 [35-41]
AMH, ng/mL 1.04 [048- | 0.53 [0.32-0.85) 1.86 [1.30-3.54]
[IQR] 1.83]
Previous OPU 3[3-5] 3[2-5] 3 [3-4.3]
cycles [IQR]
Previous ET cycles 1[0-3] 1[0-2.5] 1[0-3]
[IQR]

AMH, Anti-Miillerian hormone; ET, embryo transfer; IQR, interquartile range; OPU, oocyte
pick-up.
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Drug (ng/mL) VX-661 VX-445 VX-770
Maternal plasma 1017.57£80.02 11852211401 10715£80.12
Breast milk 761342262 1049.0768.77 1794504495

Child plasma 1391225 466+ 115 23934295





OPS/images/fphys-15-1304513/crossmark.jpg
©

|





OPS/images/fphys-15-1304513/fphys-15-1304513-g001.gif





OPS/images/fphys-15-1304513/fphys-15-1304513-g002.gif





OPS/images/fmed-10-1274303/crossmark.jpg
(®) Check for updates






OPS/images/fmed-10-1274303/fmed-10-1274303-g001.jpg
A"
B VX445
3 VX770
2
' VX-661
o
T T T T T T T T
[P ——
B
gl T——r——
‘ VX445
B
s VX770
VX661
o
T T T T T T T T
Counts v, Acatton Timerin)
c
10 3 [ESTVREETr 2550 P 7O OVEG 0 0ET B RN TR ET T
" H H
H e
5 H 223 @
o8 H i, 88
g lnnn [ | ST " ax % ea e 8 o
oz LR ~g"sl H g5 23883 8
g2 ¢ 8 i § 8 £ §¢ S 8§ £ 3 &
LU | ) 2.
C T — . )
D ot . MastoCrage ()
10 8 [resivx et 7210 Fmgm OOV EG B0 EBR O EEaz2z)
28 ~
4222
o e Y m
2 AW,
5 A s T T
b o
1 N
HE § g8 &
oL L S bl a5
R T R I . . . ]
E Counts v Mass-o-Charge (mz)
1o « [esrvems et mn ragaor eereo caes > e
‘ )
) 3371;‘ X Kk
i A\\/k).".%/
LI T L
. I I
o Z | 1

Counts vs. Uase-toCharge (w2






OPS/images/fmed-10-1274303/fmed-10-1274303-g002.jpg
VX445 8 Levers, 6 Levers Used, 8 Points, & Poits Used, MILK

VX425 8 Levers, 8 Levels Used,  Points, 8 Poins Used, PLASMA iy
E T TE TR TR TR R T T T I L N T T T I

VG518 Levers 6 Lovers Used, 3 Pots, & Ponts Used, MILK

T T

Ly v

TIF T ETH T3






OPS/images/fmed-10-1274303/fmed-10-1274303-t001.jpg
RT (min) Transition L ; LOD S/N

Conc./SD (ng/mL)  (ng/mL)
Plasma
VX-445 7279 598.6 —55.0 5.5450 0.2266 2467 0.7624 0.6797 20345 100.67
VX-661 3.058 521.5—449.1 5.2789 04159 12,69 13995 1.2477 26182 oo
VX-770 5351 39351721 5.6461 03112 18.14 1.0471 09336 25899 oo
Breastmilk
VX445 7279 5986550 56948 01331 278 04479 13311 03993 35403
VX661 3058 5215~ 449.1 56850 01512 3759 05089 15125 04537 147.46
VX-770 5351 39351721 53919 0.0648 8319 0.1944 0.6481 0.1944 402.51

Average concentration, SD, method detection limit (MDL), limit of quantification (LOQ), limit of detection (LOD), and signal-to-noise (SN) were determi
breastmilk from 3 separate determinations. MDL, LOQ, and LOD were calculated using 6 replicates of the 0.0625 ng/pL standard.

in human plasma and
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Macrophage  Effects Effects on References

subsets on ovarian aging
normal
ovarian
function

M1 Promote Impair oocyte Ono et al. (31)
vascular quality Orecchioni
growth, Increase atretic etal. (19)
follicle follicle number Care et al. (32)
development Reduce growing Skarzynski et al.
Promote follicle number (33)
luteolysis Xiao et al. (34)
Induce
primordial
follicles
activation

M2 Promote Promote ovarian Ingman et al.
luteinization, ECM deposition (35)
progesterone and fibrosis Zhang et al.
production Improve growing (14)
Maintain follicle number, Xiao et al. (34)
follicles in a oocyte quality, Umehara et al.
dormant AMH and estrogen (36)
status levels

Reduce atretic
follicle number

ECM, extracellular matrix; AMH, anti-mullerian hormone.





OPS/images/fphys-14-1197658/fphys-14-1197658-g005.gif





OPS/images/fphys-14-1197658/fphys-14-1197658-t001.jpg
ASR p-value
ASIR

Trendl 1990-2004 117 (099, 1.35) <0.001
Trend2 2004-2010 ~130 (=211, ~0.50) 0003
Trend3 2010-2019 050 (0.19, 0.82) | 0003
AAPC 1990-2019 0.45 (024, 0.65) | <0001
ASMR

Trendl 1990-1999 ~3.66 (-4.60, ~2.71) <0.001
Trend2 1999-2004 16.00 (13.85, 18.20) | <0001
Trend3 2004-2011 563 (5.1, 6.16) <0.001
Trendd 2011-2016 ~2.02 (=300, ~1.04) | 0001
Trends 2016-2019 ~7.92 (-944, ~6.38) <0.001
AAPC 1990-2019 1.53 (104, 202) <0.001
Age-standardized DALY rate

Trendl 1990-1995 039 (054, ~0.24) | <0001
Trend2 1995-2000 190 (1.68, 2.12) | <0001
Trend3 2000-2005 094 (072, 1.16) <0.001
Trendd 2005-2009 ~169 (=201, ~1.37) <0.001
Trends 2009-2016 023 (0.12,0.34) <0.001
Trends 2016-2019 041 (074, ~0.09) 0016
AAPC 1990-2019 0.20 (012, 0.27) <0001

Abbreviations: ASR, age-standardized rate; ASIR, age-standardized incidence rate; ASMR, age-standardized mortality rate; APC, annual percentage change; AAPC, average annual percent
dhinae TF sonliesios inastvel TUALYS, disalilin: adiiess B5 vk
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racteristic PCR analysis Lipidomic
Maternal age (years) 33135 32838
Maternal ethnicity (n) 45 Chinese, 32 non-Chinese 27 Chinese, 23 non-Chinese
Maternal BMI in early pregnancy (kg/m?) 25551 25751
Gestational diabetes mellitus status (n, %) 39 (50.6%) 24 (48.0%)
Antenatal fasting glycemia (mmol/L)" 45+03 45+ 04
Antenatal 2h glycemia (mmol/L)* 74%18 7320
Gestational age at delivery (weeks) 386+ 0.6 38505
Infant sex (n males, n females) 44 Males, 33 Females 30 Males, 20 Females
Infant birthweight (g) 32769 + 3133 33108 +297.3
Customized infant birthweight percentiles (%)* 568 £ 255 602 + 234

“Data presented as mean + standard deviation unless stated otherwise.
"Subjects underwent a 75 g oral glucose tolerance test conducted during pregnancy.
‘Customized for maternal BMI, ethnicity, parity, gestational age at delivery and infant sex.
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pe of disease Exosomal IncRNAs Expression increases/decreases References

Preeclampsia SNHG22 decreases (77)
Preeclampsia MALAT1 decreases (67)
Preeclampsia HIF1A-AS1 decreases (77)
Preeclampsia SNHG12 decreases (77)
Preeclampsia MVIH decreases (77)
Preeclampsia GHET1 decreases (77)
Preeclampsia DANCR decreases (77)
Preeclampsia SNHG5 decreases (77)
Preeclampsia TUGIL decreases 77)
Preeclampsia Inc-DC decreases (72)
Preeclampsia H19 increases (73)
Preeclampsia GAS5 increases (76)
Preeclampsia HIF1A increases (77)
Preeclampsia SH3PXD2A-AS1 increases (77)
Preeclampsia LINCO01410 increases (77)
Preeclampsia INHBA-AS1 increases (77)
Preeclampsia RPAIN increases (77)
Preeclampsia TINCR increases (77)
Gestational diabetes mellitus MALAT1 decreases (92)
Gestational diabetes mellitus PVT1 decreases (98)
Gestational diabetes mellitus SNHG17 decreases (90)
Gestational diabetes mellitus MEG3 increases (94)
Gestational diabetes mellitus SNX17 increases (96)
Gestational diabetes mellitus P21 increases (98)
Gestational diabetes mellitus H19 increases (98)
Gestational diabetes mellitus HOTTIP increases ©97)
Gestational diabetes mellitus p3134 increases (98)
Gestational diabetes mellitus ANRIL increases (98)
Gestational diabetes mellitus AC092159.2 increases (98)
Recurrent spontaneous abortion NEAT1 decreases (122)
Recurrent spontaneous abortion MALAT decreases (114)
Recurrent spontaneous abortion SNHG7 decreases (120)
Recurrent spontaneous abortion ANRIL decreases (122)
Recurrent spontaneous abortion PVT1 decreases (122)
Recurrent spontaneous abortion HOTAIR decreases (121)
Recurrent spontaneous abortion SNHG5 decreases (119)
Recurrent spontaneous abortion H19 increases (113)
Recurrent spontaneous abortion MEGS increases (122)
Recurrent spontaneous abortion LINCO01088 increases (116)

Recurrent spontaneous abortion SLC4A1-1 increases (117)
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Gel Forward primer Reverse primer

Kitl GGTAGCCAGGAGTTTGTTCT TTGTGTGGCATAAGGGCT
CYP1lal TCCTCAAAGCCAGCATCA ATCTCGACCCATGGCAAA
CYP19al ATGTTCTTGGAAATGCTGAACCC AGGACCTGGTATGAAGACGAG
Bmpl GATATTGAGTCTCAGCCCGA AACATGCGGTTGCCTGTA

Sfohr CTCATCAAGCGACACCAAGA GGAAAGGATTGGCACAAGAA
Ihr ACACTGCCCTCCAAAGAAAA CCTCAAAGATGGCGGAATAA
Ar CTGGGAAGGGTCTACCCAC GGTGCTATGTTAGCGGCCTC
Esrl GAA GGC TGC AAG GCT TTC TT TCT TTT CGT ATC CCG CCT TT
CYPI17al GCC CAA GTC AAA GAC ACC TAA T GTA CCC AGG CGA AGA GAA TAG A
B Actin TACGTCGCCCTGGATTTT ATGAAAGAGGGCTGGAAGAG





OPS/images/fendo.2023.1153289/table2.jpg
Group Cholesterol Triglycerides Average number of cycles in

Control 11493 + 1.01 119.76 + 0.71 5.00 £ 0.31
PCOS 144.86 + 1.95™** 141.91 + 2,49 1.66 + 021"
PCOS+QUER 12471 + 1.687** 131,55 £2.35* 4.00 + 0.367***

With n=6 per group, all values are expressed as means with standard errors: Control: saline solution at 0.9%: PCOS (6 mg/kg of LETZ); PCOS+ QUER (6 mg/kg of LETZ and 125 mg/kg of
QUER); += Control versus PCOS; -= PCOS versus PCOS+QUER; ***p 0.001, **p 0.01.
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Tissue source

Female germline stem cells (FGSCs) from
6- or 16-week-old mice

Spermatogonial stem cells (SSCs) were
isolated from Testes of 6-day-old pousf1-
GEP transgenic mice or pousfl/GEP

transgenic mice x C57BL/6 F1 hybrid mice

FGSCs were isolated and purified from
ovaries collected from 5-day-old pousfl/
GFP transgenic mice x C57BL/6 FI hybrid
mice

BXS0115 hiPSC line

Human ovarian samples

Human ovarian cancer, fallopian tube and
ovarian surface epithelium

FGSCs isolate from ovaries of 1-3 dpp
female mice

FGSCs isolate from ovaries of 1-3 dpp
female mice

Ovarian, peritoneal high-grade serous
‘carcinomas, carcinosarcoma

Organoid medium

Three-dimensional culture medium was
based on Glasgow MEM supplemented with
15% Knockout serum replacement, 1.5 M

retinoic acid, 2 mM L-glutamine, 1 mM

non-essential amino acids, 2 mM L-
glutamine, 30 mg/mL pyruvate, 100 mM B-
mercaptoethanol, 20 ng/mL mEGF, 10 ng/
mL bFGF, 10 ng/mL mouse glial cell line-
derived neurotrophic factor, and 10 ng/mL
mouse leukemia inhibitory factor, 30 mg/
mL penicillin, and 75 mg/mL streptomycin.

‘The a-MEM:-based medium was a-MEM

supplemented with 2% FBS, 2 mM L-
glutamine, 100-300 pM ascorbic acid,
20 ng/mL mEGF, 50 mM p-
mercaptoethanol, 30 mg/mL penicillin and
75 mg/mL streptomycin. StemPro-34-based
medium was StemPro-34 SEM
supplemented with 10% FBS, 2 mM L-
glutamine, 100-300 M ascorbic acid,
20 ng/mL mEGF, 50 mM p-
mercaptoethanol, 30 mg/mL penicillin, and
75 mg/mL streptomycin, and 800 nM

ICI182780 was used depending on the

experimental context

GMEM supplemented with 15% Knockout
serum replacement, 1.5 uM retinoic acid,
2 mM L-glutamine, 1 mM non-essential
aminoacids, 2 mM L-glutamine, 30 mg/mL
pyruvate, 100 mM f-mercaptoethanol,

30 mg/L penicillin, and 75 mg/L
streptomycin.The a-MEM supplemented
with 2% FBS, 2 mM L-glutamine, 200 pM
ascorbic acid, 50 mM B-mercaptoethanol,
30 mg/Ipenicillin, and 75 mg/L
streptomycin. The StemPro-34 SEM
supplemented with 10% FBS, 2 mM L-
glutamine, 200 uM ascorbic acid, 50 mM p-
mercaptoethanol, 30 mg/L penicillin, and
75 mg/L streptomycin. From 7 to 10 days of
culture, 800 nMICI182780 was added to the
StemPro-34-based medium. At 11 days of
culture, the culture medium was changed to
StemPro-34-based medium without
1C1182780

STO-conditioned medium (Glasgow
Minimum Essential Medium [GMEM] with
13% KSR and 1x non-essential amino acids,
sodium pyruvate, and GlutaMax),
supplemented with 100 ng/mL stem cell
factor (SCF), 50 pg/mL ascorbic acid, and
25 pM 2-mercaptoethanol

‘GK15 medium (GMEM, 15% KSR, with 1x
GlutaMax, sodium pyruvate, and non-
essential amino acids) supplemented with
10 mM Y-27632, 0.1 mM 2-
mercaptocthanol, 1 g/mL doxycycline,
100 ng/mL SCE, and 50 pg/mL primocin

Alpha Minimum Essential Medium, 10%
KSR, 55 uM 2-mercaptoethanol, 500 ng/mL
doxycycline, and 50 pg/mL primocin

AdDE+++* supplement with 50% v/v
Wnt3aCM, Noggin, Rspol, B27 (50x),
500 mM N-Acetylcysteine, Primocin, IM
Nicotinamide, 5 mM A83-01, 100 pg/mL
Fgfl0, 75 pg/mL Hereguling-1, 100 mM
27632, 500 pg/mL EGF, 10 mM Forskolin,
250 pg/mL Hydrocortisone, 100 M B-
Estradiol

AdDE+++* supplement with WNT (CM),
Noggin, Rspol, B27 (50x), 500 mM N-
Acetyleysteine, Primocin, 1M
Nicotinamide, 5 mM A83-01, 100 pg/mL
Fgfl0, 75 pg/mL Hereguling-1, 100 mM
27632, 500 pg/mL EGF, 10 mM Forskolin,
250 pg/mL Hydrocortisone, 100 M p-
Estradiol

GK15+ RA medium (Glasgow MEM
supplemented with 15% Knockout serum
replacement, 1.5 uM retinoic acid, 2 mM
Glutamax, 1 mM MEM non-essential
amino acids, 1 mM Sodium Pyruvate,

100 mM B-mercaptoethanol, 20 ng/mL
EGF, 10 ng/mL bFGF, 10 ng/mL GDNF,
10 ng/mL LIF, and 100 IU/mL Penicillin-
streptomycin). a-MEM-based medium (a-
MEM supplemented with 2% FBS, 2 mM
Glutamax, 100 M ascorbic acid, 20 ng/mL
EGE, 50 mM p-mercaptoethanol and

100 1U/mL penicillin-streptomycin) and
StemPro-34-based medium

(StemPro34 SEM supplemented with 10%
FBS, 2 mM Glutamax, 100 M ascorbic
acid, 20 ng/mL EGF, 50 mM p-
mercaptoethanol, 800 nM ICI182780,

100 1U/mL penicillin-streptomycin)

GKI5+ RA medium (Glasgow MEM
supplemented with 15% Knockout serum
replacement, 1.5 M retinoic acid, 2 mM
Glutamax, 1 mM MEM non-essential
amino acids, 1 mM Sodium Pyruvate,
100 mM B-mercaptoethanol, 20 ng/mL
EGF, 10 ng/mL bFGF, 10 ng/mL GDNF,
10 ng/mL LIF, and 100 IU/mL Penicillin-
streptomycin)

AdDE+++* supplement with WNT (CM),
Noggin, Rspol, B27 (50x), 500 mM N-
Acetyleysteine, Primocin, 1M
Nicotinamide, 5 mM A83-01, 100 pg/mL
Fgfl0, 75 pg/mL Heregulinp-1, 100 mM
Y27632, 500 pg/mL EGF, 10 mM Forskolin,
250 pg/mL Hydrocortisone, 100 M p-
Estradiol

ing 1x Glutamax, 10 mM HEPES, and Pen Strep.

Specie

Mice

Mice

Human

Human

Human

Mice

Mice

Human

Application

Production of oocytes and offspring;
Secretion of hormones; drug toxicological
detection

Production successful offspring; These
findings have important implications in
various areas including mammalian
‘gametogenesis, genetic and epigenetic
reprogramming, biotechnology, and
medicine

Provide unique opportunities for studying
human ovarian biology and may enable the
development of therapies for female
reproductive health

NGS Wats offer a unified organoid
expansion protocol and a laboratory “tool
it” for dissecting the functions of Fzd
subtypes in stem cell biology

Drug-screening assays; in vivo drug-
sensitivity assays

Basic research; pre-clinical drug screening

Establish a culture system that effectively
expands FGSCs in vitro

Drug development; personalized medicine
applications

Refere

Li et al. (2021)

Luo et al. (2021)

Pierson Smela et al.
(2023)

Miao et al. (2020)

Kopper et al. (2019)

Wang et al. (2023a)

Wang et al. (2023b)

Phan et al. (2019)
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Additives/

Operation

Pathway/Mechanism

740Y-P

bpV(HOpic)

Cutting ovarian
tissue

thAMH*

rAMH®

FSH
HAS +ITS

GDF9

BMP15

150 pg/mL

30 M

300 ng/mL

100 ng/mL

300mIU/mL
2.5% HSA;
1% ITS*

10 ng/mL

100 ng/mL

10 ng/mL

100 ng/mL.

PI3K/AKT activator

PTEN inhibitor

Hippo signaling pathway
May rescue some follicles from entering
atresia

Act asa negative paracrine feedback signal

Prevent apoptotic atresia; Mitogenic
function

Promote cell proliferation; Act as free-
radical scavengers

BMP15 activates the intracellular signal-
mediated pathways Smadl, Smads, and
Smad8

GDF9 activates Smad2 and Smad3

‘th AMH:recombinant human anti-Mullerian hormone.
"rrAMH: recombinant rat anti-Mullerian hormone.

‘HSA, human serum albumin; 1% ITS:10 mg/mL insulin, 5.5 mg/mL transferrin, and 6.7 ng/mL sodium sele

More follicles activated, no survival difference;
Higher serum AMH

More follicles activated

Reduce the in vitro culture time of ovarian tissue
and improve the safety of the IVA technique

Enhance follicles recruitment, survival and
growth

Suppress the initiation of the growth of
primordial follicles, without detrimental effect on
viability or follicle density

Reduce the proportion ofatretic follicles; Increase
follicle size and healthy follicles

Reduce the proportion ofatretic follicles; Increase
follile size and healthy follicles

More follicles activated; More follicles activated;

increase PCNA expression

More follicles activated; increase PCNA
expression

Grosbois et al. (Grosbois and
Demeestere, 2018); Suzuki N et al.
(Suzuki et al,, 2015)

Kawamura K (Kawamura et al,, 2013)
etal

Grosbois et al. (Grosbois and
Demeestere, 2018); Suzuki N et al.
(Suzuki et al,, 2015)

Kawamura K (Kawamura et al,, 2013)
etal

Grosbois et al. (Grosbois and
Demeestere, 2018)

Schmidt KL et al. (Schmidt et al.,
2005)

Carlsson IB et al. (Carlsson et al,
2006)
Wright CS et al. (Wright et al, 1999)

‘Wright CS et al. (Wright et al,, 1999)

Kedem A et al. (Kedem et al., 2011)

Kedem A et al. (Kedem et al., 2011)
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Additives Mechanism Follicles

growth rate

FSH 15U/mL | Increase E2 production 62% 8% McLaughlin M et al.
(McLaughlin et al, 2018)
1 ng/mL 27% 1% RA. Anderson et al. (Anderson
etal, 2014)
100 ng/ 69.7% - McLaughlin et al. (McLaughlin
mL et al, 2010)
50 ng/ 711%
mL
Actin-a 100 ng/ cell growth and differentiation 62% 8% McLaughlin M et al.
mL (McLaughlin et al., 2018)
58% 30% Evelyn E et al. (Telfer et al.,
2008)
69.7%; 71.1% - MecLaughlin et al. (McLaughlin
et al, 2010)
Ascorbic acid | 50ug/ | Antioxidant that inhibits oocyte mitochondrial damage 62% 8% McLaughlin M et al.
mL (McLaughlin et al, 2018)
27% 1% RA. Anderson et al. (Anderson
et al, 2014)
58% 30% Evelyn E et al. (Telfer et al,,
2008)
bEGF 200ng/ | Promote GC proliferation, suppress apoptosis in preantral follicles, and | 60% 30% Tian-ren Wang (Wang et al.,

enhance early follicle cell differentiation 2014)
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Add

es

Silotamide and
capillarin

GDF-9

Growth hormone

Melatonin

Silotamide (PDE3-specific inhibitor) and capillarin (adenylate
cyclase activator)

Induce the mitotic division of granulosa cells to suppress the
FSH receptor expression those cells; Induce the expression of
Lt ligand mRNA in granulosa cells

Accelerate meiotic progression

A potent antioxidant

Effect

Control the cAMP level in the cumulus complex,
synchronize the maturation process of oocyte core and
cytoplasm, and improve oocyte development and
subsequent embryo development

Increase the survival rate of fertilization and blastocysts, but
has no effect on the maturation rate of oocytes

Increase the IVM maturation rate of human oocytes

has no apparent effect on the maturation rate of oocytes, but
it can increase the blastocyst formation rate from 24.5% to
49.3% after fertilization by protecting mitochondria

Al r

Nogueira, D. et al.
(Nogueira et al., 2006)

Roy, P.K. etal. (Roy etal.,
2021)

Chatroudi, M. H. et al.
(Chatroudi et al., 2019)
Li, Y. etal. (Lietal, 2019)

Zou, H. et al. (Zou et al,
2020)
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Materials

Collagen

Plasma clots

Plasma clots

Alginate

Fibrin

Fibrin-alginate

The decellularized
ovarian
extracellular
‘matrix

Polyethylene
glycol (PEG)

Bio-3D printing

Adve

ages

Plasma clots allow follicles to
progress to the sinus stage

‘The rigidity prevents
structural degradation

High bioadhesive properties
and low inflammation after
transplantation into humans

It has good degradability and
rigidity, maintains the
connection communication
between the internal cells and
follicle structure

Highly mimic the natural
ovary in vivo, allowing for cell
adhesion and growth

Synthetic polymers can be
tailored to the different
stiffiess of natural ovaries to
meet different clinical
requirements

Bio-3D printing allows
precise adjustment of the
pore diameter and thickness
of the scaffold, and also
controls properties such as
rigidity of the scaffold to meet
clinical needs

Disadvantages

‘The plasma clot’s poor
composition and quick
degradation lead to greater
follile loss

Human folliles lack alginate
Iyase, which would limit
angiogenesis and further follicle

high rate of degradation and
after degradation follicles lose
structural support

Xenogeneic scaffolds may
induce a high risk of immune
response and may also induce
certain diseases, such as viruses

or cells residues from the donor

Degradation of synthetic
polymers i toxic and the

degradation products tend to
cause immune reactions

Author

Telfe et al. (Telfer
et al,, 1990)

Gosden et al.
(Gosden, 1990)

Dolmans et al.

(Dolmans et al.,

2007; Dolmans
et al, 2008)

Rios et al. (Rios
etal, 2018)

Wang, T. R. et al.
(Wang et al,, 2014)

Paulin et al.
(Paulini et al,,
2016)

Smith, R. M. et al
(Smith etal,, 2014)

Shikanov, A. et al.
(Shikanov et al.,
2009)

Brito, L R. et al.
(Brito et al, 2016)

Laronda et al.
(Laronda et al,,
2015)

Hassanpour et al.
(Hassanpour et al.,
2018)

Pors et al. (Pors
etal, 2019)

Kim et al. (Kim
et al, 2016)

laronda et al.
(Laronda et al,,
2017)

Raffel, N. et al.
(Raffel et al,, 2019)

Yoon, H. J. et al.
(Yoon et al., 2021)

Mice

Human

Mice

Human

Human

Mice

Goat

Mouse follicles and
decellularized
bovine ovarian
scaffolds

Rat follicles and
decellularized
human ovary

Human follicles
and decellularized
human scaffold

Mouse

Mice

Pig

Rat

1990

1990

2007

2018

2014

2016

2014

2009

2016

2015

2018

2019

2016

2020

2019

2021

ar

Outcomes

“The follicles could develop
and mature 5 days after
transplantation, and mature
follicles from this grafted gel
could eventually form
embryos by IVE.

11 of 15 mice became
pregnant and 2 produced
offspring

Five months after

transplantation, stage 11 and

antral follicles could be found

in the clot, but the plasma clot

degraded rapidly, resulting in

the loss of a large number of
follicles

Many follicles could develop
into antral follicles, and
mature follicles could be

successfully fertilized by ICSI.

Human primordial follicles
encapsulated in alginate gel
and cultured in vitro for 8 days
can develop, and some of
them can reach the preantral
stage

Many follicles could grow to
secondary follicles after 7 days

Isolated primary mouse

follicles could also develop to

the antral stage and hormone
production can be detected

Short-term culture of mice
secondly follicle encapsulated
with an interpenetrating
network composed of fibrin-
alginate resulted in higher
oocyte MII rates than culture
with alginate or fibrin alone

The maturation rate of
isolated caprine follicles
cultured in a fibrin-alginate
matrix for a longer period of
time (30 days) was higher than
that cultured with alginate
alone

After 2 wecks of
transplantation, an antral
follicle could be found in the
transplanted scaffold

Four weeks after surgery,
hormones and primordial or
primary follicle-like structures
were detected in this suitable
cytocompatibilty scaffold

‘They successfully implanted

isolated human follicles in a

decellularized human scaffold

and reimplanted them in rats
for 3 weeks

All stages of follicles and

corpora lutea could be found

in the scaffold 30 days after
transplantation

Mature follicles were found
3 weeks after implantation,
and after 10 weeks, these
transplanted mice could be
mated to produce normal
offspring

After 10 days of in vitro

culture, the follicles adhered

well to the scaffold, developed

well, and had a high survival
rate

‘The release of hormones that
significantly aid the
restoration of endocrine
function can completely
regenerate the endometrium
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