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Editorial on the Research Topic 


Ovarian aging and reproduction



Introduction

Women’s reproductive ability declines from the early 30s, with the decline accelerating around the mid-30s. In women in their 40s, half of all infertility is closely related to ovarian aging (1, 2). With the postponement of childbearing and the adjustment of population structure in modern society, ovarian aging and its related problems are becoming more serious, such as the risk of infertility and pregnancy-related complications (3). Meanwhile, the asynchronous aging of ovaries and the extension of women’s life span has resulted in damage to the physical and mental health of advanced-age women. Recent studies demonstrated that many factors affect ovarian aging and consequently impact ovarian function and reproductive ability.



The main points from previous publications

This topic includes thirty papers: four review articles, three systematic reviews, one clinical research, and twenty-two original research articles. In this editorial, the relevant contents are summarized as follows.


Molecular mechanisms related to ovarian function and ovarian aging

Ovarian aging is principally determined by the quantity and quality of follicles, which are the functional units of the ovary. Ovarian follicle development is regulated by complex signaling pathways and steroid hormones. Li et al. comprehensively summarized and compared the roles of phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/protein kinase B (AKT)/forkheadbox O3 (FOXO3), wingless-related integration site (WNT), insulin, Notch, and Hedgehog signaling pathways in ovarian follicle development, and found that the above pathways all interacted with FOXO3, a transcription factor that suppresses the over-activation of follicles at the early stage and contributes to recruitment from primordial follicles. Besides, those signaling pathways and hormones synergistically participate in follicle development. Estrogen and estrogen receptors (ERs) play an important role in estrogen signal transduction and regulating the normal physiological function in ovaries. Xu et al. elucidated the underlying pathological mechanism between ERs (Erα and ERβ) and certain ovarian diseases, such as polycystic ovary syndrome (PCOS), ovarian cancer, and premature ovarian failure (POF), providing a potential therapeutic direction for ovarian dysfunction.

Oocytes contain the largely abundant mitochondria that produce ATP to support fertilization ability and early embryo development. Healthy mitochondria are important for female reproduction, as proven by the fact that in ovarian aging, the progressive impairment of mitochondrial activities is observed in both ovarian germ and somatic cells, which contributes to the imbalance of redox and metabolic alterations. The communication between mitochondria and the nucleus has been extensively characterized. Colella et al. described the role of mitochondria non-coding RNA (ncRNA, i.e., mitochondrial microRNAs (mitomiRs) and mitochondrial long noncoding RNAs (mtlncRNAs)) in nuclear-mitochondrial crosstalk in ovary aging and the regulatory mechanism exerted by the pituitary-ovarian axis. It has been hypothesized that mitochondria in granulosa cells change during aging, which could negatively affect oocyte quality and function. Hence, Alberico and Woods investigated the underlying molecular mechanism between mitochondrial aging in granulosa cells and the subsequent decline in fertility in female mammals. Additionally, Qin et al. compared the different gene expression profiles between in vitro maturation (IVM) and in vivo maturation (IVO) oocytes from aged mice and found that oxidative phosphorylation (OXPHOS) was the most enriched pathway, which is an important metabolic pathway in mitochondria.

A previous study identified the alterative gut microbiota of patients with ovarian dysfunction, especially PCOS (4). However, the alterations in the blood microbiota of PCOS were unclear. In this section, Wang et al. investigated the microbiome profile of PCOS using 16S RNA sequencing compared with healthy control women and found that there was lower alpha diversity, different beta diversity, and many taxonomic variations in the PCOS group. Besides, the relationship between gut microbiota and premature ovarian insufficiency (POI) also remains to be determined. Jiang et al. found that in patients with POI, the abundance of the genus Eggerthella was increased in feces, and the level of transforming growth factor beta 1 (TGF-β1) was increased in the serum. Moreover, the above two indicators were reversed in POI patients who received hormone replacement therapy (HRT) suggesting that the interactions among gut microbiota, serum metabolites, and TGF-β1 might participate in the development of POI.



Predictive factors that affect ovarian reserve and reproductive outcomes

There is an urgent need to identify predictive factors associated with reproductive outcomes to guide clinical therapy in assisted reproductive technology (ART), not only to reduce clinical expense but also to obtain a higher pregnancy rate and better-personalized treatment. Firstly, age was the most important factor that affects ovarian function and reproductive outcomes. In a retrospective study, Liu et al. analyzed the cumulative live birth rate (CLBR) in different advanced-age women (38–39, 40–41, 42–43, and older than 43 years) who received a single ovulation induction cycle and explored the possible influencing factors. The results showed that the critical cutoff of achieving reasonable CLBR in women with advanced age after single stimulation might be 42 years.

Besides, in recent years, Anti-Müllerian hormone (AMH) and antral follicle count (AFC) have been widely used for ovarian reserve assessment. Sun et al. enrolled 2585 infertile women to evaluate the predictive ability of AFC and AMH for ovarian response in the in vitro fertilization/intracytoplasmic sperm injection (IVF/ICSI) process, which showed that the numbers of retrieved oocytes correlated positively with both factors. AFC and AMH had comparable efficacies (area under the curve (AUC) = 0.731 and AUC = 0.733, respectively) in high ovarian response prediction. However, AMH and AFC might vary across different ethnic populations; therefore, Melado et al. described the landscape of AMH and AFC in 2495 women aged 19 to 50 years who were native to the Arabian Peninsula, providing an increased understanding of ovarian reserve prediction. In addition, in another study in this series, Wu et al. found that there was no significant correlation between ovarian reserve function and thyroid function in infertile women.

Poor ovarian response (POR) is an intractable clinical challenge in ART, leading to a higher cycle cancellation rate and lower pregnancy rate. It is necessary to explore the possible predictive factors for POR to direct clinical decisions. Based on this, Li et al. developed a nomogram to predict clinical pregnancy failure during IVF/ICSI, which found that age older than 35 years, body mass index (BMI) >24 kg/m2, type B or C of endometrium on Trigger day, basic follicle-stimulating hormone (FSH)>10 mIU/ml, basic E2>60 pg/ml, and less than two high-quality embryos were closely associated with pregnancy failure in patients with PORs. Similarly, in patients with unexpected sub-optimal response during ovulation induction, Wang et al. presented age, BMI, and basal follicle-stimulating hormone (FSH) were independent risk factors, while the initial dosage of gonadotropin (Gn), FSH, and luteinizing hormone (LH) on the first day of Gn were independent protective factors for a sub-optimal response.

Smooth endoplasmic reticulum clusters (SERCs) are an organelle for the storage and redistribution of calcium in oocytes, which is responsible for cell activation (5). Currently, it is still controversial as to whether SERCs in oocytes could affect the development of blastocysts or even reproductive outcomes. In a retrospective study, Wang et al. found that SERCs might adversely affect the quality and speed of blastocyst development, such as the fertilization rate, good-quality blastocyst rate, and the proportion of trophectoderm grade C in blastocysts.




New strategies for enhancing ovarian function and improving pregnancy outcomes


New advances in the therapy of POI

With the development of medical technology and increasing affluence, patients with POI have an increasingly strong desire to become pregnant. Patients with POI have intermittent ovarian functions and 5–10% of POI patients have a chance to conceive (6). Ishizuka et al. described the live birth rate in patients with POI during hormone replacement therapy with or without ovarian stimulation in a retrospective cohort study. The results indicated that infertility therapy was feasible in some patients with POI, especially the following two types of patients: a. Patients with idiopathic POI who initiated HRT before they were 35 years old; b. Patients who had undergone surgical treatment for benign ovarian tumors and the time of amenorrhea was less than 4 years.

In recent years, how to improve the fertility of patients with POR/POI has become a challenge and hot topic in the field of reproduction. With the development of regenerative medicine, a variety of bioactive substances have been reported to be able to improve ovarian function, such as stem cells, growth hormones, and dehydroepiandrosterone. Liu et al. acquired a cell-free fat extract (CEFFE) from adipose tissue that contained more than 1000 protein components and could effectively improve ovarian function and fertility in mice with POI or advanced age (7). In addition, other studies suggested that pyrroloquinoline-quinine (PQQ) and human umbilical cord mesenchymal stem cell-derived exosomes (hUCMSC-Exos) could improve the ovarian function in POI mice induced using an alkylating agent, including the increased follicle number and recovered sex hormone levels (Dai et al. and Li et al.).



New advances in the therapy of POR

In a previous study, the growth hormone (GH) and GnRH were co-applied in patients with POR according to the POSEIDON criteria. The data showed that GH cotreatment improved the live birth rate and clinical pregnancy rate in all four groups (Liu et al.). Wu et al. retrospectively evaluated the efficacy between IVF and intrauterine insemination (IUI) in patients with unexplained infertility of POSEIDON group 3. They found that the live birth rate per IVF cycle was higher than the cumulative live birth rate of IUI. Zhang et al. conducted a retrospective cohort analysis on 67 patients with unpredictable POR undergoing IVF/ICSI therapy to examine the effect of early (stimulation day 1) and mid-late (stimulation day 6) follicular phase administration of 150 IU of human chorionic gonadotropin (hCG) in the subsequent gonadotropin hormone-releasing hormone (GnRH) antagonist cycle. The data showed that adding 150IU of hCG at the early follicular phase significantly increased the number of oocytes retrieved, the maturity of the oocytes, and the number of usable embryos than at the mid-late phase.



New advances in anti-aging of the ovary

Over the past 150 years, women’s life expectancy has increased from 45 years to 85 years. However, reproductive aging remained constant at 50-52 years (8). Nowadays, more women choose to postpone childbearing. Hence, it is necessary to explore effective inventions to prevent the senescence of the ovaries. Some studies have reported that antioxygen could delay ovarian aging. Among them, coenzyme (CoQ10) plays a critical role in mitochondrial metabolism, antioxidant, and anti-aging, and could improve oocyte quality and delay oocyte senescence (9). Based on network pharmacology, Yang et al. explored the underlying mechanism of CoQ10’s anti-aging effect on oocytes and identified some vital pathways such as peroxisome proliferator-activated receptor (PPAR), tumor necrosis factor (TNF), and mitogen-activated protein kinase (MAPK) signaling pathways, and seven hub genes (e.g.,PPARA (encoding peroxisome proliferator-activated receptor A), CAT (encoding catalase), and MAPK14 (encoding mitogen-activated protein kinase 14)), which might be involved in the mechanism. Besides, Pando et al. found that deficiency of NLR family pyrin domain containing 3 (NLPR3) or an NLPR3 inhibitor could both effectively improve the ovarian function and fertility of mice by alleviating ovarian inflammation, which provided a new therapeutic target for anti-aging of the ovary (10). Another study showed that a cell-free fat extract could improve the ovarian function of advanced-age mice by resisting the DNA damage of granulosa cells (11). Miao et al. also demonstrated that mononucleotide (NMN) supplementation could effectively protect oocytes from functional decline with age and eventually improved the fertility of advanced-age mice (12).



Spindle transfer technique for aging oocytes

Mutations of mitochondrial DNA (mtDNA) could be inherited from the mother to her offspring. Currently, there are limited methods to prevent the transfer of mutated mtDNA. Oocyte reconstruction by spindle transfer (ST) is a feasible strategy for mitochondrial function-impaired diseases and aging oocytes. However, the efficiency of ST is limited because of the chromosome abnormality in the reconstructed oocytes (13). Wang et al. found that electrofusion stimulation was an independent factor for chromosome abnormality during ST by decreasing maturation-promoting factor (MPF) activity, leading to premature chromosome separation and abnormal spindle morphology, which was not related to enucleation, fusion status, temperature, and Ca2+.




Synthesis and conclusion

Taken together, the above studies published on this Research Topic provide novel factors affecting ovarian function, which could lead to a better comprehension of the mechanism underlying ovary aging. Meanwhile, this topic also covers new strategies to improve ovarian function and reproductive outcomes from both biological and clinical aspects, which might provide new insights into treatment options.
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Oocytes reconstructed by spindle transfer (ST) are prone to chromosome abnormality, which is speculated to be caused by mechanical interference or premature activation, the mechanism is controversial. In this study, C57BL/6N oocytes were used as the model, and electrofusion ST was performed under normal conditions, Ca2+ free, and at room temperature, respectively. The effect of enucleation and electrofusion stimulation on MPF activity, spindle morphology, γ-tubulin localization and chromosome arrangement was compared. We found that electrofusion stimulation could induce premature chromosome separation and abnormal spindle morphology and assembly by decreasing the MPF activity, leading to premature activation, and thus resulting in chromosome abnormality in oocytes reconstructed via ST. Electrofusion stimulation was an independent factor of chromosome abnormality in oocytes reconstructed via ST, and was not related to enucleation, fusion status, temperature, or Ca2+. The electrofusion stimulation number should be minimized, with no more than 2 times being appropriate. As the electrofusion stimulation number increased, several typical abnormalities in chromosome arrangement and spindle assembly occurred. Although blastocyst culture could eliminate embryos with chromosomal abnormalities, it would significantly decrease the number of normal embryos and reduce the availability of embryos. The optimum operating condition for electrofusion ST was the 37°C group without Ca2+.
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Introduction

Spindle transfer (ST) is considered to be the most valuable therapeutic strategy for mitochondrial diseases and senile infertility, especially those with aging oocytes. Electrofusion ST has become the preferred method in mitochondrial replacement technology, because it doesn’t involve exogenous substances (1). Due to chromosome abnormalities in some of the reconstructed oocytes, the efficiency of ST technology is low. It is speculated that ST may cause mechanical interference in the spindle. Since the spindle along with chromosomes is not membrane-wrapped (2–9), enucleation or electrofusion stimulation may disrupt the function of the cytoskeleton, which may lead to abnormal chromosome segregation when the reconstructed oocyte is activated by subsequent fertilization (7, 8, 10, 11). It is also suspected that premature activation may lead to abnormal chromosome segregation (4), but this remains controversial.

At present, there are few researches on the effective inhibition of chromosome abnormality in oocytes reconstructed via spindle transfer. Daniel Paull (4) has suspected that temporary room temperature treatment is beneficial to maintain chromosome stability, which may make the spindle disappear temporarily to inhibit premature activation. But it remains unknown whether there is a correlation between the temporary disappearance of the spindle and inhibition of premature activation. Since oocytes are particularly sensitive to temperature, cooling treatment for more than 10 minutes may cause irreversible spindle damage (12–14), and change in incubation temperature as little as 0.5°C significantly affects mouse embryo development (15). In addition, a slight increase in incubation temperature may promote tubulin assembly, enhance the spindle birefringence, and make the spindle clearer under the microscope (16). With the increase in temperature or the extension of the high temperature, the spindle microtubules aggregation occurs, the spindle will also disappear but will not reappear after the temperature returns to normal, causing irreversible effects on oocytes (16–18). Besides, studies have shown that intracellular calcium oscillations triggered by sperm penetration during fertilization (19) and Ca2+ influx induced by mechanical or chemical operation (20) can both lead to decreased kinase activity, activation of oocytes and recovery of meiosis (21). Thus, some study has speculated that ST manipulation in a Ca2+ free medium may avoid spontaneous activation, but this has not been confirmed (3, 22).

In addition, MPF plays an important role in oocyte activation (23, 24). When oocytes are fertilized or parthenogenetically activated, the Ca2+ concentration increases instantaneously and cytostatic factor (CSF) expression decreases, resulting in the decrease or even disappearance of MPF activity and chromosome segregation, prompting oocytes to enter meiotic anaphase II (25). Moreover, premature activation in somatic cell nuclear transfer (SCNT) reconstructed embryos leads to abnormal spindles and chromosomes, as well as the expression of spindle related proteins (26, 27). γ-tubulin is an important regulatory protein involved in microtubule nucleation and spindle assembly that is located at the poles of the spindle in MII oocytes. If abnormal, γ-tubulin will dissociate from the poles, and become irregularly scattered in the spindle microtubulin or in the cytoplasm (24).

In this study, C57BL/6N oocytes were used as the model, and electrofusion ST was performed under normal condition, Ca2+ free, and at room temperature, respectively. The effects of enucleation and electrofusion stimulation on MPF activity, spindle morphology, γ-tubulin localization and chromosome arrangement were compared to verify the existence and occurrence of premature activation and to subsequently clarify the factors and mechanism for chromosome abnormality in mice oocytes reconstructed via ST, which would thus optimize ST technology and promote its clinical transformation.



Materials and Methods


Antibodies and Reagents

Monoclonal anti-β-tubulin-FITC (F2043-2ML) and DAPI (MBD0015-1ML) were purchased from Sigma-Aldrich. γ-Tubulin Monoclonal Antibody (4D11, MA1850) was obtained from Invitrogen. Goat Anti-Mouse IgG H&L (Dy Light®594, ab96881) was purchased from Abcam. A Mouse MPF Elisa Kit (DG94780Q-96T) was obtained from Dogesce, China. A BTXpress Cytofusion Medium C (47-0001) was obtained from BTX. A Gamate buffer (K-SIGB-20), Sperm medium (K-SISM-100), Fertilization medium (K-SIFM-20), Cleavage medium (K-SICM-20), and Blastocyst medium (K-SIBM-20) were purchased from Sydney IVF. G-PGD (10074) was obtained from Vitrolife. All other chemicals were purchased from Sigma-Aldrich, unless stated otherwise.



Oocyte Retrieval and Culture

C57BL/6N mice (female, 6-8 weeks old; male, 7-8 months old) were purchased from Beijing Vital River Laboratory Animal Technology Co. Ltd. This study was reviewed and approved by the Institutional Animal Care and Use Committee of the Sixth Medical Center of China PLA General Hospital (HZKY-PJ-2019-3). The number of mice, oocytes and replications used in each group in this study were shown in Supplemental Table S1. Female mice were administered 10 IU of pregnant-mare serum gonadotropin (PMSG) and 48 h later 10 IU of human chorionic gonadotropin (HCG) (28). To avoid the effects of anesthesia, euthanasia was performed via cervical dislocation 14-16 hr after HCG injection, and the oviducts were isolated. Following the removal of cumulus cells with 40 IU hyaluronidase, MII oocytes were collected and incubated in a fertilization medium (FM) under liquid paraffin oil in a 37°C, 6% CO2, 5% O2 humidified incubator (29).



Spindle Transfer

Oocytes were exposed to gamate buffer with 7.5μg/ml Cytochalasin B (CB) for 5 min at 37°C before manipulation. Then the dish was placed onto the warm stage of an Olympus IX71 inverted microscope equipped with micromanipulators. A slot was made in the zona pellucida, using the Saturn Active Laser System (RI, Saturn Active, 6-47-500, UK) with several pulses of 100-200μs. The spindle was then gently aspirated into the micromanipulation needle and transferred into the perivitelline space of an enucleated donor cytoplast. After that, the reconstructed oocytes were transferred into a CB free gamete buffer and incubated for 10 min in a 37°C humidified incubator, as shown in Supplemental Figure S1.

Notes: the 37°C treatment group and the 25°C treatment group represented that after enucleation ST reconstructed oocytes were treated at 37°C and 25°C for 5 min before electrofusion treatment, respectively.



Electrofusion

Membrane fusion between the spindle and the donor cytoplast was initiated by placing it into BTXpress Cytofusion Medium C between gold electrodes (BEX, LF501G1, Japan). Different electrical pulse in each group listed in Table 1 was delivered by an Electro Cell Fusion System (BEX, CFB16-HB, Japan) at room temperature. The reconstructed oocytes were then washed twice and transferred to FM for 20-30 min to check the fusion status.


Table 1 | Different electrical pulse in each group.



Notes: the Ca2+ group represented that the operating mediums such as gamete buffer used in spindle transfer process and Cytofusion Medium used in electrofusion process both contained Ca2+. The Ca2+ free group represented that the operating medium such as G-PGD used in spindle transfer and electrofusion process contained no Ca2+. In addition, the operating mediums used in spindle transfer and electrofusion process in other experiments were the same as those in the Ca2+ group.



Fertilization and Culture

After a successful fusion, the reconstructed oocytes were transferred into FM to be co-incubated with sperm obtained from the cauda epididymis of C57BL/6N cultured in a sperm medium for 1h. 8 hours later, the zygotes were transferred into a cleavage medium for 2d, and then into a blastocyst medium for 2d, respectively.



MPF Assay Procedure

The oocytes in each group were washed 3 times in a Ca2+ free PBS with 0.1% PVA, placed in tubes containing 15 μl of radio immunoprecipitation assay (RIPA) buffer containing a protease inhibitor cocktail tablet (Roche), vortexed on ice for 4–5 min, and then centrifuged at 4°C at 12,000 rpm for 15 min; The supernatant was collected and stored at –20°C until use. Assays of MPF level were performed using the Mouse MPF elisa kit (DOGESCE, China) following the manufacturer’s protocol.



Immunofluorescence Staining

Immunofluorescence staining refers to the methods used by Zi-YunYi et al. (24), In brief, the oocytes in each group were fixed in 4% paraformaldehyde in a PBS with 0.5% Triton X-100 for 1 h at 4°C, followed by blocking in 3% BSA for 1 h at 37°C. Thereafter the oocytes were incubated with mouse monoclonal anti-γ-tubulin antibody (4D11, MA1850, invitrogen, 1:30) overnight at 4°C. After two washes (10 min each) in a washing buffer (0.1% PVA in PBS), the oocytes were labeled with Goat Anti-Mouse IgG H&L (DyLight® 594, ab96881, Abcam, 1:30) for 1 h at 37°C. After two washes, the oocytes were stained with monoclonal anti-β-tubulin-FITC (F2043-2ML, Sigma, 1:30) for 1 h at 37°C, then co-stained with DAPI for 10 min at room temperature, followed by two more washes. Finally, the oocytes were mounted on glass slides with an antifading mounting medium (Sigma), and visualized with a confocal laser-scanning microscope (Nikon Ti2, Japan).



Karyotype Analysis

Cultured for 4 days, blastocysts were washed in PBS for 2-3 times, then each blastocyst was transferred into a labeled centrifuge tube containing 2μl PBS. After brief centrifugation, the samples were immediately transferred to a refrigerator and stored at -80°C. Then, all samples were sent to genetic testing company (BASECARE, China) for karyotype analysis with sequencing depth of 1X.



Statistical Methods

At least three replications were performed for each treatment and results obtained in different replications were pooled and analyzed together. The data was analyzed with SPSS23.0 statistical software, and GraphPad Prism 8.0 was used for plotting. Enumeration data such as oocyte/embryo proportions was expressed as a percentage (%), the comparison between groups was performed by the chi-square test, and measurement data such as the MPF activity was expressed as mean ± standard deviation, and was analyzed by univariate ANOVA. P<0.05 indicated statistical difference, P<0.01 indicated significant statistical difference, P<0.001 indicated extremely significant statistical difference, P>0.05 indicated no statistical difference.




Results


Electrofusion Stimulation Rather Than Enucleation, Was the Key Factor Causing Premature Activation in Mice ST Reconstructed Oocytes

To investigate whether and when premature activation occurred in the ST process, we first detected MPF activity in each procedure, including MII oocytes (Ctrl), reconstructed oocytes before electrofusion (pre-ST), unfused ST reconstructed oocytes (Unfused ST) and fused ST reconstructed oocytes (ST), with the results shown in Figure 1A. There was no significant difference in MPF activity between the Ctrl and pre-ST groups (P=0.3421). Compared with Ctrl, the MPF activity was significantly decreased in Unfused ST (P=0.0107) and ST (P=0.0012), and the decline was most significant in ST. Meanwhile MPF activity in ST was also significantly lower than that in pre-ST (P=0.0097), indicating that electrofusion stimulation significantly reduced the MPF activity in ST reconstructed oocytes.




Figure 1 | Electrofusion stimulation rather than enucleation might be the key factor causing premature activation in ST reconstructed oocytes. (A) After electrofusion stimulation, MPF activity was significantly reduced whether fused or not. (Ctrl, the control group, Pre-ST, the reconstructed oocytes before electrofusion group, Unfused ST, the unfused ST reconstructed oocytes group, ST, the fused ST reconstructed oocytes group). #P<0.05, ##P<0.01, **P<0.01, ns P>0.05. Data is the MPF activity per 100 oocytes (ng/ml), expressed as mean ± standard deviation. (B) Enucleation did not cause abnormal chromosomes activity and spindle organization during meiosis. CN, chromosomal nondisjunction rate. NSM, normal spindle morphology rate. NR, normal γ-tubulin rate. ns P>0.05. Data is expressed as a percentage (%). Immunofluorescence staining results in (C) confirmed that the chromosome arrangement, spindle morphology, and γ-tubulin localization were normal in both groups. (Pb1, first polar body; sp, spindle). (D) Electrofusion stimulation, whether fused or not, would cause abnormal chromosomes activity and disrupted spindle organization during meiosis. Data is expressed as a percentage (%). **P<0.01, ns P>0.05. (E) Immunofluorescence staining. In Pre-ST, the chromosome arrangement, spindle morphology, and γ-tubulin location were all normal. In unfused ST, the chromosomes were separated to both poles of the spindle, with disordered arrangement. Spindle morphology was abnormal and γ-tubulin localization was disrupted. In the ST group, chromosomes were separated to both poles of the spindle. The spindle morphology was normal, while the γ-tubulin localization was disordered and scattered into the cytoplasm. DAPI labeled chromosomes (blue), anti-β-tubulin antibody coupled to FITC labeled spindles (green), and anti-γ-tubulin antibody coupled to DyLight 594 labeled γ-tubulin (red). Scale bar, 20μm.



Additionally, the effect of enucleation and electrofusion stimulation on the chromosome, spindle morphology, and γ-tubulin were compared, as shown in Figures 1B–E. In the Ctrl and Pre-ST group, chromosomes of oocytes were all arranged in the center of the spindle, and the spindle was normal, forming a typical bipolar, symmetrical, and spindle-shaped structure (P=0.895). γ-tubulin was located on both poles of the spindle (P=0.808). Conversely, the chromosomal nondisjunction rate (CN), normal spindle morphology rate (NSM), normal γ-tubulin rate (NR) in Unfused ST and ST were all significantly lower than those in Pre-ST (P<0.01, respectively). There was no significant difference in CN (P=0.533), NSM (P=0.557), and NR (P=0.414) between Unfused ST and ST. Electrofusion stimulation, whether fused or not, rather than enucleation, caused reduced MPF activity, abnormal chromosomes activity and disrupted spindle organization during meiosis, indicating that after electrofusion stimulation, premature activation occurred in ST reconstructed oocytes.



The Electrofusion Stimulation Number in the ST Process Should be Minimized, No More Than 2 Times is Appropriate

To further define the inducement of ST premature activation, electrofusion was subdivided into 3 groups: the single electrofusion group (SEF), the double electrofusion group (DEF), and the triple electrofusion group (TEF). Culture results in Figure 2A showed that the fusion rate in DEF and TEF was significantly higher than that in SEF (PDEF/SEF<0.001, PTEF/SEF<0.001), with no statistical difference between DEF and TEF (P=0.945). Compared with Ctrl (P=0.040), SEF (P=0.048) and DEF (P=0.038), the blastocyst rate in TEF decreased significantly, and there was no significant difference in the blastocyst rate between Ctrl, SEF and DEF (PCtrl/SEF=0.606, PCtrl/DEF=0.847, PSEF/DEF=0.503). No significant difference existed in the fertilization rate (PCtrl/SEF=0.261, PCtrl/DEF=0.727, PCtrl/TEF=0.869, PDEF/SEF=0.172, PTEF/SEF=0.211, PDEF/TEF=0.841), cleavage rate (PCtrl/SEF=0.087, PCtrl/DEF=0.563, PCtrl/TEF=0.319, PDEF/SEF=0.173, PTEF/SEF=0.348, PDEF/TEF=0.605), and blastocyst hatching rate (PCtrl/SEF=0.817, PCtrl/DEF=0.942, PCtrl/TEF=0.808, PDEF/SEF=0.848, PTEF/SEF=0.964, PDEF/TEF=0.846) between the 4 groups. Thus, increasing the electrofusion stimulation number could promote the fusion of ST reconstructed oocytes, but repeated electrofusion stimulation (≥3) might cause damage, and thus affect the developmental potential.




Figure 2 | The electrofusion stimulation number in the ST process should be minimized, with no more than 2 times being appropriate. (A) Culture results. The fusion rate in DEF and TEF was significantly higher than that in SEF. The blastocyst rate in TEF decreased significantly, with no significant difference between Ctrl, SEF and DEF. SEF, DEF, and TEF are the single electrofusion group, the double electrofusion group, and the triple electrofusion group, respectively. The data is expressed as a percentage (%). *P<0.05, ***P<0.001, and ns P>0.05. (B) Single or double electrofusion had little effect on the MPF activity, while triple electrofusion resulted in a very significant decrease. The data is expressed as mean ± standard deviation. *P<0.05, ****P<0.0001. ##P<0.01, ns, P>0.05. Value, the MPF activity per 100 oocytes (ng/ml). (C) Immunofluorescence staining results indicated that CN, NSM, and NR in TEF were significantly lower than that in SEF and DEF, with no statistical difference between SEF and DEF. The data is expressed as a percentage (%). **P<0.01, ns P>0.05. (D) Representative images in SEF and DEF were both normal in terms of chromosomes, spindle morphology, and γ-tubulin location. In the TEF group, the chromosomes were separated in advance, the spindle morphology was abnormal, and γ-tubulin localization was disordered. Scale bar, 20μm.



Furthermore, in Figure 2B, the MPF activity in SEF (P=0.0350) and DEF (P=0.0326) was statistically lower than that in Ctrl, with no statistical difference between SEF and DEF (P>0.05). Compared with SEF (P=0.0020), DEF (P=0.0021) and Ctrl (P<0.0001), MPF activity in TEF was the lowest one. The immunofluorescence staining shown in Figures 2C, D indicated that CN (PTEF/SEF<0.01, PDEF/TEF<0.01, PDEF/SEF=0.812), NSM (PTEF/SEF<0.01, PDEF/TEF<0.01, PDEF/SEF=0.679) and NR (PTEF/SEF<0.01, PDEF/TEF<0.01, PDEF/SEF=0.772) in SEF and DEF were all significantly higher than that in TEF, with no statistical difference between the two groups. We concluded that single or double electrofusion had little effect on mice oocytes reconstructed via ST, while triple electrofusion might have a negative effect, and that a threshold might exist in MPF inactivation.

In addition, as the electrofusion stimulation number increased, several typical abnormalities in chromosome arrangement and spindle assembly occurred, especially in the TEF shown in Figure 3. Chromosome abnormality mainly included misaligned chromosomes in the metaphase-plate region of the spindle, disrupted chromosomes spread throughout the whole spindle region, with others at the pole of the spindle. There were several types of aberrant spindle organization, including fractured spindle microtubules, disordered arrangement, broadened spindles, over-elongated spindles, the absence of spindles, and abnormal spindle poles, including spindles with no poles, monopoles, and multipoles, etc. The localization of γ-tubulin, an important regulator of spindle organization at the spindle poles, was also disrupted, with γ-tubulin dissociated from the poles of the spindle, irregularly scattered in the spindle microtubules, or in the cytoplasm.




Figure 3 | As the electrofusion stimulation number increased, several typical abnormalities in the chromosome arrangement and spindle assembly were generated, especially in TEF. Representative images from the immunofluorescence staining are shown. (A) The spindle was significantly wider, while the chromosomes and γ-tubulin localization were normal. (B) Chromosomes were multilaterally arranged outside the spindle, and microtubules were disordered, with disordered γ-tubulin localization, forming a multipolar spindle. (C) Chromosome distribution was disordered, some in the center of the spindle, others at one pole of the spindle, microtubules at one pole of the spindle were fractured, with the γ-tubulin dissociated from the poles of the spindle, irregularly scattered in the spindle microtubules or in the cytoplasm, forming a unipolar spindle; (D) Chromosomes had a disorderly arrangement throughout the whole spindle region. The spindle microtubules were fractured and disordered, with γ-tubulin dissociated from the poles of the spindle and dispersed irregularly on the microtubules, forming a poleless spindle. (E) The arrangement of the microtubules was disrupted, with the chromosomes having a disorderly arrangement in the center of the spindle. (F) The spindle was over-elongated. Scale bar, 20μm.



To further clarify whether premature activation was related to fusion state, we conducted direct electrofusion stimulation of MII oocytes (Figures 4A, B, E), which demonstrated that MPF activity in MII-SEF (P=0.0176) and MII-DEF (P=0.0194) was significantly lower than that in Ctrl, and there was no statistical difference between the two groups (P=0.7683), while the MPF activity in MII-TEF was the lowest one, compared with MII-SEF (P=0.0323), MII-DEF (P=0.0294) and Ctrl (P=0.0069). Immunofluorescence staining also confirmed that CN (PMII-TEF/SEF<0.001, PMII-DEF/TEF<0.001, PMII-DEF/SEF=0.511), NSM (PMII-TEF/SEF<0.001, PMII-DEF/TEF<0.001, PMII-DEF/SEF=0.687), and NR(PMII-TEF/SEF<0.001, PMII-DEF/TEF=0.001, PMII-DEF/SEF=0.686) in MII-TEF significantly decreased among the three group. MII-SEF, MII-DEF and MII-TEF respectively represented the single electrofusion group, the double electrofusion group, the triple electrofusion group in MII oocytes. We also found that repeated low intensity electrofusion stimulation (as shown in Figures 4C–E) also induced premature chromosome separation and abnormal spindle morphology and assembly, leading to premature activation. Compared with Ctrl, MPF activity in both MII-DEF (P=0.0237) and 4*MII-DEF1/3 (P=0.0111) was decreased, and that in 4*MII-DEF1/3 was significantly lower (P=0.0349). Meanwhile CN (P4*MII-DEF1/3/2*MII-DEF1/2<0.001, P4*MII-DEF1/3/3*MII-DEF1/3<0.001, P2*MII-DEF1/2/3*MII-DEF1/3 = 0.806), NSM (P4*MII-DEF1/3/2*MII-DEF1/2<0.001, P4*MII-DEF1/3/3*MII-DEF1/3<0.001, P2*MII-DEF1/2/3*MII-DEF1/3 = 0.790), and NR (P4*MII-DEF1/3/2*MII-DEF1/2<0.001, P4*MII-DEF1/3/3*MII-DEF1/3<0.001, P2*MII-DEF1/2/3*MII-DEF1/3 = 0.790) in 4*MII-DEF1/3 were all significantly reduced. 2*MII-DEF1/2, 3*MII-DEF1/3 and 4*MII-DEF1/3 represented 1/2MII-DEF fusion voltage group with two consecutive shocks, 1/3MII-DEF fusion voltage group with three consecutive shocks and 1/3MII-DEF fusion voltage group with four consecutive shocks, respectively. It could be seen that electrofusion stimulation also caused premature activation in MII oocytes, which was significantly increased in both MII-TEF and 4*MII-DEF1/3, with both having a negative effect on chromosome arrangement and spindle assembly.




Figure 4 | Electrofusion stimulation also caused premature activation in MII oocytes, which was significantly increased in both MII-TEF and 4*MII-DEF1/3, and both had a negative effect on chromosome arrangement and spindle assembly. (A) MPF activity. MII-SEF, MII-DEF and MII-TEF respectively represented the single electrofusion group, the double electrofusion group, the triple electrofusion group in MII oocytes. Data is expressed as mean ± standard deviation. *P<0.05, **P<0.01, ns, P>0.05. Value, the MPF activity per 100 oocytes (ng/ml). (B) CN, NSM, and NR in MII-TEF were significantly decreased. ***P<0.001, **P<0.01, ns, P>0.05. MPF activity in 4*MII-DEF1/3 was decreased in (C), as well as CN, NSM, and NR in (D). *P<0.05, ***P<0.001, ns P>0.05. (E) Representative images in Ctrl were normal in terms of chromosomes, spindle morphology, and γ-tubulin location. In MII-TEF and 4*MII-DEF1/3, the chromosomes were separated in advance, spindle morphology was abnormal, and the γ-tubulin localization was disordered. Scale bar, 20μm.



Embryos in the Ctrl, MII-SEF, MII-DEF, and MII-TEF groups were cultured for 4 days. Figure 5A showed that the blastocyst rate in the MII-TEF group was significantly reduced (PMII-TEF/Ctrl=0.006, PMII-TEF/SEF=0.006, PMII-TEF/DEF=0.004), while there was no statistical difference between Ctrl, MII-SEF and MII-DEF (PMII-Ctrl/SEF=0.775, PMII-Ctrl/DEF=0.831, PMII-SEF/DEF=0.931). No significant difference existed in the fertilization rate (PMII-TEF/Ctrl=0.321, PMII-TEF/SEF=0.076, PMII-TEF/DEF=0.161, PMII-Ctrl/SEF=0.548, PMII-Ctrl/DEF=0.811, PMII-SEF/DEF=0.676), cleavage rate (PMII-TEF/Ctrl=0.516, PMII-TEF/SEF=0.592, PMII-TEF/DEF=0.564, PMII-Ctrl/SEF=0.836, PMII-Ctrl/DEF=0.862, PMII-SEF/DEF=0.967), and blastocyst hatching rate(PMII-TEF/Ctrl=0.277, PMII-TEF/SEF=0.373, PMII-TEF/DEF=0.397, PMII-Ctrl/SEF=0.737, PMII-Ctrl/DEF=0.694, PMII-SEF/DEF=0.949) among the 4 groups. However, a karyotype analysis (Figures 5B, C, Supplemental Table S2 and Figure S2) showed that there was no statistical difference in the chromosome abnormality rate in blastocysts among the 4 groups (PMII-TEF/Ctrl=1.000, PMII-TEF/SEF=0.801, PMII-TEF/DEF=0.744, PMII-Ctrl/SEF=0.801, PMII-Ctrl/DEF=0.744, PMII-SEF/DEF=0.941). It could be seen that the blastocyst culture could eliminate embryos with chromosomal abnormalities in the MII-TEF group, so it would significantly decrease the number of normal embryos and reduce the availability of embryos.




Figure 5 | Effect of electrofusion stimulation number on the developmental potential and chromosome karyotype of non-ST embryos. (A) The blastocyst rate in MII-TEF was significantly reduced. No significant difference existed in the fertilization rate, cleavage rate, and blastocyst hatching rate among the 4 groups. Data is expressed as a percentage (%). **P<0.01, ns P>0.05. (B) There was no statistical difference in the chromosome abnormality rate in blastocysts among the 4 groups. ns P>0.05. (C) The upper two images were normal karyotypes of female and male mouse blastocysts, respectively, the lower three images were abnormal karyotypes, such as +7, +3; -7; +13; -X and -(Mosaic) (7).





Transient Room Temperature Treatment After Enucleation Did Not Inhibit Premature Activation

Next, the effect of temperature (37°C, 25°C) on mice oocytes reconstructed via ST was compared, with the results shown in Figure 6. Culture results showed that transient room temperature treatment after enucleation had an adverse effect on fertilization (Figure 6A). There was no statistical difference in fusion rate (P=0.442), cleavage rate (P=0.446), blastocyst rate (P=0.879), and hatching blastocyst rate (P=0.093) between the two groups. The fertilization rate at 37°C (76.62% vs 62.03%, P=0.014) was significantly higher. Moreover, the immunofluorescence staining results (Figures 6B, C) indicated that no statistical difference existed between the two groups in terms of CN (P=0.886). NSM (P=0.001) and NR (P<0.001) at 37°C were both significantly higher than those at 25°C, indicating that transient room temperature treatment after enucleation did not inhibit premature activation, and might affect spindle function in ST reconstructed oocytes, reducing the fertilization rate in ST reconstructed oocytes.




Figure 6 | Transient room temperature treatment after enucleation did not inhibit premature activation. (A) Transient room temperature treatment did not significantly affect the development potential of ST reconstructed embryos, but had an adverse effect on fertilization. ns P>0.05, *P<0.05. (B) Immunofluorescence staining results showed that transient room temperature treatment could lead to abnormal spindle function in ST reconstructed oocytes. **P<0.01, ***P<0.001. Representative images are shown in (C). For 37°C the images are normal. The middle 25°C showed that after transient room temperature treatment, the chromosomes were disordered, irregularly localized at the equatorial plate, with abnormal spindle morphology and γ-tubulin localization, while in the bottom 25°C images, the chromosomes separated in advance, the spindle microtubulin disappeared, and the γ-tubulin aggregated towards the middle of the spindle. 37°C and 25°C respectively represent the 37°C treatment group and the 25°C treatment group. Data is expressed as a percentage (%). Scale bar, 20μm.





A Ca2+ Free Manipulation Medium Did Not Inhibit Premature Activation

Afterwards, we performed electrofusion ST in a Ca2+ free medium to explore whether or not premature activation was inhibited, and the results were shown in Figure 7. Interestingly, the fusion rate of the Ca2+ free group (P<0.001) was extremely significantly higher, while there was no statistical difference in the fertilization rate (P=0.121), cleavage rate (P=0.166), blastocyst rate (P=0.674), and the hatching blastocyst rate (P=0.955) in Figure 7A. Moreover, the MPF activity, as shown in Figure 7B, decreased significantly in the Ca2+ group (P=0.0211), with no statistical difference between the Ca2+ group and Ca2+ free group (P=0.8060), or between the Ctrl group and Ca2+ free group (P=0.1405). Additionally, no statistical difference existed in terms of CN (P=0.469), NSM (P=0.789), and NR (P=0.820) between the Ca2+ group and Ca2+ free group (Figure 7C), indicating that a Ca2+ free manipulation medium did not inhibit premature activation, and that extracellular Ca2+ might not be the key factor causing calcium oscillations in ST reconstructed oocyte activation.




Figure 7 | A Ca2+ free manipulation medium did not inhibit premature activation. (A) A Ca2+ free medium significantly improved the fusion rate of mouse reconstructed oocytes. Data is expressed as a percentage (%). ns P>0.05, ***P<0.001. (B) The MPF activity decreased significantly in +Ca2+, with no statistical difference between -Ca2+ and +Ca2+/Ctrl. Data is expressed as mean ± standard deviation. ns P>0.05, *P<0.05. Value, the MPF activity per 100 oocytes (ng/ml). (C) There was no statistical difference in CN, NSM, and NR between +Ca2+ and -Ca2+. ns P>0.05. Data is expressed as a percentage (%). +Ca2+ represents the Ca2+ medium group, and -Ca2+ represents the Ca2+ free medium group.





The Optimum Operating Conditions for Electrofusion ST Technology Was the 37°C Group Without Ca2+

To further optimize ST technology, we conducted a cross experiment as shown in Figure 8. In Figure 8A it can be seen that the fusion rate was the highest in 37-, followed by 25+, with no statistical difference between 37+ and 25- (P37-/37+<0.001, P37-/25+=0.022, P37-/25-=0.009, P37+/25-=0.492, P37+/25+=0.248, P25+/25-=0.714). The fertilization rate in 25- was the lowest, there was no difference between 37+, 37- and 25+ (P37+/25-=0.002, P37-/25-=0.047, P25+/25-=0.044, P37-/37+=0.204, P37-/25+=0.711, P37+/25+=0.459). No statistical difference existed among the four groups in the cleavage rate (P37+/37-=0.345, P37+/25+=0.536, P37+/25-=0.913, P37-/25+=0.201, P37-/25-=0.483, P25+/25-=0.691), blastocyst rate (P37+/37-=0.789, P37+/25+=0.878, P37+/25-=0.819, P37-/25+=0.931, P37-/25-=0.686, P25+/25-=0.750), and blastocyst hatching rate (P37+/37-=0.725, P37+/25+=0.157, P37+/25-=0.260, P37-/25+=0.315, P37-/25-=0.416, P25+/25-=1.000). The immunofluorescence staining results in Figure 8B showed that no statistical difference in CN existed among the four groups (P37+/37-=0.469, P37+/25+=0.886, P37+/25-=0.818, P37-/25+=0.575, P37-/25-=0.623, P25+/25-=0.936). NSM (P37+/37-=0.789, P37+/25+=0.001, P37+/25-=0.001, P37-/25+=0.001, P37-/25-=0.001, P25+/25-=0.897) and NR (P37+/37-=0.820, P37+/25+<0.001, P37+/25-<0.001, P37-/25+=0.001, P37-/25-<0.001, P25+/25-=0.903) in 37+ and 37- were both significantly higher than those in the other two groups, with no difference between 37+ and 37-. Thus, 25°C treatment after enucleation had adverse effects on the spindle morphology and γ-tubulin localization in mice oocytes reconstructed via ST, which had nothing to do with Ca2+. The optimum operating condition for electrofusion ST technology were the 37°C group without Ca2+.




Figure 8 | The optimum operating condition for electrofusion ST technology was the 37°C group without Ca2+. (A) Culture results showed that the fusion rate was the highest in 37-, the fertilization rate in 25- was the lowest, with no difference in the fertilization rate existing between 37+, 37-, and 25+. *P<0.05, **P<0.01, ***P <0.001, and ns P>0.05. (B) 25°C treatment after enucleation had adverse effects on the spindle morphology and γ-tubulin localization in mice oocytes reconstructed via ST. NSM and NR in 37+ and 37- were both significantly higher than those in 25+ and 25-, with no difference existing between 37+ and 37-. **P<0.01, ***P <0.001, and ns P>0.05. 37+, 37-, 25+, and 25- respectively represent the 37°C group containing Ca2+, the 37°C group without Ca2+, the 25°C group containing Ca2+, and the 25°C group without Ca2+. Data is expressed as a percentage (%).






Discussion

Mitochondrial disease and senile infertility, especially those with aging oocytes, are both closely related to mitochondrial dysfunction (30–39). Currently, the treatment methods mainly include complementary therapies such as the supplement of Coenzyme Q10, NAD, Growth Hormone and other substances that can enhance mitochondrial function (40–43), mitochondrial transfer from aged adipose-derived stem cells (44) and autologous mitochondrial transfer (45, 46), which can only temporarily relieve symptoms, while ST can fundamentally eliminate the influence of abnormal mitochondria. Thus, ST is considered to be the most valuable therapeutic strategy for clinical transformation.

If ST can be used in the clinic, it will bring a ray of hope for patients with mitochondrial genetic diseases, also for patients with senile infertility, especially those with aging oocytes, and the key is to prove the safety and effectiveness of ST technology. Compared with human oocytes and non-human primate oocytes, mice oocytes are easier to obtain and can be used for large-scale experiments. Therefore, mice oocytes were used as the model to clarify the factors and mechanism for chromosome abnormality in oocytes reconstructed via ST. In this study, we demonstrated that electrofusion stimulation was an independent factor of chromosome abnormality in mice oocytes reconstructed via ST, and that it was unrelated to enucleation, fusion status, temperature, and Ca2+. Electrofusion stimulation could induce premature chromosome separation and abnormal spindle morphology and assembly by decreasing the MPF activity, leading to premature activation, and thus resulting in chromosome abnormality in mice oocytes reconstructed via ST. The optimum operating conditions for electrofusion ST was found to be the 37°C group without Ca2+.

In order to explore whether premature activation occurred in the ST process and in which procedure (enucleation, electrofusion stimulation), we first detected the MPF activity in the ST process. No significant difference in MPF existed between pre-ST and Ctrl, while MPF activity significantly decreased in the Unfused ST and ST group, with the decline being most significant in the ST group. During the enucleation process, chromosomes were arranged in the center of the spindle and the spindle morphology was normal, showing a typical bipolar, symmetrical, and spindle-shaped structure, with γ-tubulin located at both poles of the spindle. However, after electrofusion stimulation, CN, NSM, NR in the unfused group and the fused group were all significantly reduced, which is consistent with previous studies (4, 47, 48). Based on these observations, we predicted that it was electrofusion stimulation, whether fused or not, rather than enucleation, that caused MPF inactivation and abnormal chromosome activity and spindle organization during meiosis, leading to premature activation.

To further explore the induction of premature activation, we subdivided electrofusion into three groups (SEF, DEF, and TEF). Culture results showed that the fusion rate in DEF and TEF was significantly higher than that in SEF, but in TEF the blastocyst rate decreased significantly, so did the MPF activity, CN, NSM and NR, with no significant difference between Ctrl, SEF and DEF, concluding that single or double electrofusion had little effect on mice oocytes reconstructed via ST, while triple electrofusion might have a negative effect, and that a threshold might exist in MPF inactivation. Besides, a precise spindle assembly is the guarantee for the normal separation of chromosomes, especially the spindle pole assembly, spindle morphology, and length of the spindle (49, 50). As the electrofusion stimulation number increased, several abnormalities were generated, especially in TEF. Thus, increasing the electrofusion stimulation number could promote the fusion of ST reconstructed oocytes, but the electrofusion stimulation number should be minimized, with no more than 2 times being appropriate.

Next, we directly stimulated MII oocytes with different electrofusion. The results showed that electrofusion stimulation also resulted in premature activation in MII oocytes, especially in the three shock group (TEF) and the low intensity multiple shock group (4*MII-DEF1/3). So premature activation had nothing to do with fusion state, and electrofusion stimulation was the key factor in triggering premature activation. In addition, the blastocyst rate was significantly reduced in the MII-TEF group, but there was no statistical difference in the chromosome abnormality rate in blastocyst among the 4 groups. We hypothesized that the blastocyst culture process would eliminate embryos with chromosomal abnormalities in the MII-TEF group, so it would significantly decrease the number of normal embryos and reduce the availability of embryos.

To explore whether there was a correlation between the temporary disappearance of the spindle and inhibition of premature activation, ST reconstructed oocytes were treated at 37°C and 25°C for 5 min before electrofusion, respectively, and fused oocytes were used for immunofluorescence staining after recovery for 30 minutes. There was no difference in CN between the two groups, but NSM and NR in the 25°C group were significantly lower, along with the fertilization rate, which indicated that room temperature treatment before electrofusion did not inhibit premature activation, and might affect spindle function in ST reconstructed oocytes.

Furthermore, we investigated the effect of a Ca2+ free medium on electrofusion ST reconstructed oocytes in mice. MPF activity in the Ca2+ group and the Ca2+ free group both decreased, and no statistical difference existed in the CN, NSM, and NR. Thus, Ca2+ did not inhibit premature activation. Studies have also found that a rise in intracellular Ca2+ is caused by intracellular Ca2+ release and that Ca2+ shock waves are not affected by external Ca2+ (3). Oocyte activation cannot be initiated by a single Ca2+ rise and its propagation is mediated by Ca2+ induced calcium release (CICR) (3). Interestingly, the fusion rate in the Ca2+ free group was significantly higher, and the mechanism behind this requires further study. All the above indicated that a Ca2+ free manipulation medium did not inhibit premature activation, and that extracellular Ca2+ might not be the key factor causing calcium oscillations in oocyte activation. Electrofusion stimulation might induce premature activation in the reconstructed oocytes by changing the open-close state of calcium channels and the regulatory pathway of CICR (51–54).

To further optimize ST technology, we conducted a cross experiment. The NSM and NR in 37+ and 37- were both significantly higher than those in the other two groups. Meanwhile the fusion rate was the highest in 37-, the fertilization rate in 25- was the lowest, and there was no difference in the fertilization rate between 37+, 37-, and 25+. In addition, there was no statistical difference in the developmental potential among the groups. Therefore, the optimum operating condition for electrofusion ST technology were determined to be the 37°C group without Ca2+.

In conclusion, the present study revealed that electrofusion stimulation was an independent factor for chromosome abnormality in mice oocytes reconstructed via ST, and that it was unrelated to enucleation, fusion status, temperature, and Ca2+. Electrofusion stimulation could induce premature chromosome separation and abnormal spindle morphology and assembly by decreasing MPF activity, leading to premature activation, and thus resulting in chromosome abnormality in mice oocytes reconstructed via ST. The optimum operating condition for electrofusion ST were determined to be the 37°C group without Ca2+.
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Background

Premature ovarian insufficiency (POI) is associated with severe physical damage and psychological burden on women. Transplantation of exosomes is an encouraging regenerative medicine method, which has the potential for restoring ovarian functions on POI with high efficiency. This study aims at evaluating the therapeutic efficacy of human umbilical cord mesenchymal stem cell-derived exosomes (hUCMSC-Exos) on ovarian dysfunction of POI and the role of Hippo pathway in this exosome-mediated treatment.



Methods

POI mice models were established through intraperitoneal injection of cyclophosphamide. Subsequently, transplantation of hUCMSC-Exos was conducted to administer POI mice. Ovaries and plasma of these mice models were harvested after two weeks of treatment. Ovarian morphology and follicle number were assessed by hematoxylin and eosin staining. Moreover, ELISA was used to detect hormone levels, which are related to ovarian function in serum. To assess the recovery of reproductive ability, we recorded the rate of pregnancy, the amount of offspring, and the time of birth in different groups. To explore the underlying mechanisms of exosome-mediated treatment for ovarian function recovery, the proliferation of ovarian cells in vivo was detected by immunohistochemistry and immunofluorescence staining. Additionally, we conducted EdU and CCK-8 assays to assess the proliferative ability of ovarian granulosa cells (GCs) that were cultured in vitro. Western blot analysis was conducted to estimate the proteins levels of Hippo- and proliferation-associated molecules in vivo and in vitro.



Results

After transplantation of hUCMSC-Exos, the ovarian function-related hormone levels and the number of ovarian follicles returned to nearly normal degrees. Meanwhile, there was a significant improvement in reproductive outcomes after exosomal treatment. Furthermore, the improvement of ovarian function and proliferation was associated with the regulation of Hippo pathway. In vitro, co-culture with exosomes significantly elevated the proliferation of ovarian GCs by regulating Hippo pathway. However, the positive effects on the proliferation of GCs were significantly depressed when key Hippo pathway molecule was inhibited.



Conclusion

This study suggested that hUCMSC-Exos promoted ovarian functions and proliferation by regulating the Hippo pathway. Therefore, exosomal transplantation could be a promising and efficient clinical therapy for POI in the near future.
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Introduction

Premature ovarian insufficiency (POI) is a complicated endocrine disease with a worldwide incidence of 1-5% (1, 2). In clinical practice, diagnosis of POI is accepted in women below 40 years who present with amenorrhea for beyond four months, with deficiency of sexual hormones, and with follicle stimulating hormone (FSH) levels in serum above 40 IU/L (3). In most cases, various and diverse factors lead to premature dysfunction or depletion of ovarian follicles. Although etiologic elements include genetic, autoimmune, and iatrogenic factors, the specific etiology is unclear in most cases (4, 5). It is mainly characterized by declining ovarian functions, which were related to amenorrhea, high gonadotropin, and low estrogen levels (6). Occurrence of POI at a young age could lead to severe outcomes on reproductive health and may cause infertility. Additionally, estrogen deprivation is associated with sexual dysfunction, cardiovascular disease, low bone density, and even severe psychological burdens. Although hormone replacement therapy (HRT) is the most conventional clinical treatment option for administering POI patients, it has unsatisfactory efficacy owing to the non-fundamental restoration of ovarian function and various side effects (7).

Mesenchymal stem cell (MSC) is a type of non-hematopoietic stem cell with multidirectional differentiation potential and low immunogenicity (8). Several efforts have been taken to effectively apply MSCs in numerous diseases. Meanwhile, MSC-related therapies have the potential for reversing ovarian aging and dysfunction because of their therapeutic characteristics, including migration ability and paracrine effects (9). Experimental outcomes of various kinds of MSCs in POI are encouraging (10, 11). Among them, human umbilical cord MSCs (hUCMSCs) have been widely used because of easier isolation, lower immunogenicity, and higher proliferative capacity (12). The paracrine effect has been reported to mediate the therapeutic effects of MSCs (13, 14). Specifically, paracrine effectors of their secretome, including non-coding RNAs, cytokines, and growth factors, can be transplanted to target cells in damaged organs or tissues to perform long-term effects. Extracellular vesicles (EVs) are the major paracrine effectors that can transfer bioactive components (15). As a type of EVs, exosomes are essential in cell-to-cell communication by delivering numerous self-carrying proteins and non-coding RNAs (16). In this way, exosomes can boost tissue responses to damage and disease (17). Because of their special structures, exosomes are stable enough in vivo compared to other kinds of particles (18). These characteristics enhance their clinical applications for POI. Therefore, this cell-free regenerative medicine provides a new low-risk therapy for POI. Previous studies have reported that exosomes derived from hUCMSC (hUCMSC-Exos) could administer POI by inhibiting the apoptosis of ovarian granulosa cells (GCs) and regulating immune cell responses (19, 20). However, specific and underlying therapeutic mechanisms of exosome-mediated restoration of ovarian functions and folliculogenesis have not been fully understood.

The Hippo pathway is critical in folliculogenesis and ovarian function by regulating follicle activation and survival, and ovarian cells proliferation (21). The key molecules of the Hippo pathway, including Large tumor suppressor 1/2 (LATS1/2), Mammalian Ste20-like kinases 1/2 (MST1/2), Yes-associated protein (YAP), PDZ-binding motif (TAZ), and TEA domain transcription factor (TEAD), play a critical regulatory function in the cytoplasm of GCs (22–24). Meanwhile, ovarian follicular development is associated with elevated YAP, TEAD, and TAZ levels, and suppressed MST1 and LATS levels (22). Taken together, the Hippo pathway is essential in regulating ovarian follicles’ function and activation. However, the role of Hippo pathway in the exosome-mediated treatment for POI has not been fully explored.

MSCs have exhibited significant therapeutic potential for POI at present. However, the therapeutic efficiency of hUCMSC-Exos and underlying molecular mechanisms are far from well elucidated. This investigation was systematically designed to confirm the therapeutic efficiency of exosomal therapy in promoting ovarian function for POI and explore the regulatory role of Hippo pathway in exosome-mediated treatment, which is fundamental for the further conduction of this novel approach for POI.



Methods


Identification of hUCMSCs

Third passage hUCMSCs were purchased from Qilu Cell Therapy Technology (Shandong, China) and were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco, US), which was supplemented with 10% exosome-depleted fetal bovine serum (Gibco) and 1% penicillin/streptomycin (Gibco), at cellular incubation conditions (37°C and 5% CO2). The MSCs were identified as previously described (25). First, we confirm their morphology by using a light microscope (Imager.D2; ZEISS, Germany). Then, Alizarin Red staining was used for osteogenic identification; and Oil Red O staining was conducted for adipogenic differentiation. Finally, Flow cytometry (FCM; FACSCanto II, BD, US) was used to detect MSC-related surface markers (CD34, CD44, CD45, CD73, CD90, CD105, and HLA-DR; Biolegend, US).



Isolation and Identification of hUCMSC-Exos

Culture medium of hUCMSCs at the fourth to sixth passage was obtained and centrifuged at 2,000 × g for 15 min at 4°C to filter cells. Then, the supernatant was centrifuged at 10,000 g for 30 min at 4°C to filter debris after which the supernatant was centrifuged at 120,000 g for 70 min at 4°C to remove the supernatant. The precipitate was washed using phosphate-buffered saline (PBS; Servicebio, China) after which we centrifuged the supernatant at 120,000 g for 70 min at 4°C. Then, the precipitate was suspended in pre-cooled PBS (Servicebio), which led to the isolation of exosomes at a concentration of 1 mg/mL (8.69×1010 particles/ml). The hUCMSC-Exos were experimentally identified (26). First, we used Flow NanoAnalyzer (U30; NanoFCM, China) to measure exosomal size distribution and concentration. Then, we observed their morphologies by using transmission electron microscopy (TEM; Talos F200C; Thermo Scientific, US). Finally, surface markers of hUCMSC-Exos, including CD9, CD63, and CD81 (Biolegend, US), were detected by FCM (BD).



Isolation and Identification of Mouse Ovarian GCs

Ethical approval for the use of animal models was obtained from the Ethical Committee of Second Hospital of Hebei Medical University. Three-week-old healthy female C57BL/6 mice were acquired from SPF Biotechnology (China). Stimulation of follicle growth was done by intraperitoneal injection of pregnant mare serum gonadotropin (Solarbio, China). Mice ovarian tissues were obtained after 48h of the injection of pregnant mare serum gonadotropin. Then, we isolated GCs under the anatomical microscope (SMZ-10A; Nikon, Japan). Next, digestion of the was conducted in 0.1% hyaluronidase (Sigma, US) at 37°C for 10 min. After terminated the digestion and washed the tissues, we filtered the suspension through a cellular strainer. After that, we cultured single-cell suspensions in DMEM containing Ham’s F12 medium (DMEM: F12; Gibco) at cellular incubation conditions. Lastly, immunofluorescence staining of follicle stimulating hormone receptors (FSHR; 1:800; Servicebio) was performed to identify GCs.

The first passage GCs were seeded on the six-well plate with a density of 1×105 cells/well. We divided GCs into five groups. To confirm the protective role of exosomes against cyclophosphamide (CTX)-induced GC injury, in the CTX group, 30 μM CTX (Sigma, US) was co-cultured with GCs for 24 h. In the Exos group, we added 20 μg/mL hUCMSC-Exos and CTX (Sigma) to the cellular medium. Verteporfin (Bioss antibodies, China) was used as a YAP inhibitor that disrupts YAP-TEAD interactions. In the Exos+Verteporfin group, in addition to culturing GCs with hUCMSC-Exos and CTX, we added 10 μM verteporfin into the cellular medium. In the CTX +Verteporfin group, we added CTX and verteporfin to the medium of GCs. Lastly, in the Normal group, we cultured GCs with the common cellular medium.



Proliferation of GCs

We conducted EdU and CCK-8 assays to assess the proliferative ability of GCs. After drug interventions and exosome-mediated treatment for all groups, we used an EdU Kit (Beyotime, China) to detect cell proliferation according to the manufacturer’s instructions. After completed the operation, we observed GCs under a fluorescence microscope (AxioCam HRc; ZEISS, Germany). The CCK-8 assay was also performed. Briefly, we seeded first passage GCs into 96-well plates with a density of 4000 cells/well. After drug interventions and exosome-mediated treatment for all groups, 10 μl of CC K-8 solution (Servicebio, China) was added into wells and incubated at cellular incubation conditions for 4 h. Absorbance was measured at 490 nm using a microplate reader (Synergy-H1; BioTek, US). The same procedure was performed after 1-5 days to evaluate GCs proliferation.



POI Mouse Model and Treatment With hUCMSC-Exos

Eight-week-old healthy female C57BL/6 mice were acquired from SPF Biotechnology (China), and all procedures were ethically approved by the Ethics Committee of Second Hospital of Hebei Medical University. Mice were equally assigned into three groups. The POI (n=12) and Exos (n=12) groups were intraperitoneally administered with CTX (120 mg/kg) two times (Once every seven days; according to the results of our pilot study) to establish the POI model. The Normal group (n=12) received non-operate. We confirmed the establishment of POI mice models by constantly detecting vaginal smears and measuring weight for two weeks after the injection of CTX. Then, we administered mice in the Exos group by intraperitoneal transplantation of 150 μg hUCMSC-Exos two times (Once every seven days). At the same time, we administered mice in the POI group by intraperitoneal injection of 150 μl PBS. Two weeks after the first treatments (27), 18 mice (n=6 per group) were sacrificed, and blood serum and ovaries were harvested for subsequent experiments.



Reproductive Tests

Reproductive tests were conducted to assess the efficiency of hUCMSC-Exos involved functional improvement of fertility. Two weeks after the first treatment, we mate female mice in the experimental group (n=6 per group) with sexually mature male mice at a 1:1 ratio continuing eight weeks. Fertility levels of the three groups, including pregnancy rate, number of offspring, and time of birth were recorded (28). Pregnancy rate was respectively calculated in four- and eight-week after mating. The number of offspring and the time of birth were calculated in eight-week.



Ovarian Follicle Counts and Morphological Analysis

After the completing treatment, we obtained ovaries from sacrificed mice. Next, we fixed ovaries in 4% paraformaldehyde (Servicebio) for 48 h. After completing paraffin embedding, we sliced the ovaries into 4 μm sections. Then, we selected more than three sections of every ovary for hematoxylin-eosin (HE) staining. Lastly, we observed morphological characteristics of every ovarian section and counted all stages of follicles (primordial, primary, secondary, antral, and atretic follicles) using light microscopy (ZEISS).



TUNEL Analysis

TUNEL analysis of ovarian sections was performed by using the Tunel Cell Apoptosis Detection Kit (Servicebio, China). Briefly, 0.3% Triton X-100 (Solarbio, China) was used for permeabilization of ovarian sections. Then, the sections were incubated with TUNEL detection solution. The DAPI solution (SouthernBiotech, US) was used to label the nucleus. Finally, sections were analyzed by fluorescence microscopy (ZEISS). The DAPI-labelled nuclei appeared blue while positive apoptosis cells appeared green.



ELISA

After mice were sacrificed, blood was collected after which serum was obtained by centrifuging at 5000 rpm for 10 min. Anti-Mullerian hormone (AMH), estradiol (E2), and FSH levels in serum were measured by ELISA Kit (MEIMIAN, China) according to the manufacturer’s instructions. In brief, we added 50 μl of each serum to each coated well for incubation. After 30 min, we washed these wells five times using a wash buffer. Next, we added HRP-conjugated antibodies into the wells. After the same wash steps of wells, we added the color development solution into the wells for 10- minute incubation at 37°C. Finally, we added the stop buffer and measured the optical density (OD) at a 450 nm wavelength. The concentration of these hormones was calculated based on the standard curve.



Immunofluorescence Staining

Paraffin-embedded mouse ovarian sections were immersed in sodium citrate buffer (Servicebio, China) at a sub-boiling temperature for 5 min, cool for 5 min at room temperature, followed by another sub-boiling temperature for 5 min for antigen retrieval. Then, 0.3% Triton X-100 was used for permeabilization after which the objective area was covered with 5% goat serum (Servicebio) for 1 h. Then threw away the blocking solution slightly and incubated the slides at 4°C overnight in the presence of primary antibodies, including FSHR (1:400; Servicebio), Ki67 (1:800; Servicebio), and proliferating cell nuclear antigen (PCNA; 1:800; Servicebio). On the next day, slides were washed with PBS (Servicebio) three times after which the sections were incubated for one hour in the presence of a secondary Alexa Fluor 488-conjugated goat anti-rabbit antibody (1:400; Servicebio, China) or Cy3 conjugated goat anti-rabbit antibody (1:400; Servicebio, China). Finally, cell nuclei were labeled with the DAPI solution (SouthernBiotech). We observed these slides by using a fluorescence microscope (ZEISS).



Immunohistochemistry Staining

Ovaries from each group of mice were fixed, sectioned (4 μm), and incubated in the presence of primary mouse antibodies, including FSHR (1:400; Servicebio) and Ki67 (1:800; Servicebio), at 4°C overnight. Subsequently, the slides were incubated with biotinylated secondary antibodies at room temperature for one hour. Reaction products containing diaminobenzidine (ZSGB-BIO, China) were used to color the slides, which were counterstained with hematoxylin (Servicebio).



Western Blotting Analysis

Firstly, we used the RIPA lysis buffer (Servicebio) to extract protein from mouse ovaries in vivo and GCs in vitro. Protein concentrations were measured by using a BCA protein assay kit (Solarbio, China). Then, we made protein samples denatured at 100°C for 10 min. SDS-PAGE (Servicebio) was used to separate proteins, and then proteins were transferred into 0.22 μm PVDF membranes (Sigma, US). After being blocked with 5% skim milk for 1.5 hours, membranes were incubated with primary antibodies overnight at 4°C. The next day, we washed them three times and incubated them with an HRP-conjugated goat anti-rabbit antibody (Servicebio, China) for one hour. Lastly, we detected the proteins levels using the ChemiDoc MP Imaging System (Bio-Rad, USA).



Statistical Analysis

Each test was performed at least three times. All results were analyzed by using SPSS 26.0 software. Student’s t-test was used for comparisons between two groups. A one-way analysis of variance was used for the distribution of data. Results are presented in the form of mean ± SD. A p value of < 0.05 was considered to be significantly different.




Results


Characterization and Identification of hUCMSCs and hUCMSC-Exos

After inoculation, the MSCs isolated from the human umbilical cord grew into long fusiform cells with fibroblast-like morphologies. In passage four to ten, cells exhibited a consistent spindle shape (Figure 1A). Immunophenotypes of MSCs were characterized by flow cytometry using specific biomarkers. The results showed a high expression of CD73 (98.8%), CD105 (98.1%), CD44 (99.9%), and CD90 (99.9%), and a low expression of CD34 (0.4%), CD45 (0.7%), and HLA-DR (0.2%) in hUCMSCs (Figure 1B). In addition, we induced hUCMSCs to develop into different cell types in a conditional culture system. The positive results of Alizarin Red and Oil Red O staining for induced hUCMSC demonstrated the multi-lineage differentiation potential of them (Figure 1C). These characterizations meet the criteria for defining human MSC (Table 1) (25).




Figure 1 | Characterization and identification of hUCMSCs and hUCMSC-Exos. (A) The morphology of hUCMSCs at the fourth passage and the tenth passage. Scale bar: 200 μm. (B) hUCMSCs were positive for CD73, CD105, CD44, and CD90, and were negative for CD34, CD45, and HLA-DR, as shown by flow cytometry analysis. (C) Alizarin Red staining was used for hUCMSCs osteogenic identification, and Oil Red O staining was conducted for adipogenic differentiation. Scale bar: 200 μm. (D) Representative images of hUCMSC-Exos under transmission electron microscopy. Scale bar: 100 nm. (E) Particle size distribution of hUCMSC-Exos was determined by Flow Nano Analyzer. (F) hUCMSC-Exos were positive for CD9, CD81, and CD63, which were shown by flow cytometry analysis.




Table 1 | Results of identification of hUCMSCs, hUCMSC-Exos and GCs, and establishment of POI model.



Subsequently, hUCMSC-Exos were identified according to minimal experimental requirements for definition of extracellular vesicles (26). The exosomes exhibited a cup-shaped morphology (Figure 1D) with their size distributions ranging from about 50 to 100 nm at a concentration of 8.69×1010 particles/mL (Figure 1E). Additionally, the surface marker proteins were positive in exosomes by conducting FCM, including CD9, CD81, and CD63 (Figure 1F). These results confirmed that exosomes had been isolated from hUCMSCs (Table 1).



Identification of GCs and the Therapeutic Effects of hUCMSC-Exos In Vitro

GCs were isolated from mouse ovaries and cultured in vitro to investigate the possible mechanisms of hUCMSC-Exos in POI. After 48 h of initial plating, GCs exhibited oval or polygonal shapes with a single layer. And after 72 h, cells exhibited significant proliferation under light microscopy (Figure 2A). In the ovarian tissue, FSHR was a molecular marker for the identification of GCs (27). Therefore, immunofluorescence staining of FSHR was used to identify ovarian GCs. Most cells exhibited a green fluorescence, which indicated that they are GCs (Figure 2B). These findings proved that ovarian GCs had been successfully isolated and cultured (Table 1).




Figure 2 | Morphology and identification of GCs and therapeutic effects of hUCMSC-Exos in CTX-damaged GCs. (A) Morphologies of mouse ovarian GCs after isolation at 48 h and 72 h. Scale bar: 200 μm. (B) Identification of GCs by FSHR immunofluorescence. Scale bar: 100 μm. (C) EdU assay showed hUCMSC-Exos promoted the proliferative of GCs; cell nuclei were stained blue, while cells with proliferation activity were stained red. Scale bar: 50 μm. (D) Proliferation ratio of GCs was analyzed through the EdU assay. (E) Effects of hUCMSC-Exos on GCs viability were assessed by the CCK-8 assay from day 0 to day 5. (F) Representative immunoblots of PCNA and FSHR, using GAPDH as the reference. Quantification of protein expression revealed that exosomal treatment increased the expression levels of (G) PCNA and (H) FSHR. Data are presented as the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ns, no significance. Data are representative of three independent experiments in each group.



To verify the therapeutic effect of exosomes in vitro, they were co-cultured with CTX-damaged GCs. Briefly, proliferation of GCs was measured through EdU and CCK-8 assays. In the EdU assay, red fluorescence with Alexa Fluor 555 exhibited proliferative GCs, which were more in the Exos group compared to the CTX group (Figure 2C). Moreover, the EdU assay revealed that the proliferative ratio of GCs was significantly increased in the Exos group compared with the POI group (p < 0.01) (Figure 2D). The CCK-8 assay showed that, compared to the CTX group, the proliferation of GCs was significantly enhanced when they were co-cultured with hUCMSC-Exos for 5 days (Figure 2E). Then, proteins associated with GCs proliferation and function were analyzed by western blotting. In the Exos group, proliferative proteins (PCNA) and functional proteins (FSHR) were elevated when compared to the CTX group (Figures 2F–H). These findings showed that hUCMSC-Exos promote GC proliferation and expression of FSHR in vitro.



hUCMSC-Exos Restored Ovarian Function in POI Mice Models

Animal experiments were performed according to the experimental timeline (Figure 3A). Specifically, hUCMSC-Exos transplantation we performed following the POI model was established by injecting CTX twice. Seven days after the last treatment, six mice of each group were sacrificed, and six mice were mated with male mice (1:1). To confirm the establishment of POI mice models, body weights for mice in each group were measured, and vaginal smear was performed every morning at 8 am. In the Normal group, a regular estrous cycle was four to six days. In the POI model group, almost all mice stayed in the estrous phase and have no periodic change. Compare with the Normal group, HE staining of ovarian sections revealed that follicle numbers were significantly decreased, the arrangement of GCs was disordered, and the interstitial fibrosis was more severe in the POI group (Figure 3B). Furthermore, TUNEL staining was performed to detect apoptotic cells in ovarian tissues. In the POI group, there were more TUNEL-positive ovarian GCs in follicles (Figure 3C). These results confirmed that the POI models had been successfully established (Table 1).




Figure 3 | Therapeutic effects of hUCMSC-Exos in POI mice models. (A) Experimental timeline. After POI models were established by the injection of CTX twice, hUCMSC-Exos transplantation was performed. Seven days after the last treatment, six mice were sacrificed while six other mice were mated with male mice (1:1). (B) H&E staining of ovaries in the Normal and POI group. Scale bar: 100 μm and 200 μm. (C) Apoptosis was measured by TUNEL staining in the Normal and POI group. Cell nuclei were stained by DAPI (blue fluorescence) while apoptotic cells were stained with FITC (green fluorescence). Scale bar: 100 μm. (D) HE staining of ovaries in three different groups. Scale bar: 50 μm and 200 μm. (E) The number of follicles in different stages in each group. (F) Mice weight changes in the three groups. The dotted line indicates mice received treatment for 14 days and 21 days. (G) AMH, (H) E2, and (I) FSH levels were significantly elevated in the Exo group compared to the POI group and were near normal levels. Data are presented as the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ns, no significance. Data are representative of three independent experiments in each group.



Then, the therapeutic effects of hUCMSC-Exos on restoration of ovarian function were analyzed. After treatment of hUCMSC-Exos, we observed gradual restoration of the estrous cycle, but not in the POI group. Compared to the POI group, HE staining of ovarian sections revealed that the numbers of follicles in all stages were significantly increased in the Exos group, and were nearly close to normal levels (Figure 3D). Meanwhile, these pathological results showed that no inflammatory cells and immunological reactions appeared in the ovarian tissue after exosomes treatment, indicating low immunogenicity of MSC-derived exosomes (Figure 3D). After ovaries of different groups were collected, we counted the number of follicles in each section to further analyze the therapeutic effect. Compared to the Normal group, the numbers of primordial (p < 0.05), primary (p < 0.05), secondary (p < 0.05), mature (p < 0.05), and atretic follicles (p < 0.01) were significantly decreased in the POI group. However, after conducting exosomal transplantation, the numbers of primordial (p < 0.05), primary (p < 0.05), mature (p < 0.01), and atretic follicles (p < 0.01) were significantly increased than they were in the POI group (Figure 3E). Taken together, the number of different stages of follicles in the Exos group exhibited an increasing trend compared to the POI group. Before CTX injection, the body weights of mice were almost at the same levels among the three groups. After injection of CTX, mice in the Exos and POI groups lost weight gradually within seven days compared to them in the Normal group. However, After the first hUCMSC-Exos transplantation, body weights of mice in the Exos group exhibited a gradual increase following the first exosomal transplantation, while mice in the POI group only exhibited a slow weight gain (Figure 3F). Then, we measured AMH, E2, and FSH levels in the serum of POI models. Compared with the Normal group, the AMH (p < 0.001) (Figure 3G) and E2 (p < 0.001) (Figure 3H) levels were significantly decreased, and FSH (p < 0.001) (Figure 3I) levels were remarkably elevated in the POI group. The change of hormones levels implying the successful establishment of POI mice models. After exosomal administration, AMH (p < 0.001) (Figure 3G) and E2 (p < 0.001) (Figure 3H) levels were significantly increased, while FSH (p < 0.001) (Figure 3I) levels were notably suppressed when compared to the POI group. However, AMH (p < 0.05) and E2 (p < 0.05) levels in the Exos group had not returned to normal levels after two weeks of treatment when compared to the normal group. These findings showed that exosomal transplantation promoted the recovery of ovarian functions and physiological functions of POI mice.



hUCMSC-Exos Improved Reproductive Ability of POI Mice

Fertility results of the three groups, including pregnancy rate, number of offspring, and time to birth, were recorded. Representative figures of fertility results showed that the transplantation of exosomes significantly improved the reproductive functions of POI mice (Figure 4A). Four weeks after exosomal transplantation, pregnancy rate of mice in the Exos group was higher (66.67%) when compared to that in the POI group (16.67%) (Figure 4B). In eight weeks, the rate was 83.33% and 33.33%, respectively (Figure 4C). Moreover, the number of offspring was significantly suppressed in the POI group compared with the Normal group (p < 0.001). In contrast, treatment with hUCMSC-Exos significantly increased the number of offspring compared with the POI group (p < 0.05) (Figure 4D). Additionally, time to birth in the POI group was significantly prolonged (p < 0.001), which was reduced by exosomal transplantation (p < 0.01) (Figure 4E). These findings showed that exosomal administering could greatly improve reproductive ability of POI mice.




Figure 4 | Exosomes improved reproductive functions of POI mice. (A) Representative outcomes of reproduction in the three groups. (B) Pregnancy rate at 4 weeks after treatment. (C) Cumulative pregnancy rate at 8 weeks after treatment. (D) The number of offspring in the three groups. (E) Time to birth after treatment. Data are presented as percentage or mean ± SD; n = 6 per group; *p < 0.05, **p < 0.01, ***p < 0.001; ns, no significance.





hUCMSC-Exos Restored GCs FSHR Expression and Promoted Proliferation of GCs In Vivo Through the Hippo Pathway

FSHR is a crucial molecular for GCs to perform their roles in regulating follicular function and activity. Therefore, immunological methods for ovarian sections were used to detect the expressions of FSHR in each group. Immunofluorescence staining of FSHR showed that more functional follicular GCs were observed in the Exos and Normal groups when compared to the POI group (Figure 5A). Furthermore, immunohistochemical staining revealed the same results (Figure 5B). High expression levels of FSHR indicated that hUCMSC-Exos transplantation improved folliculogenesis and follicular function.




Figure 5 | Exosomes restored the expression levels of FSHR in GCs in vivo. (A) Expression levels of FSHR in ovaries as measured by immunofluorescence staining. Scale bar: 100 μm. (B) Expression levels of FSHR in ovaries as measured by immunohistochemical staining. Scale bar: 50 μm.



PCNA and ki67 are the most conventional molecular markers for detecting proliferative cells. Accordingly, the detection of them was performed to evaluate the efficiency of exosomes in promoting ovarian cells proliferation. Immunofluorescence staining of PCNA showed more follicular proliferative GCs in the Exos and Normal group compared with the POI group (Figure 6A). Similarly, Immunohistochemical (Figure 6B) and immunofluorescence staining (Figure 6C) of Ki67 indicated that there were more proliferative cells in the Exos than in the POI group. Therefore, treatment with hUCMSC-Exos promoted ovarian cells proliferation, which contributed to the restoration of follicular and ovarian functions.




Figure 6 | Exosomes promoted ovarian proliferation by regulating the Hippo pathway in POI mice. (A) Expression of PCNA was measured by immunofluorescence staining in the different groups. Scale bar: 50 μm and 200 μm. Expression of Ki67 was measured by (B) immunohistochemical staining and (C) immunofluorescence staining in the three groups. Scale bar: 20 μm and 50 μm. (D) Representative immunoblots of biomarkers of proliferation and the Hippo pathway, using GAPDH as reference. Quantification of protein expression revealed that exosomal treatment elevated the expression levels of (E) FSHR, (F) PCNA, (G) YAP1, (I) TEAD1, and (J) TAZ, and suppressed the expression of (H) p-YAP and (K) MST1. Data are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ns, no significance. Data are representative of three independent experiments in each group.



The Hippo signaling pathway plays a vital role in folliculogenesis and activation of primordial follicles (21). To determine the regulatory role of Hippo pathway in the hUCMSC-Exos-mediated therapeutic effects on POI mice models, proteins associated with key Hippo molecules and ovarian function (FSHR and PCNA) were simultaneously detected by western blotting. In the Exos group, proteins expression levels of YAP1, TAZ, and TEAD1, and ovarian functional proteins (FSHR and PCNA) were significantly elevated compared to the POI group. Conversely, proteins levels of p-YAP and MST1 were suppressed in the Exos group (Figures 6D–K). These findings preliminary indicate that hUCMSC-Exos promoted ovarian proliferation and function by regulating the Hippo pathway.



hUCMSC-Exos Promoted GCs Proliferation In Vitro by Regulating the Hippo Pathway and the Effect Was Inhibited by a YAP Inhibitor

Verteporfin was used as an inhibitor of YAP in cultured GCs with/without hUCMSC-Exos to determine whether the pathway is involved in GCs proliferation and function in vitro. The proliferative ability of GCs was evaluated in different groups by using EdU and CCK-8 assays. In EdU assay, the effect of hUCMSC-Exos on promoting GCs proliferation was disappeared after co-culture with verteporfin (Figure 7A). Additionally, the proliferative rate was significantly increased in the Exos group compared with the CTX group (Exos group vs CTX group; p < 0.01), and the rate was notably decreased when verteporfin was added to the cell culture medium (Exos group vs Exos-Verteporfin group; p < 0.01) (Figure 7B). In the CCK-8 assay (Figure 7C), similar results were observed. These findings suggest that proliferative ability of GCs was significantly enhanced by co-culture with hUCMSC-Exos after CTX pretreated, but this therapeutic effect disappeared following the addition of a YAP inhibitor.




Figure 7 | Exosomes promoted GCs proliferation by regulating the Hippo pathway in vitro. (A) The EdU assay showed that hUCMSC-Exos promoted GCs proliferation, while the inhibitor of YAP, verteporfin, reversed this effect. Scale bar: 50 μm. (B) Proliferative ratio of GCs in five different groups was analyzed through the EdU assay. (C) Cell proliferation curve of GCs from day 0 to day 5 in the five groups, as measured by the CCK-8 assay. (D) Representative immunoblots of biomarkers of proliferation and the Hippo pathway in the five groups, using GAPDH as reference. Quantification of protein expression levels of (E) FSHR, (F) PCNA, (G) YAP1, (I) TEAD1, (J) TAZ, (H) p-YAP, and (K) MST1 revealed that exosomes promoted GCs proliferation by regulating the Hippo pathway, and the therapeutic effects were suppressed by verteporfin. Data are presented as the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ns, no significance. Data are representative of three independent experiments in each group.



Furthermore, proteins associated with the Hippo pathway, and proliferation (PCNA) and function (FSHR) of GCs, were detected by Western blot analysis (Figure 7D). After co-cultured with hUCMSC-Exos, expression levels of proteins of YAP1 (p < 0.01), TAZ (p < 0.001), TEAD1 (p < 0.001), PCNA (p < 0.001), and FSHR (p < 0.001) in GCs were significantly elevated compared to the CTX group (Figures 7E–G, I, J). Meanwhile, proteins levels of p-YAP (p < 0.01) and MST1 (p < 0.001) were decreased (Figures 7H, K). However, contrasting results were found when the YAP inhibitor was added to the medium (Exos group vs Exos-Verteporfin group; YAP1, p < 0.01; TAZ, p < 0.001; TEAD1, p < 0.001; PCNA, p < 0.001; FSHR, p < 0.001; p-YAP, p < 0.001; MST1, p < 0.001) (Figures 7D–K).

In summary, these findings show that hUCMSC-derived exosomes promote the proliferation and function of ovarian cells by regulating the Hippo pathway (Figure 8 and Table 2). These therapeutic effects were suppressed when the key Hippo molecule (YAP) was blocked, further confirming the necessity and indispensability of the Hippo pathway in exosome-mediated treatment for POI.




Figure 8 | Model for how hUCMSC-Exos increase ovarian cells proliferation by regulating the Hippo pathway. In brief, after phagocytosis by ovarian cells, exosomes regulated key molecules of the Hippo through the non-coding RNA and other molecules that they convey to cells, thereby regulating the Hippo pathway and promoting cell proliferation.




Table 2 | Results of hUCMSC-Exos treatment.






Discussion

In this study, we found that hUCMSC-Exos significantly improved ovarian function and reproductive ability of POI mice models by promoting proliferation through the Hippo pathway. To confirm the effects of hUCMSC-Exos in POI, we performed well-designed experiments in vivo and in vitro. Exosome-mediated transplantation in vivo restored related hormone levels to nearly normal, increased the number of follicles, and promoted ovarian cell proliferation, especially the GCs. These therapeutic effects for POI models were accomplished by regulating the Hippo pathway. To further determine the therapeutic mechanism, we conducted a systematic GCs-related investigation in vitro. Briefly, in vitro co-cultured with exosomes elevated proliferation and function of GCs by regulating Hippo pathway. However, these therapeutic effects were notably reversed by the inhibitor of YAP. This study is fundamental for further clinical conduction of this novel approach for POI. Additionally, several previous studies have confirmed the therapeutic effects of MSC-derived EVs in POI models (27, 29, 30). These investigations and our findings together show bright prospects of exosome-related treatment for administering POI patients.

Ovary is the most important reproductive organ for a woman. A normal healthy ovary can perform the production of sex hormones and gametogenic functions (31). In POI, ovarian physiological functions and reproductive abilities are injured by the dysfunction or depletion of ovarian follicles. GCs and oocytes are the components of follicles. Importantly, GCs play a critical role in follicular evolution, activation, and function (32). Hormone receptors of GCs, including estrogen receptor and FSHR, are crucial for folliculogenesis and ovulation. Excessive apoptosis of GCs is a key mechanism for follicular atresia (33), which can trigger follicle dysfunction and physiological change of ovaries. It suggests that promoting proliferation of GCs can rescue damaged ovarian structures and functions. Furthermore, exploring the therapeutic effect of hUCMSC-Exos in GCs could help to determine the underlying mechanism of exosome-related treatment in POI. Therefore, hUCMSC-Exos and GCs were successfully isolated and identified before conducting exosomal treatment (Figures 1, 2). In vitro, co-cultured with hUCMSC-Exos significantly improved the proliferation levels of CTX-damaged GCs (Figure 2). In vivo, excessive apoptosis of GCs and numerous atretic follicles were detected in POI mice models. After performed exosome-related transplantation, promoted ovarian cells proliferation and restored ovarian function were observed (Figures 3, 5, 6). Briefly, all stages of follicles and proliferative ovarian cells were significantly increased after injection of hUCMSC-Exos, indicating that exosomes could improve the proliferation of GCs and folliculogenesis.

Infertility is a serious physiological impact on POI patients. Therefore, promoting fertility of females is the central goal of POI treatment. To verify the efficiency of hUCMSC-Exos treatment, we mated male and female mice in each group for eight weeks after exosomal transplantation and observed the fertility outcome. It showed that the reproductive functions of POI mice were significantly improved after exosome-mediated treatment (Figure 4). Briefly, the pregnancy rate of mice and the number of offspring were enhanced, and the time to birth was shortened following the transplantation of hUCMSC-Exos. However, it is necessary to enlarge the animal numbers in further study, and more complete results should be confirmed in pre-clinical or clinical trials.

Elucidation of the mechanism involved in exosomal-mediated treatment can guarantee effective and targeted application of exosomes. The Hippo signaling pathway was originally determined in Drosophila melanogaster as an essential regulator of various biological processes and tissue growth, including cell growth, organ size control, and folliculogenesis (21, 34, 35). In the Hippo, MST1/2 phosphorylate LATS1/2, and then LATS1/2 directly phosphorylate the YAP and TAZ, thereby inhibiting their nuclear localization. When the Hippo pathway is functioning, YAP/TAZ are dephosphorylated and accumulate in the nucleus, where they bind with TEAD to induce gene transcription (34) (Figure 8). In folliculogenesis, the Hippo pathway plays a vital role by regulating primordial follicular development and GCs proliferation. Elevated YAP, TEAD, and TAZ levels as well as suppressed MST1 and LATS1/2 levels can promote follicular development of the ovary (22). Therefore, regulating Hippo pathway is a potential therapeutic mechanism for exosome-related treatment to improve the recovery of ovarian function, the activation of GCs proliferation, and the stimulation of follicular growth. In this study, proteins that represent the activation and stimulation of follicular development (YAP, TAZ, and TEAD), and proliferation (PCNA) and function (FSHR) of GCs were suppressed in the POI group, but significantly elevated after hUCMSC-Exos treatment (Figure 6). Furthermore, we designed supplementary experiments in vitro using verteporfin as an inhibitor of YAP, and found that the therapeutic effect of exosomes on CTX-damaged GCs was inhibited (Figure 7). These findings all together prove that hUCMSC-Exos promote ovarian cells proliferation and restore ovarian functions through the Hippo signaling pathway. However, the specific mechanism of how hUCMSC-Exos activate the Hippo pathway is still unclear and needs further exploration in our further study.

The immunological reaction of exosomal transplantation crossing species is an important issue that should be concerned. Numerous investigations have demonstrated the low immunogenicity of MSC-derived exosomes in administering various diseases (36). Meanwhile, MSC-derived exosomes have similar hypoimmunogenic properties. There was no major histocompatibility complex I or II has been detected by using comprehensive proteomic analysis (37). More than 65% of in vivo studies have transplanted exosomes derived from human MSCs into different species of animal models (36). Inspiringly, there was no definite immunogenicity has been shown in these species crossing research. Consequently, MSC-derived exosomes are considered hypoimmunogenic. Pathological results in this study also show that there is no inflammatory response and no inflammatory cells infiltration in the ovarian tissue following the species crossing transplantation of MSC-derived exosomes (Figure 3D). However, further studies are needed to confirm that the hypo-immunogenicity properties of MSC-derived exosomes are consistent among enough experimental individuals and different diseases.

Over 300 clinical trials involving MSC therapies have been completed, and some results have shown MSCs exhibit therapeutic effects in various disorders. Meanwhile, 15 clinical trials of EVs have been registered in ClinicalTrial.gov (38). If proved to be effective, MSC- and EV-based therapies will be available for clinical applications in the future. However, various challenges are associated with practical applications of MSCs and exosomes. First, there is a need to verify the safety of stem cell- and exosome-based transplantation. Second, different studies proposed distinctive strategies for isolation, culture, and identification of MSCs and MSC-derived exosomes for treatment (39), which leads to different outcomes in various experiments and clinical trials. Therefore, there is a need to develop a systematic standard for them from culture to application (40). Importantly, principles and strategies of applying MSCs and MSC-derived exosomes should coincide with their underlying treatment mechanisms. Therefore, mechanistic studies of MSCs or MSC-derived exosomes in different diseases may guide establishing a systematic standard for their clinical applications (41).

Although promising therapeutic efficiencies of MSC-derived exosomes in POI were showed, our study has certain limitations. First, the contents of hUCMSC-Exos were not evaluated. We did not investigate specific regulatory mechanisms of hUCMSC-Exos in POI. In our follow-up study, we will perform miRNA sequencing of hUCMSC-Exos to find specific miRNAs, which can regulate key Hippo molecules. Studies on the contents of hUCMSC-Exos are beneficial to elucidate specific therapeutic mechanisms. Second, we did not label the implanted hUCMSC-Exos as there were concerns that labels might alter the bioactivities of exosomes. Third, the route of administration, dosage of exosomes, and other standards should be further evaluated. Then, we did not detect inflammatory factors in the serum and ovarian tissue to evaluate the side effect of immunological reactions following exosomal treatment in this species crossing research. In the following study, more immune indicators in serum and ovarian tissue will be detected to confirm the hypo-immunogenicity properties of MSC-derived exosomes. Last but not least, as a preliminary study to verify the therapeutic efficiency of exosomes in POI mice models, the number of animals in this study is not enough to provide enough evidence for clinical transplantation of exosomes. Based on the findings of this study, we are conducting a thorough and systematic investigation. Enough animals have been included to observe the therapeutic effects of MSC-derived exosomes in POI at different times and to obtain comprehensive understandings of the underlying mechanism.



Conclusions

In conclusion, our findings demonstrated that transplantation of hUCMSC-Exos could restore the ovarian function of POI by promoting proliferation through the Hippo signaling pathway. This study elucidates the underlying mechanism involved exosome-mediated treatment of POI. Therefore, it will become fundamental for further clinical conduction of MSC- or exosome-related therapies for POI patients.
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Backgrounds

Despite the great advances in assisted reproductive technology (ART), poor ovarian response (POR) is still one of the most challenging tasks in reproductive medicine. This predictive model we developed aims to predict the individual probability of clinical pregnancy failure for poor ovarian responders (PORs) under in vitro fertilization/intracytoplasmic sperm injection (IVF/ICSI).



Methods

The nomogram was developed in 281 patients with POR according to the Bologna criteria from January 2016 to December 2019, with 179 in the training group and 102 in the validation group. Univariate and multivariate logistic regression analyses were used to identify characteristics that were associated with clinical pregnancy failure. The nomogram was constructed based on regression coefficients. Performance was evaluated using both calibration and discrimination.



Results

Age >35 years, body mass index (BMI) >24 kg/m2, basic follicle-stimulating hormone (FSH) >10 mIU/ml, basic E2 >60 pg/ml, type B or C of endometrium on human chorionic gonadotropin (hCG) day, and the number of high-quality embryos <2 were associated with pregnancy failure of POR patients. The area under the receiver operating characteristic curve (AUC) of the training set is 0.786 (95% confidence interval (CI): 0.710–0.861), and AUC in the validation set is 0.748 (95% CI: 0.668–0.827), showing a satisfactory goodness of fit and discrimination ability in this nomogram.



Conclusion

Our nomogram can predict the probability of clinical pregnancy failure in PORs before embryo transfer in IVF/ICSI procedure, to help practitioners make appropriate clinical decisions and to help infertile couples manage their expectations.





Keywords: predictive model, clinical pregnancy failure, poor ovarian response, IVF/ICSI, nomogram



Introduction

With the development of in vitro fertilization/intracytoplasmic sperm injection (IVF/ICSI) techniques over the past decades, the purpose of personalized treatment of IVF/ICSI is to help every couple maximize the chances of pregnancy and eliminate the avoidable risks resulting from ovarian stimulation (1). Despite the advances in assisted reproductive technology (ART), poor ovarian response (POR) poses a great challenge in that the number of oocytes collected is usually below expectation with the appropriate ovarian stimulation (2–4), leading to fewer transferable embryos, greater odds for cycle cancellation, and lower pregnancy rates (as low as 2%–4%) (5–7). The incidence of poor ovarian responders (PORs) among infertile women has been reported to vary between 5.6% and 35.1% (8–11), and POR affects approximately 11.9% women in China undergoing IVF treatment (12). Therefore, POR is considered as one of the success-limiting factors for IVF/ICSI outcomes (13).

As ART treatment is expensive, invasive, and not a guarantee of success, infertile couples need to be informed about their chances of pregnancy to manage their expectations. Although some studies have used multivariate regression models to identify predictive factors associated with IVF/ICSI outcomes (14–16), none of them targeted evaluating the chances of clinical pregnancy in PORs.

Therefore, we aimed to evaluate the risk of poor pregnancy outcomes and develop a nomogram to predict the probability of clinical pregnancy failure in patients with POR before embryo transfer in IVF/ICSI procedure, in order to make appropriate clinical decisions and help couples manage their expectations.



Materials and Methods


Patients’ Selection

Patients who underwent IVF/ICSI–embryo transfer (IVF/ICSI–ET) cycles between January 2016 and December 2019 were retrospectively reviewed in the Department of Obstetrics and Gynecology, Peking University First Hospital. All women were routinely requested for their data to be used for research purposes, and those who refused consent were excluded from this study. The local ethics committee granted permission to this study.

Patients were eligible if they fulfilled the definition of POR according to the Bologna criteria (17)—at least two of the following three features must be present: 1) advanced maternal age (≥40 years) or any other risk factors for POR (evidence of ovarian cysts, previous ovarian surgery, previous chemotherapy, and shortening of the menstrual cycle); 2) a previous POR cycle (≤3 oocytes retrieved or a previous cycle canceled because of ≤3 developing follicles with a conventional stimulation protocol using at least 150 IU follicle-stimulating hormone (FSH) per day); 3) decreased ovarian reserve [i.e., antral follicle count (AFC) <7 follicles or anti-Müllerian hormone (AMH) <1.1 ng/ml].

The exclusion criteria were as follows: hydrosalpinx, uterine fibroids, adenomyosis, uterine malformations, intrauterine adhesion, recurrent spontaneous abortion, antiphospholipid syndrome, chromosome karyotype abnormality, drug allergies, mental disorders and disturbance of consciousness, and a total number of previous IVF cycles >3.

Finally, a total of 281 patients were included in this study. They were included only for one cycle with transfer of two fresh embryos (the first cycle after fulfilling the criteria).



Controlled Ovarian Hyperstimulation and Embryo Transfer

A long gonadotrophin (Gn)-releasing hormone (GnRH) agonist (GnRH-a) protocol, an antagonist protocol, or a mild ovarian stimulation protocol was used for ovarian stimulation in this study.

The GnRH-a protocol consisted of daily injections of short-acting and long-acting GnRH-a at different doses during the early follicular or mid-luteal phases. For the daily short-acting GnRH-a injections, patients received an injection of 0.1 mg/day of Decapeptyl (Ferring AG, Dübendorf, Switzerland) from the mid-luteal phase of the previous cycle and continued for approximately 15 to 18 days. After ovarian suppression, the dose of Decapeptyl was reduced to 0.05  mg/day and continued until the day of hCG (Zhuhai Lizhu Pharmaceutical Co., Ltd., Zhuhai, China) administration. For the administration of long-acting GnRH-a protocols, triptorelin (Ipsen Pharma Biotech, Signes, France) was injected during the early follicular period, and Gn was injected after 21 to 35 days.

The GnRH antagonist protocol consisted of daily Gn stimulation from days 2 to 3 of menstruation, followed by daily injections of 0.25 mg of Cetrotide (Baxter Oncology GmbH, Frankfurt, Germany) once the leading follicle reached 14 mm and until the day of hCG injection.

Regarding the mild ovarian stimulation, GnRH antagonist was added when the dominant follicle reached 14 mm and until the day of hCG injection.

The choice of protocol for ovarian stimulation was based on the patient’s characteristics. When more than three leading follicles measured 18 mm or more, hCG was administered. Thirty-six hours later, oocyte retrieval was performed under ultrasonic guidance followed by IVF/ICSI. Embryos were transferred on day 2 or 3. The luteal phase was supported by daily vaginal or intramuscular progesterone until 2 weeks after ET.



Data Collection

Patient clinical parameters (age, stimulation protocols, body mass index (BMI), type of infertility, hormones concentration on day 3 and on hCG day, Gn dose, type and thickness of endometrium, and clinical outcomes) were collected from our database according to the literature review and clinical experiences. Metaphase II (MII) oocytes were determined 16–18 h following retrieval for conventional IVF/ICSI cycles.

Endometrial features including endometrial thickness and pattern were assessed on the day of hCG administration under B‐ultrasonography. Endometrial thickness was measured in a median longitudinal plane of the uterus as the maximum distance between the endometrial–myometrial interface of the anterior to the posterior wall of the uterus. The endometrial pattern was classified as pattern A (a triple-line pattern consisting of a central hyperechoic line surrounded by two hypoechoic layers), pattern B (an intermediate pattern with the same reflectivity as the surrounding myometrium and a poorly defined central echogenic line), and pattern C (homogenous, hyperechogenic endometrium).

Cleavage embryos were classified as high-quality embryos (grade I and II embryos) if they had three to five cells on day 2 or seven to nine cells on day 3 and as same-sized blastomeres if with less than 20% blastomeric fragments. Embryos graded III or IV including those that had only two cells on day 2, less than seven cells on day 3, and no less than 20% fragmentation were called poor quality.

Clinical pregnancy was established by gestational sacs and embryo buds under B‐ultrasonography 4 weeks after embryo transplantation.



Statistical Analysis

Patients were divided into a training set and a validation set by the sampling techniques of random numbers. Baseline characteristics of patients were expressed as descriptive statistics. Continuous variables are shown as mean ± standard deviation (SD) (normally distributed) and median (interquartile range) (non-normally distributed). Student’s t-tests (normally distributed) or the Mann–Whitney U-test (non-normally distributed) were used to compare variables between groups. Categorical variables are presented as percent, and the chi-squared test was used for statistical comparison of percentages. These data were analyzed with SPSS 22.0.

A univariate logistic regression analysis was used to identify predictors associated with adverse maternal outcomes. The cutoff points of candidate variables were chosen to develop the model based on clinical availability. Age >35 years is used to diagnose advanced maternal age. BMI greater than 24 kg/m2 can be diagnosed as overweight according to the Chinese standards (18). Duration of infertility >3 years is considered to be associated with low pregnancy rates (19). We chose some indicators of the diminished ovarian reserve (DOR) to explore whether they could predict the clinical pregnancy in a model such as basal FSH over 10 mIU/ml, basal FSH/basal luteinizing hormone (LH) >3, basal E2 >60 pg/ml, AMH level <0.7 ng/ml, and the number of AFC ≤5 (17, 20–22). Endometrial thickness >7 mm and triple-line pattern are endometrial receptivity markers as prognostic factors for conceiving (23). A meta-analysis of over 60,000 fresh IVF cycles showed a decreased probability of pregnancy achievement in women with progesterone elevation (PE) on the day of hCG administration (when PE was defined using a threshold >0.8 ng/ml) compared with those without PE (24). The other cutoff points for the number of retrieved oocytes, MII oocytes, and high-quality embryos were based on receiver operating characteristic (ROC) analysis. We used Youden’s index (25) to calculate the optimal cutoff points of the three parameters related to the occurrence of pregnancy failure. A multivariate logistic regression analysis was performed to test the independent significance of different factors. The variables with p-values <0.1 in univariate analysis were included in multivariate analysis. The variables were selected by stepwise regression and then fit a more parsimonious model. Variables entered into the model were age, BMI, basal E2, basal FSH, type of endometrium on human chorionic gonadotropin (hCG) day, and the number of high-quality embryos.

The area under the ROC curve (AUC) was used to evaluate the predictive accuracy. Calibration curves were assessed graphically by plotting the observed rates against the predicted probabilities to evaluate the agreement. The Brier score was used to evaluate probability calibration. Nomograms are a pictorial representation of a complex mathematical formula that uses two or more known variables to calculate an outcome. The resulting model was simplified into a nomogram to predict the possibility of clinical pregnancy failure for PORs.

The performance of the nomogram was quantified concerning discriminative power and calibration in the validation cohort for external validation. An internal validation step was performed to counteract the possible overfitting of our model to the data. The bootstrap (with 200 bootstrapped samples) was used to validate and correct the over‐optimism of the models. We also did a decision-curve analysis to assess the clinical applicability of the model.

All analyses were performed using the R software, version 3.6.1.




Results


Description of the Study Population

After the inclusion and exclusion criteria of the current study were applied, a total of 281 POR patients who underwent the IVF/ICSI procedures from January 2016 to December 2019 were identified as eligible and were analyzed in this study. Then, the patients were divided into the training set (n = 179) to build the model, and the validation set (n = 102) to test the performance. The basic characteristics are summarized in Table 1. Except for the Gn days (p = 0.040), no significant difference is observed in the baseline characteristics between the two groups. Sixty-one patients (34.08%) achieved clinical pregnancy in the training set.


Table 1 | Basic characteristics of PORs in the training and validation cohorts.





Logistic Regression Analysis

The univariate logistic regression analysis of pregnancy failure in the developing group is listed in Table 2. The optimal cutoff points of the values were chosen according to the clinical consensus or ROC curve of our data. According to the univariate logistic regression analysis, values with p < 0.1 were included in the multivariate logistic regression analysis for pregnancy failure.


Table 2 | Univariate analysis in the training group.





Development of the Models From the Training Cohort

The variables were selected by stepwise regression and then fit a more parsimonious model. Finally, as shown in Table 3, the six independent risk factors for clinical pregnancy included in the prediction model are as follows [OR (95% CI), p-value]: age >35 years [2.59 (1.24–5.47), p = 0.012], BMI >24 kg/m2 [3.22 (1.45–7.58), p = 0.005], basic FSH >10 mIU/ml [2.87 (1.28–6.75), p = 0.012], basic E2 >60 pg/ml [2.47 (1.08–5.93), p = 0.036], type B or C of endometrium on hCG day [2.47 (1.18–5.24), p = 0.017], and the number of high-quality embryos <2 [2.24 (1.02–4.96), p = 0.045].


Table 3 | Multivariate logistic regression model in the training set.



The nomogram of prediction is shown in Figure 1. The optimal threshold point was calculated using the ROC curve. When the total points are greater than 236.472, women with POR show a high risk for a failed pregnancy.




Figure 1 | The nomogram to predict the probability of clinical pregnancy failure in PORs. The nomogram can be applied by following procedures: (A) draw a line perpendicular from the corresponding axis of each risk factor until it reaches the top line labeled “Points”; (B) sum up the points for all risk factors and recorded as the total score; and (C) draw a line descending from the axis labeled “Total points” until it intercepts the lower line to determine the probability of failed conception. The arrow shows high risk when the total points are greater than 236.472. The optimal threshold point was calculated using receiver operating characteristic (ROC) curve.





Model Validation

The AUC of the model in the training set (Figure 2A) is 0.786 (95% CI: 0.710–0.861), which indicated a good performance. The sensitivity is 73.1%, and the specificity is 76.4%. The AUC of the model in the validation set (Figure 2C) is 0.748 (95% CI: 0.668–0.827). The sensitivity is 69.2%, and the specificity is 73.2%. The slope of calibration curves in the training set (Figure 2B) and the validation set (Figure 2D) is 1.000 and 1.000, respectively. The predictive model has better calibration power when the slope is closer to 1.000. The Brier score of calibration curves in the training set and validation set is 0.160 and 0.175, respectively, which shows that the model is well-calibrated.




Figure 2 | Receiver operating characteristic (ROC) curves and calibration plots of the training and validation sets. (A) Area under the ROC curve (AUC) of the training set is 0.786 (95% CI: 0.710–0.861). (B) Calibration curve for training set (Brier = 0.160, Slope = 1.000). (C) AUC of the validation set is 0.748 (95% CI: 0.668–0.827). (D) Calibration curve for validation set (Brier = 0.175, Slope = 1.000). Calibration curves were used to evaluate the calibration of the model. The horizontal axis is the predicted probability provided by this model, and the vertical axis is the observed incidence of pregnancy failure. The ideal line with 45° slope represents a perfect prediction (the predicted probability equals the observed probability). The lower the Brier score for a set of predictions, the better the prediction calibration. When the slope was closer to 1.00, the prediction model had better calibration power.



Internal validation (Table 4) shows performance indices of the model corrected for optimism after 200 bootstrapped samples. Overall, the predictive model performs well, even after correction for optimism.


Table 4 | Performance of internal validation.



The decision-curve analysis shows that the prediction model is the higher line on the decision curve, which indicates that the prediction model leads to a higher net benefit and greater clinical utility (Supplementary 1).




Discussion

This predictive model we developed aims to predict the individual probability of failed clinical pregnancy for women with POR under IVF/ICSI-ET. The nomogram was developed in a training cohort including 179 PORs and tested on an external independent validation cohort including 102 patients with POR. Performance was evaluated using both calibration and discrimination. We have established three models at different time points for pregnancy failure prediction: model A (before ET), model B (before the start of IVF/ICSI cycle), and model C (on hCG day) (Supplementary 2, 3). After multiple comparisons, we chose the best-performing model A as our final prediction nomogram. Our nomogram is a user-friendly graphical representation of the model. The covariates of our model depend on the combination of readily available clinical and biological characteristics including patient age, BMI, basal E2, basal FSH, type of endometrium on hCG day, and the number of high-quality embryos, which are clinically significant and concordant with the published data.

There are a few models for predicting the success of clinical pregnancy of patients undergoing IVF/ICSI procedure in recent years (15, 16, 26). In a pregnancy prediction model based on 1,675 IVF–double fresh embryo transfer cycles, there were no internal or external validations, and the predictive ability was relatively poor (26). A nomogram with good performance (AUC: 0.76) to predict the clinical pregnancy rate was only based on patients with endometriosis (16). Another model found independent predictors of the chance of clinical pregnancy after a completed IVF/ICSI cycle and did not focus on the special population of POR (15). Therefore, the advantages of our predictive model are as follows: first, it is a complete nomogram using a stepwise regression method with internal and external validations; second, the performance is quite good (AUC of 0.786); last but not least, it focuses on PORs, which is one of the high-risk groups associated with poor clinical pregnancy in IVF/ICSI cycles. We hypothesize that this nomogram can be used in the routine practice to facilitate physicians in predicting the pregnancy rate of PORs, selecting more appropriate individualized treatments, and helping patients with POR manage their expectations for conception.

In our model, maternal age >35 years is an independent risk factor of pregnancy failure. Patient age has been reported to be a vital prognostic factor in reproductive medicine and is frequently involved in evaluating the probability of pregnancy. Increased patient age is associated with decreased clinical pregnancy rate (16, 27, 28). In an Australian cohort of 36,412 patients initiated with first autologous fresh IVF cycles, for women ≥30 years, every 1-year increase in age was associated with an 11% reduction in the chance of achieving pregnancy. If women aged 35 years or older would have had their first autologous fresh treatment 1 year earlier, 15% extra deliveries would be expected (29). The trend that older poor responders have a lower pregnancy rate compared with younger poor responders has been revealed in several researches (10, 12, 30, 31). For poor responders over 35 years, the rates of implantation and clinical pregnancy were lower than those of under 35. Meanwhile, younger poor responders (<35) still have a reasonable number of transferable embryos (2.02 ± 0.57) and an acceptable pregnancy rate (37.50%) (32). It is well understood that increased age leads to a reduction in the quantity and quality of oocytes, which is accompanied by a decline in female fertility (33, 34). Therefore, PORs should be treated positively, and IVF/ICSI treatment should be considered earlier.

Overweight and obesity raise major challenges for women of reproductive age. Up to 60% of worldwide women are overweight, and up to 30% of these women are obese (35, 36). In a large retrospective study of 500,000 autologous IVF cycles, obese women had a 6% reduction in intrauterine pregnancy rates and a 13% reduction in live birth rates as compared with normal-weight women (37). Obese poor responders might have a lower pregnancy rate than non-obese poor responders. One study described a significant decrease in pregnancy rate for the poor responders with BMI >30 kg/m2 versus BMI ≤30 kg/m2 (4.5% versus 23%, respectively). However, non-obese PORs achieved pregnancy rates comparable with those of normal responders (38). Correlation analysis in our cohort revealed that both overweight status and obese status of PORs were related to receiving pregnancy failure and could be a predictor for adverse pregnancy outcomes. This is because impaired ovarian follicular genesis (39), oocyte quality (40, 41), embryonic development (40, 42), and endometrial receptivity (41, 43) might be involved in poorer reproductive outcomes in obese women. Fortunately, high body weight is a reversible basic parameter. Weight loss of 10 kg over 6 months was shown to improve ovulation function and rates of conception in obese anovulatory women (44). Therefore, due to the high risk of low pregnancy rates in PORs, weight management should be encouraged for them in preconception counseling to potentially improve ART outcomes as well as reduce Gn dosage and anesthetic dosage during oocyte retrieval.

Our data indicated that increasing basal FSH levels were associated with lower pregnancy rates in women with POR. With a similar cutoff point, two studies found that the chance of pregnancy was significantly higher in women with basal FSH <10 IU/L than in women with FSH ≥10 IU/L under IVF treatment (26, 45). In an analysis of 163 poor responders, the pregnancy rate for patients with an elevated basal FSH (>12.0 IU/L) was significantly decreased versus those with normal FSH (4.0% versus 14.8%, respectively) (30). As is well known, the FSH level shows a rising trend with increasing age. Some researchers hold an interesting point that younger ages seem to protect a woman against the negative effect of a raised FSH concentration (45, 46). This further suggests that PORs require ART as soon as possible to have more chance of conceiving, since ovarian responsiveness and clinical outcome deteriorate with increasing age and serum FSH. Meanwhile, basal serum FSH >10 IU/L indicates the DOR, which is closely related with the number and quality of retrieved oocytes. In this regard, the importance of basal FSH concentration would lie in developing a tailored stimulation protocol that can maximize the ovarian response by achieving a successful pregnancy outcome, especially in PORs. However, some other indicators of DOR (such as AMH and AFC) were not specific to screen for failure to conceive for PORs in our data. There is emerging evidence to support our findings that the low AMH cutoff points (0.2–0.7 ng/ml) or low AFC (≤5) have moderate-to-high specificity as a screening test for POR but not specific for predicting pregnancy failure (47–50). Also, AMH and AFC are relatively low in a majority group of PORs, which may reduce the prediction performance.

An early rise in serum basal E2 concentration is a classic feature of reproductive aging. Baseline E2 level >60 pg/ml is used as a risky predictor for pregnancy failure in our model. When the basal FSH concentration is normal but the serum estradiol level is above 60–80 pg/ml in the early follicular phase, there is some evidence of association with poor response, increased cancellation rates, and decreased pregnancy rates (51–53). We speculate that there are two reasonable explanations. On the one hand, DOR is responsible for poor pregnancy outcome. The diminished inhibin production from the pituitary increases basal FSH level and secondarily increases E2 production from granulosa cells in the ovary in the early follicular phase of women with decreased ovarian reserve and function. This in turn will suppress FSH production and release. A temporary balance between pituitary and ovarian response will result in normal FSH levels and increased circulating E2. On the other hand, the limited number of oocytes retrieved causes low pregnancy rates. High basal E2 hinders the development of the dominant follicle, which influences the ovarian response and decreases the total number of retrieved oocytes after stimulation.

In IVF/ICSI fresh ET cycles, high-quality embryos will be preferentially transferred into the uterine cavity because good quality is associated with high success rate of clinical pregnancy. In our model, the number of high-quality embryos below 2 boosts pregnancy failure risk. It is comprehensible that in the two transferred embryos per fresh cycle, both of them belong to grade I or II and will be more likely to implant into the endometrium. Therefore, women with POR take greater risks of transfer cancellation to accumulate good embryos. The endometrial pattern also predicts the pregnancy outcome in our model. Pattern A with complete triple line at ultrasound examination reflects endometrial proliferation. This presence on the day of hCG injection is associated with a higher pregnancy rate than the absence of this pattern (54), which is consistent with our conclusion. However, whether endometrial thickness affects pregnancy is controversial. One study summarized that similar clinical pregnancy rates were found between women with triple-line pattern and women without triple-line pattern assessed on the day of hCG undergoing IVF with fresh ET (55). The absence of a triple-line pattern may be a sign of premature secretory changes of the endometrium and the passed time-window of maximal endometrial receptivity (56). This status is not conducive to embryo implantation. However, whether endometrial thickness affects pregnancy is controversial. One study summarized that similar clinical pregnancy rates were found between women with triple-line pattern and women without triple-line pattern assessed on the day of hCG undergoing IVF with fresh ET (55). Further data relevant to the clinical value of the endometrial patterns are needed.

The main limitation of our model is its retrospective nature, which cannot exclude all potential biases. Besides, the data collection is based on our single center, and no independent external validation cohorts from other hospitals were included in our study. Furthermore, due to the high cancellation rates of PORs, further studies concerning the predictive factors for cumulative pregnancy after fresh and frozen-thawed ET cycles are needed. Prospective, large-scale, and multicenter clinical trials should be carried out in the future.



Conclusion

In conclusion, our analysis resulted in a well-calibrated model that can predict the risk of clinical pregnancy failure in PORs under IVF/ICSI-ET cycles to help physicians choose more appropriate individualized treatments and to help patients with POR to manage their expectations for ART outcomes.
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Objective: To explore the therapeutic efficacy of intrauterine perfusion of cyclosporin A (CsA) in intractable recurrent spontaneous abortion (RSA) patients with endometrial alloimmune dysfunction.

Methods: This is a randomized controlled trial (RCT) of patients with intractable RSA with endometrial alloimmune disorders. A total of 201 women were enrolled, all of whom had at least 3 serial abortions and endometrial alloimmune dysfunction. Participants were randomly assigned to two groups. The CsA group (n = 101) received intrauterine infusion of 250 mg CsA on the 3rd and 7th days after menstruation for 2 menstrual cycles, while the placebo group (n = 100) received placebo. The birth of healthy, deformity-free babies was the main study outcome.

Results: In total, 75 (74.26%) women in the CsA group and 59 (59.00%) women in the placebo group gave birth to healthy babies [P = 0.01, OR = 2.01; 95% CI (1.10∼3.65)]. Compared to the placebo group, the CsA group had dramatically lower endometrial CD56+ cell and CD57+ cell concentrations at the luteal phase of the second menstrual cycle (P < 0.05).

Conclusion: Intrauterine perfusion of CsA was confirmed to be a promising approach for the treatment of intractable alloimmune RSA.
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INTRODUCTION

The occurrence of two or more consecutive spontaneous abortions is defined as recurrent spontaneous abortion (RSA) (Fu, 2015). RSA morbidity is estimated to affect 5% of reproductive-aged females (Fu, 2015). Currently recognized causes include infectious diseases, chromosomal abnormalities, uterine abnormalities, endocrine factors, autoimmune diseases, alloimmune disorders, and endometrial microenvironment disorders, among others (Shahine and Lathi, 2014; Fu et al., 2015). Among them, endometrial alloimmune disorders might be the core problem (Craciunas et al., 2019). During the embeddedness phase, the endometrium sustains further embeddedness induced by chemokines and adhesion molecules, growth factors, cytokines and immune cells (van Mourik et al., 2009). Additionally, uterine natural killer (uNK) cells, which are involved in alloimmunity, account for 65–70% of lymphocytes in the endometrium (Jiang et al., 2017). Since 2018, our center has used low-molecular-weight heparin, aspirin, prednisone, lymphocyte immunotherapy for the husband and intravenous immunoglobulin (IVIG) to treat RSA patients. The success ratio is approximately 84%, yet the failure rate is still 16%. The key reason for this is that through conventional treatment, endometrial microenvironmental disorders are still not improved, so there continues to be no effective treatment.

Uterine natural killer (uNK) cells proliferate after ovulation, and by the late secretion stage, they make up over 30% of immune cells. In early pregnancy, CD56+ cells remain upregulated, accounting for 70% of immune cells at the maternal-fetal interface. UNK cells may play a key role in trophoblast invasion and migration and in the placenta. The endometrial uNK cell concentration in women with RSA is markedly changed, but conclusions remain debatable (Quenby et al., 1999; Matteo et al., 2007; Tuckerman et al., 2007, 2010; Seshadri and Sunkara, 2014).

CD57 is often considered to be a biomarker for the final differentiation of cytotoxic T cells, while Lopez-Vergès S recently reported that CD57 positivity might indicate a subtype of NK cells that are more mature (Lopez-Vergès et al., 2010). CD57+ NK cells were observed in both peripheral blood and the endometrium, yet significant tendencies were not detected in either the absolute number or concentration (Laird et al., 2003; Russell et al., 2011; Dorwal et al., 2015). Although the uNK cells of the endometrium were considered to have enhanced cytokine production and low cytolytic toxicity, a high number of CD57+ NK cells were detected in the deciduae of RSA patients. Additionally, local cytokines were able to activate those cells to damage trophoblast layers (Vassiliadou and Bulmer, 1996). However, the function and distribution of endometrial CD57+ NK cells in female RSA remain unclear.

Cyclosporin A (CsA), which has become a first-line treatment drug for kidney transplantation combined with pregnancy, can significantly inhibit the autoimmune response and is widely used in patients after organ transplantation (Perales-Puchalt et al., 2012). Conventional doses of prednisone and CsA have been taken for a long time to prevent rejection of the transplant in pregnant patients after organ transplantation, and studies have shown that there are no adverse effects on fetuses and newborns caused by the drugs (Perales-Puchalt et al., 2012). CsA may play a dual role in maternal-fetal immune regulation, which can not only inhibit maternal immunological rejection of the embryonic antigen but can also promote the growth of trophoblast cells (Zhou et al., 2008; Azizi et al., 2019). Our previous research has also shown that oral CsA can inhibit NK cells and increase the live birth ratio of patients with intractable immune RSA, which indicates that intrauterine perfusion of CsA may be an attractive therapeutic strategy for RSA (Porter et al., 2006; Fu et al., 2016).

Intrauterine perfusion is a kind of local intrauterine drug administration therapy wherein a transplanted tube is inserted through the vagina into the cervical opening so that liquid can be slowly pushed into the uterine cavity. In contrast to intravenous injection, intrauterine perfusion does not administer therapy directly into the blood circulation but instead relies mainly on absorption of the agent through the mucosal system. Intrauterine perfusion of G-CSF, HCG, peripheral blood mononuclear cells (PBMCs) and other drugs is currently widely used in the field of female reproduction to improve endometrial receptivity and embryo implantation rates. However, intrauterine perfusion of CsA in RSA patients has not yet been reported (Nazari et al., 2016).

Here, we performed intrauterine perfusion of CsA in consenting patients for whom conventional therapy (low-molecular-weight heparin, aspirin, prednisone, lymphocyte immunotherapy for the husband, and IVIG) had failed.



MATERIALS AND METHODS

Patients with intractable RSA (no previous successful pregnancies) admitted to Qingdao Jinhua Hospital between August 2018 and December 2020 were enrolled. The definition and diagnostic basis of all pregnancy events were in line with the ESHRE Early Pregnancy Special Interest Group. The Medical Ethics Committee of Qingdao Jinhua Hospital reviewed and authorized the present research. This randomized controlled trial (RCT) was administered in accordance with the “Helsinki Declaration on Medical Research Involving the Human Body” and the laws of China.

The inclusion criteria were as follows: women aged less than 40 years, with more than 3 prior miscarriages, with a CD56+ cell concentration >5% and CD57+ concentration >1% among endometrial cells in the luteal phase (Lash et al., 2016), and with conventional treatment failure (low-molecular-weight heparin, aspirin, prednisone, lymphocyte immunotherapy for the husband, IVIG). Patients were negative for other causes of RSA including uterine defects, an abnormal karyotype, endocrine problems, infections, autoimmune deficiency, thrombosis or coagulation defects. All participants were tested multiple times, and only couples without malformations or chromosome abnormality were included. No abnormalities were detected in the semen analysis of male partners, and no uterine abnormalities were detected by uteroscopy and/or pelvic ultrasound. Thyroid tests (anti-peroxidase, antioxidant globulin antibodies, TSH, free T3 and free T4), hormone blood tests (dehydroepiandrosterone, FSH, testosterone, LH, progesterone, prolactin, estrone, 17β-estradiol, D4 androstenedione, 17αOH progesterone), insulin release tests and oral glucose tolerance tests (OGTTs) were all within the normal range. In the Coombs test, anti-phospholipid autoantibodies (anticoagulants for lupus, anti-cardiolipin antibodies) and other autoantibodies (anti-gastric parietal cells, anti-mitochondria, anti-ENA, and anti-nuclear) were normal. Blood tests for Toxoplasma, rubella, herpesvirus types I and II, cytomegalovirus, mycoplasma and chlamydia were negative. Antithrombin III, thrombin C, thrombin S, homocysteine and thrombin factors XII, VIII, VII, V, and II were not abnormal. Moreover, participants had normal embryo-tissue karyotypes during the last abortion (during conventional treatment), which were 46/XY for 105 abortions and 46/XX for 96 abortions. All the participants had fertile partners who had no fertility barriers, and no one had come through in vitro fertilization-embryo transfer (IVF-ET).

A total of 209 women were deemed qualified for this study, and 201 consented to participate. In addition to the lack of information on the developmental toxicity of intrauterine CsA perfusion, all participants were informed that there might be some risks to children or parents. A random number sequence generated by a computer was used to randomize the participants. They were randomly assigned to either the primary treatment (low-molecular-weight heparin, aspirin, prednisone, lymphocyte immunotherapy for the husband, IVIG) plus intrauterine perfusion of CsA or the primary treatment plus placebo. The patients did not know their group assignments. Participants could not re-enter the study and could be randomized only once. A total of 101 women in the CsA group received intrauterine perfusion of CsA (Sandimmun, Novartis Pharma Schweiz AG, Switzerland) at a dose of 250 mg on the 3rd and 7th days after menstruation for 2 menstrual cycles, in which contraception was carried out. Endometrial biopsies were performed at the luteal phase of the second menstrual cycle.

One hundred patients in the placebo group were given intrauterine perfusion of normal saline at the same dose and at the same time. Endometrial CD56+ cell and CD57+ cell concentrations were measured in the second luteal phase in both groups. In this study, all patients became pregnant within 3 months after 2 months of treatment. Every participant was followed up at Qingdao Jinhua Hospital throughout gestation, with transvaginal ultrasonography every 2 weeks from 4 to 12 weeks of gestation to observe embryo growth and the heartbeat or to confirm abortion (on the basis of the criteria of ESHRE). All newborns were examined by pediatricians to rule out malformations. Ultrasonography was used to measure the gestational age at abortion by means of the fetal sac size and crown-rump length. Birth of healthy babies without malformations was the main outcome. The secondary outcomes were side effects of treatments, neonatal weight and probable gestational complications (preeclampsia, preterm delivery, bleeding and thrombosis, gestational hypertension, gestational diabetes mellitus).

Endometrial samples were collected using an endometrial curette. The tissue was cut into small pieces with ophthalmic scissors on a 200-mesh stainless steel nylon net. The rinsed suspension was collected into a centrifuge tube until the tissue blocks were ground (depending on the situation). Then, the concentrations of CD56+ cells and CD57+ cells were measured by flow cytometry (BeamCyte-1026, Beam Diag, China).

SPSS version 21.0 (SPSS Inc., United States) was applied to carry out statistical analysis. When applicable to continuous variables, the Bonferroni correction was performed for multiple comparisons, and the two-tailed Student’s t-test was performed for unpaired data. When applicable to discontinuous variables, the χ2 and Fishers exact-test were applied. P < 0.05 was considered statistically significant.



RESULTS


Basic Information of the Patients

There was no difference in body mass index (BMI), number of previous miscarriages or age at the beginning of pregnancy or gestational age of miscarriage between the two groups (Table 1). No participants dropped out of the study. Participants were completely followed up through gestation. No violations of the research protocol were observed.


TABLE 1. The basic information of the patients.
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THE MAIN OUTCOME AND SECONDARY OUTCOMES

There were 75 live births (74.26%) among 101 patients in the CsA group and 59 live births (59.00%) among 100 patients with placebo, and the difference was statistically significant [P = 0.01, odds ratio (OR) = 2.01; 95% confidence interval (CI) (1.10–3.65)]. The number of patients who needed treatment (NNT) per added live birth was 6.55. As shown in Table 2, pregnancy complications in the CsA group were decreased compared to those in the placebo group. There were no differences in treatment side effects, neonatal weight or gestational age between the two groups. In the CsA group, 2 patients had a skin rash, and 1 patient developed gestational hypertension; in the placebo group, 1 patient developed a skin rash, and 8 patients developed gestational hypertension. One newborn in the CsA group had a malformation (aberrant subclavian artery), which required no treatment as assessed by a cardiovascular physician. One newborn in the control group had a malformation (ventricular septal defect), which can possibly be cured by interventional therapy. Among the 65 abortions, there were karyotypes from 45 fetal tissues, and 11 were abnormal karyotypes, with 6 in the CsA group and 5 in the control group. Of these 34 normal karyotypes, 16 cases were 46XX type, and 18 cases were 46XY type.


TABLE 2. The main outcome and secondary outcomes.

[image: Table 2]


COMPARISON OF ENDOMETRIAL CD56+ CELL AND CD57+ CELL CONCENTRATIONS

As shown in Figure 1, compared to those in the placebo group, the endometrial CD56+ NK cell and CD57+ NK cell concentrations in the CsA group were decreased at the second luteal phase (P < 0.05). Moreover, after intrauterine perfusion of CsA, the endometrial CD56+ cell and CD57+ cell concentrations were dramatically decreased.


[image: image]

FIGURE 1. CD56+ cell and CD57+ cell concentrations in the two groups. #P < 0.05 versus the placebo group, &P < 0.05 versus previous treatment.




DISCUSSION

Research results for RSA treatment have differed to varying degrees for three reasons. First, all research tends to favor spontaneous problem solving. Second, the sample is limited. Third, the inclusion criteria (in particular, previous miscarriages and patient age) of those studies varied widely, while the abortion risk increased with previous miscarriages and maternal age.

In the present study, intrauterine perfusion of CsA significantly affected intractable alloimmune RSA, significantly increased the success rate and reduced the abortion rate. Before this, only one retrospective cohort study had shown that prednisolone could reduce uNK cell concentrations, but there was no evidence of a significant beneficial effect on pregnancy outcomes (Cooper et al., 2019). The NNT per additional live birth was 6.55, and the results were quite different from traditional treatments. For example, the NNT of lymphocyte immunotherapy for the husband has been reported to be 10 (Porter et al., 2006). This suggests that the data could not be extended to all RSA patients, possibly because the inclusion criteria were more stringent than those in other studies or because the sample size of the present study was small.

Among clinical studies, in patients with thalassemia (Christiansen et al., 2005), aplastic anemia (Porter et al., 2006), and inflammatory bowel disease (Croh’s disease etc.) (Mahadevan et al., 2012; Coulam and Roussev, 2003) who are pregnant, long-term use of CsA has not been found to cause serious adverse reactions to the mother or fetus. Our previous research has also shown that CsA therapy is generally safe during pregnancy (Fu et al., 2016). In this study, there were no major adverse effects other than a congenital variation and mild local rash, which was consistent with a retrospective cohort study published in 2014 (Fu, 2015). Moreover, no differences were found in congenital malformations, Apgar scores or neonatal weights between the CsA group and the placebo group, indicating that there were no adverse effects of CsA intrauterine perfusion on the fetus. However, there was a lack of observation on the potential toxicity of CsA during pregnancy in this study. Animal experiments have shown embryo death and a reduced birth rate only in mice treated with doses 10,000 times that of humans (Groth et al., 2010). No adverse effects were found in rats (Renaud et al., 2011) or zebrafish (Shakhar et al., 2003). In conclusion, CsA is basically safe to use during pregnancy, but it should be carefully reserved for intractable alloimmune RSA.

Studies have shown that in the middle luteal phase, the number of endometrial NK cells in RSA patients is significantly higher than that in healthy women. However, Nathalie Ledde reported that the number and toxicity of NK cells in some repeated implantation failure (RIF) patients were decreased (Lédée et al., 2016). The increased number and toxicity of NK cells may promote excessive neovascular generation, induce an excessive inflammatory response and produce a high concentration of reactive oxygen species at the maternal-fetal interface, leading to rejection of the embryo by the mother, resulting in implantation failure or abortion. Nevertheless, the reduced number and toxicity of NK cells may not be conducive to new angiogenesis and the moderate inflammatory response required for the embryo implantation process, which also leads to implantation failure or abortion (Zhang et al., 2017). CD57 was expressed in NK cells that were highly mature, and NK cells with CD57+ were significantly increased in the decidua of 50% RSA patients (Vassiliadou and Bulmer, 1996; Luetke-Eversloh et al., 2014).

Recent studies have shown that peripheral blood and endometrial CD56+ cell and CD57+ cell concentrations of patients with RIF are significantly increased, and this increase is expected to become a new indicator for the evaluation of NK cells (Jiang et al., 2017). In this study, we used an advanced method to measure the concentration of uNK cells and found that intrauterine perfusion of CsA significantly reduced the concentration of uNK cells and improved pregnancy outcomes among patients with RSA. More importantly, the live birth ratio was not low in the placebo group, possibly because uNK cells were partially blocked by conventional treatment.

Taken together, our results provide strong evidence that intrauterine perfusion of CsA could be a promising treatment tactic for intractable alloimmune RSAs. Nevertheless, the efficacy and safety of CsA in all patients with immunological RSA is far from proven, and the number of pregnant women receiving CsA is insufficient to rule out any possible teratogenic effects. Therefore, intrauterine perfusion of CsA should be used with caution. To date, there have been no studies on the effects of intrauterine perfusion of CsA on the function of human reproduction, and the pathogenesis of the interaction between CsA, uNK cells and the immune system has not been clarified.
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The follicle is the functional unit of the ovary, which is composed of three types of cells: oocytes, granulosa cells, and theca cells. Ovarian follicle development and the subsequent ovulation process are coordinated by highly complex interplay between endocrine, paracrine, and autocrine signals, which coordinate steroidogenesis and gametogenesis. Follicle development is regulated mainly by three organs, the hypothalamus, anterior pituitary, and gonad, which make up the hypothalamic-pituitary-gonadal axis. Steroid hormones and their receptors play pivotal roles in follicle development and participate in a series of classical signaling pathways. In this review, we summarize and compare the role of classical signaling pathways, such as the WNT, insulin, Notch, and Hedgehog pathways, in ovarian follicle development and the underlying regulatory mechanism. We have also found that these four signaling pathways all interact with FOXO3, a transcription factor that is widely known to be under control of the PI3K/AKT signaling pathway and has been implicated as a major signaling pathway in the regulation of dormancy and initial follicular activation in the ovary. Although some of these interactions with FOXO3 have not been verified in ovarian follicle cells, there is a high possibility that FOXO3 plays a core role in follicular development and is regulated by classical signaling pathways. In this review, we present these signaling pathways from a comprehensive perspective to obtain a better understanding of the follicular development process.

Keywords: follicular development, PI3K-AKT signaling, WNT signaling, insulin signaling, Notch signaling, Hedgehog signaling


INTRODUCTION

The ovary is an important organ in the reproductive system of female mammals. The main functions of the ovary are to produce and periodically release oocytes and secrete steroid hormones. Ovarian follicles are composed of different numbers and types of cells, which provide an appropriate environment for oocyte development (Gougeon, 1996). The menstrual cycle of the ovary can be divided into three phases: the follicular phase, ovulation phase, and luteal phase. Ovarian follicles develop under the effects of hormones. During the follicular phase, one or two follicles become dominant and subsequently release an oocyte under the stimulation of luteinizing hormone. The remaining part of the follicle becomes a corpus luteum (CL), which can produce progesterone for luteal phase and pregnancy (Xie et al., 2017). Follicles during the folliculogenesis process can be divided into three stages: primordial follicles (PmF), growing follicles, and Graafian follicles (GF). Growing follicles can be further divided into primary follicles (PrF) and secondary follicles (SF). Follicles that cannot ovulate are called atretic follicles (AF) (Eppig and O’Brien, 1996). Ovarian size is related to the woman’s age and spawning cycle, which is closely related to the types and numbers of follicles (Li and Wang, 2018). The follicle is the functional unit of the ovary; therefore, ovarian development is essentially follicular development.

In the fourth month of embryonic development, the ovary contains approximately 6–7 million eggs coated with monolayer granulocytes, an area also known as the primitive follicular area (Block, 1951; Baker, 1963). In the later stages of embryonic development, primordial follicles are rapidly lost due to apoptosis. At birth, fewer than 2 million primordial follicles are present (Markstrom et al., 2002). After the infant is born, the rate of follicular apoptosis gradually decreases, and the number of egg cells is approximately 300,000–400,000 until menarche (Block, 1951). During a woman’s reproductive years, the number of primordial follicles continues to decline, and this rate of decline accelerates until menopause, when the number falls below 1,000, and the ovary gradually loses its normal ability to produce and releases oocytes periodically (Faddy and Gosden, 1996; Faddy, 2000). Follicular development is the result of the regulation and interaction of hormones and proteins.

Some diseases, such as polycystic ovary syndrome (PCOS) and premature ovarian failure (POF), can also cause ovarian dysfunction. With the abnormal hormonal support associated with ovarian dysfunction, a number of physiological systems, including cardiovascular health and bone density, are affected (Gosden, 1986; Sherwin, 1998). The molecular mechanism of ovarian development is complicated, and understanding the signaling pathways in ovarian development will be of great value for discovering the causes of ovarian dysfunction. In this article, we discuss classical signaling pathways during follicular development.


PI3K/AKT/FOXO3 Signaling in Follicle Development

The phosphatidylinositol 3-kinases (PI3K) are a family of enzymes that share the function to phosphorylate the 3-hydroxyl group of phosphoinositides (Cantley, 2002), it is activated by diverse growth factor receptors (GFR) and oncogenes (Fruman et al., 2017). PI3Ks can be divided into three classes, among which Class I PI3Ks were the most studied to play important roles in regulating cell proliferation and survival (Cully et al., 2006; Jiang and Liu, 2009). The serine/threonine kinase AKT/PKB is a growth factor which exists as three isoforms: AKT1, AKT2, and AKT3. It is a key downstream target of PI3K and a central medium for the PI3K pathway (Zhang and Zhang, 2019). The production of the phosphoinositide PI(3,4,5)P3 (PIP3) from PI(4,5)P2 in the plasma membrane is catalyzed by PI3K, resulting in membrane recruitment, phosphorylation, and the activation of AKT (John et al., 2008). Once activated, AKT moves to the nucleus and cytoplasm, where a series of downstream targets containing AKT recognition motif were phosphorylated and activated/suppressed, including GSK3, BAD, TSC2, and FOXOs, thus mediates a variety of metabolic effects (Yao and Cooper, 1995; Manning and Cantley, 2007).

The forkhead box O (FOXO) transcription factors are negatively regulated by PI3K/AKT signaling pathway (Zhang and Zhang, 2019). In mammals, FOXO family consists of FoxO1, FoxO3, FoxO4, and FoxO6 proteins, they express ubiquitously in the body and the four isoforms share a common structural motif named “forkhead box” domain that is responsible for binding to chromatin DNA (Accili and Arden, 2004). FOXO1, FOXO3, and FOXO4 are directly phosphorylated by AKT, leading to nuclear export and transcriptional inhibition (Zhang and Zhang, 2019). The transcriptional activity of FOXOs is regulated by shuttling between the nucleus and the cytoplasm. Upon loss of GFR signaling, dephosphorylation of PIP3 by PTEN leads to reduced AKT activity, FOXO presents in its non-phosphorylated form and was accumulated in the nucleus. In the nucleus, FOXOs mediate transcription of a series of target genes which involves in cell proliferation, cell cycle, apoptosis and so on (Eijkelenboom and Burgering, 2013). Once the PI3K/AKT pathway is activated, FOXO is phosphorylated by AKT and excluded from the nucleus, leading to the suppression of target gene transcriptional activation and the inhibition of cell proliferation (Stefanetti et al., 2018). Some extracellular ligands are considered to be the target genes for the FOXO family, including FasL (the Fas ligand), TRAIL (TNF-related apoptosis-inducing ligand), and TRADD (TNF receptor type 1 associated death domain), and the intracellular apoptotic components such as Bim (bcl-2 interacting mediator of cell death), a pro-apoptotic Bcl-2 family member, and Bcl-6 (Zhang and Zhang, 2019). PI3K-AKT-FOXO signaling is the central pathway controlling growth and metabolism in all cells (Goldbraikh et al., 2020).

Of all the FOXO family proteins, we are most interested in FOXO3 (also called FKHRL1) protein, which was originally known to regulate insulin signaling (Link and Fernandez-Marcos, 2017; Menon and Ghaffari, 2018), yet an increasing number of studies shows that PI3K/AKT/FOXO3 signaling is closely related with ovarian function. During follicle development, PI3K signaling pathway controls primordial follicle activation through FOXO3 (John et al., 2008). FOXO3 is regulated by nucleocytoplasmic shuttling within oocytes. During primordial follicle assembly, FOXO3 is non-phosphorylated and localized to the nucleus, where it acts to suppress the activation of primordial follicles. The activation of PI3K/AKT results in FOXO3 phosphorylation and nuclear export, thereby triggering primordial follicle activation (John et al., 2008). Studies by Pelosi et al. (2013) showed that constitutively active FOXO3 in oocytes can increase ovarian reproductive capacity in mice. Increased follicle numbers and decreased gonadotropin levels were observed in aging FOXO3 transgenic mice compared to wild-type littermates, indicating the maintenance of a greater ovarian reserve. The study also found that FOXO3 expression in transgenic mice produced a younger-looking gene expression profile, while the gene expression profile of ovaries from Foxo3–/– knockout mice appeared more mature than that of WT littermates.

The body level of 2,5-Hexanedione (2,5-HD) was high in some smokers, drinkers, and those workers who use n-hexane, which will lead to the damage of female reproductive system like early menopause, menstrual disorders, and reduced fertility (Hou et al., 2020). In the study conducted by Zeng et al. (2020), a whole ovary culture models were used to observe the effect of 2,5-HD on follicular growth and development. They found that 2,5-HD can upregelate miR-214-3p, which directly targets PI3K and thus disrupts PI3K/AKT/FOXO3 signaling pathway, leading to the inhibition of primordial follicles development (Zeng et al., 2020). PCOS is a common endocrine and metabolic disease that influences ovarian function, which is often accompanied by insulin resistance. A recently study showed that FOXO3 was increased in granulosa cells of PCOS patients. LNK, an important regulator of insulin signaling pathway, can promote granulosa cell apotosis in PCOS via negatively regulating insulin-stimulated PI3K/AKT/FOXO3 pathway (Tan et al., 2021). Another study by Choi et al. (2020) also found that Placenta-derived mesenchymal stem cells (PD-MSCs) transplantation can restore ovarian function and induce ovarian folliculogenesis via the PI3K/AKT/FOXO3 signaling pathway (Choi et al., 2020). Another recent study found that hypomethylated FOXO3 mRNA caused the dysregulation of FOXO3 in luteinized GCs from PCOS patients following controlled ovarian hyperstimulation (Zhang et al., 2020). All these findings emphasize the role of FOXO3 as a guardian of the ovarian follicle pool in mammals and a potential determinant of the onset of menopause (Pelosi et al., 2013).

Previous studies showed that the FOXO3a was closely associated with human longevity. SIRT6, which is a deacetylase, was also shown to be related to human longevity. It was reported that FOXO3a regulated the transcription of SIRT6 by binding and activating nuclear respiratory factor 1 (NRF1) in the mouse. SIRT1, FOXO3a and NRF1 form a complex on the SIRT6 promoter and positively regulates the expression of SIRT6 (Kim et al., 2010), which regulates glycolysis, triglyceride synthesis, and fat metabolism by deacetylating histone H3 lysine 9 in the promoter of many genes involved in these processes. Another study conducted in rats found that obesity accelerates ovarian follicle development and follicle loss in rats, while caloric restriction prolonged ovary lifespan by SIRT1/FOXO3a/NRF1-SIRT6 pathway (Wang et al., 2014), indicating the target of FOXO3 in follicle development.



WNT Signaling in Follicle Development

WNTs are secreted glycoproteins that regulate multiple signaling pathways through β-catenin-dependent, β-catenin-independent, and WNT/Ca2+-related mechanisms (Anastas and Moon, 2013). The canonical WNT-β-catenin signaling pathway, an evolutionarily conserved cell–cell communication system that regulates cell proliferation, differentiation, stem cell renewal, motility, and apoptosis during embryogenesis and adult tissue homeostasis, has been intensively studied (Steinhart and Angers, 2018). In the absence of WNT signaling, β-catenin is phosphorylated at N-terminal sites by the multiprotein degradation complex, which is made of CK1, AXIN1, GSK3β, and APC, and subsequently undergoes ubiquitination and proteosomal degradation within the degradation complex (Hernandez Gifford, 2015). Once WNT binds the frizzled/LPR coreceptor complex, activation of the complex promotes the association of the integrated AXIN1/GSK3/APC degradation complex with the phosphorylated tail of LRP. The degradation complex still binds phosphorylated β-catenin, but ubiquitination by β-TrCP fails to occur. Once phosphorylated β-catenin saturates the degradation complex, newly synthesized β-catenin accumulates in the cytoplasm and subsequently translocates to the nucleus, where it initiates gene transcription (Figure 1; Hernandez Gifford, 2015). A series of studies have been conducted to assess the regulation of WNT signaling in follicle development and formation of the CL (Albert et al., 2002; Minnie et al., 2002; Harwood et al., 2008).
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FIGURE 1. Schematic displaying classical signaling pathways (WNT, insulin, Notch, and Hedgehog) and their interaction with PI3K/AKT-FOXO3 during ovarian follicle development.


Wnt2 is expressed in the granulosa cells of rat ovaries at all stages of follicle development (Albert et al., 2002), and the Wnt2 protein expression level is high in preantral and antral follicles (Wang et al., 2010). After treatment with FSH, the mRNA level of Wnt2 was increased in cultured granulosa cells (Castanon et al., 2012). A study conducted by Wang et al. (2013) demonstrated that WNT2 regulates DNA synthesis in mouse granulosa cells through β-catenin. Knockdown of Wnt2 by RNAi technology inhibited granulosa cell proliferation. Additionally, overexpression of WNT2 in granulosa cells promoted cell proliferation and increased β-catenin levels in both the cytoplasm and nucleus (Wang et al., 2010). In addition, WNT2 can regulate gap junction signaling in folliculogenesis (Wang et al., 2013).

Wnt4 is also expressed in murine granulosa cells throughout follicle development (Minnie et al., 2002). After treatment with hCG, the expression of Wnt4 was increased in rodent granulosa cells (Minnie et al., 2002). Boyer et al. (2010) found that deletion of Wnt4 in granulosa cells in mice caused subfertile females with fewer healthy antral follicles and smaller ovaries; overexpression of WNT4 in granulosa cells led to the increased expression of β-catenin and its target genes, indicating the important role of WNT4 in follicle maturation. Moreover, Wnt4 regulates embryonic gonad functions and female gonad development (Yao et al., 2004).

FZ receptors, which interact with WNT proteins to initiate downstream signaling, are expressed at some stages during follicle development, ovulation and luteinization (Hernandez Gifford, 2015). For example, Fz4 is required for fertility and shows distinct expression in the CL of pregnant mice in rodents. Fz4-knockout mice were shown to be capable of producing fertilized oocytes but were sterile because of the failure to form normal corpora lutea (Hsieh et al., 2005).

β-Catenin is the key molecule in the canonical WNT-β-catenin signaling pathway, and deletion of the Ctnnb1 gene in mice caused infertility due to defects in the oviduct and uterus (Hernandez Gifford et al., 2009). Previous studies also showed that the activation of β-catenin can facilitate FSH-mediated effects in ovarian follicular cells (Hernandez Gifford, 2015), and conditional deletion of β-catenin in mouse granulosa cells resulted in the impaired ability of FSH to stimulate Cyp19a1 expression, subsequently influencing estradiol production (Hernandez Gifford et al., 2009).

β-Catenin is also linked with the LH-mediated production of progesterone from corpora lutea. In cultured luteal cells, LH stimulation resulted in increased levels of active β-catenin by phosphorylating and inhibiting the function of GSK3 (Lynn et al., 2009). Active β-catenin interacts with the promoter of the StAR gene and increases the mRNA expression level of StAR (Hernandez Gifford, 2015). STAR is an important protein that regulates progesterone synthesis by enhancing the conversion of cholesterol into pregnenolone.

Li et al. (2014) discovered that Wnt/β-catenin signaling promotes granulosa cell apoptosis and represses granulosa cell proliferation through the activation of Foxo3a and its downstream target genes. After treatment with LiCl or Wnt3a, which are Wnt/β-catenin signaling activators, the phosphorylated FOXO3a level was significantly decreased. In contrast, FOXO3a phosphorylation was increased by treatment with the Wnt/β-catenin signaling inhibitor IWR-1. These results suggest that FOXO3a is also a downstream effector of Wnt/β-catenin signaling (Li et al., 2014).



Insulin Signaling in Follicle Development

Insulin was initially characterized for its role in regulating glucose, lipid, and energy homeostasis in muscle, the liver, and adipose tissue (Saltiel and Kahn, 2001). Insulin signaling interacts with two closely related tyrosine kinase receptors (Boucher et al., 2014), and the initiation of signaling leads to the phosphorylation and activation of enzymes that control many aspects of metabolism and growth in a cascade (Boucher et al., 2014).

Insulin signaling is of great significance for female reproductive health. Clinical data have shown that hypoinsulinemia and hyperinsulinemia are associated with significant alterations in ovarian function (Chang et al., 2005; Diamanti-Kandarakis and Dunaif, 2012). The insulin signaling pathway contains different regulation nodes, which ensures proper signal duration and intensity. Insulin has gonadotrophic effects in the ovary, which are mediated by interactions between the respective signaling pathways at critical nodes, such as MAPK and AKT (Figure 1; Taniguchi et al., 2006).

Insulin regulates folliculogenesis in the later stages of oocyte development. In cultured mammalian cells, insulin stimulation was shown to promote oocyte growth by increasing the number of gonadotropin receptors or increasing the sensitivity and binding ability of LH to receptors (Das and Arur, 2017). Insulin can also work synergistically with FSH to promote the differentiation and proliferation of human ovarian theca-interstitial cells (Duleba et al., 1997). Insulin could stimulate both steroidogenesis and cell proliferation in cultured granulosa and theca calls (Saltiel and Kahn, 2001). Moreover, insulin regulates the production of human ovarian androgens, and a study by Bergh et al. (1993) provided evidence of androgen secretion in cultured human theca cells, which are substrates for the synthesis of E2 in granulosa cells. These results indicate that insulin plays an indirect role in the formation of early follicles. Another in vitro study carried out in human and animal primate follicles suggested that insulin acts as a survival factor, since the number of atretic follicles decreases when insulin levels increase, leading to an overall increase in the number of living follicles (Henna et al., 2000; Xu et al., 2010). In vivo studies conducted by Peluso et al. (1991) in rat ovaries demonstrated that insulin stimulates mitogenic activity and simultaneously suppresses estradiol secretion (Peluso et al., 1991). Insulin receptor (IR) is expressed in ovarian granulosa and theca cells from different species, such as humans, rats and bovines. However, recent studies have shown that the insulin receptor may not be required for oocyte growth since deletion of IR did not influence oocyte development or normal estrous cyclicity (Pitetti et al., 2009).

The FOXO protein act as a nuclear transcription factor and mediates the inhibitory effect of insulin or insulin-like growth factor (IGF-1) on key functions in different pathways (Accili and Arden, 2004; Lee and Dong, 2017). In response to increased insulin (or IGF-1) signaling, the FOXO protein undergo insulin-mediated phosphorylation and translocation from the nucleus to the cytoplasm, resulting in the inhibition of target gene expression (Accili and Arden, 2004; Lee and Dong, 2017). FOXO3 is also a direct target of IκB kinase, and FOXO3 phosphorylation by IκB regulates several cytokine-dependent pathways (Accili and Arden, 2004).

In a recent study, researchers found that the expression level of LNK, a regulator of insulin signaling pathway, was elevated in ovaries of insulin resistant PCOS patients compared with the non-PCOS group, and the overexpression of LNK in ovarian granulosa cell line inhibited insulin induced AKT activation (Fraser et al., 2012). Studies by Tan et al. (2021) found that LNK promotes granulosa cell apoptosis in PCOS via negatively regulating insulin-stimulated AKT-FOXO3 pathway (Tan et al., 2021), demonstrating that insulin signaling influences ovarian granulosa cell proliferation and differentiation through FOXO3 phosphorylation.



Notch Signaling in Follicle Development

Notch signaling is an evolutionarily conserved pathway in a number of cellular processes, including cell proliferation, cell differentiation, migration, adhesion, and apoptosis (Vanorny et al., 2014; Liu et al., 2019). Notch signaling involves the interaction of one of four Notch receptors (Notch1–Notch4) with one of five Notch ligands (delta-like1, delta-like3, delta-like3, Jagged1, and Jagged2) in mammals (Vanorny et al., 2014). The activation of Notch signaling involves proteolytic cleavages at three sites. Through juxtacrine signaling, Notch ligands bind Notch receptors in the extracellular domain, which causes a conformational change in the Notch receptor and initiates sequential proteolytic cleavage at the juxtamembrane region of the receptor, leading to release of the soluble intracellular domain of Notch (IC-Notch). Through two nuclear localization sequences (NLSs), IC-Notch translocates into the nucleus (Figure 1; Pitetti et al., 2009).

The vascular system provides nutrition, oxygen and hormone support for ovarian follicles and the CL (Robinson et al., 2009); as a result, establishment and continuous remodeling of the vascular system are pivotal to ovarian function. Previous studies have shown that the inhibition of angiogenesis leads to decreased follicle growth and ovulation interruption, which seriously affects the occurrence and development of the CL. Increased thecal vascularity is necessary to maintain the function of the follicles, while decreased thecal vascularity is an important component of follicular atresia (Xie et al., 2017).

Notch proteins and ligands have been detected in the rodent ovary, and studies have shown that Notch receptors and ligands are expressed in a subset of ovarian vessels. For example, Notch 1 was found to be expressed in the endothelium of the theca layer in the follicular-phase ovary, in endothelial cells from the neovasculature of the corpora lutea, and in mature vessels of the theca layer in the luteal phase (Xie et al., 2017). Notch2, Notch3, and Jagged 2 are expressed in the granulosa cells of developing follicles. Dll4 is primarily expressed on endothelial cells at the tip of new vessels (Xie et al., 2017).

Studies have shown that Notch is involved in the angiogenesis process. Dll4 may be a target molecule for ovarian angiogenesis therapy since a decrease in Dll4 in vivo in the primate ovary led to increased luteal angiogenesis and microvascular density (Fraser et al., 2012). Notch2 is a key member of Notch signaling and expressed at high levels in theca and granulosa cells of ovarian follicles (Jing et al., 2017). Furthermore, constitutive Notch signaling in adult transgenic mice inhibited bFGF-induced angiogenesis and inhibited follicular development (Xie et al., 2017).

After treatment with the Notch signaling inhibitor DAPT, the number of granulosa cells decreased, and estradiol levels also decreased; furthermore, the expression levels of genes related to the cell cycle and apoptosis decreased (Jing et al., 2017). The in vitro treatment of cultured follicles with Notch signaling inhibitors resulted in the complete termination of follicle development, granulosa cell detachment, and oocytes degeneration with cytoplasm condensation (Li et al., 2014). Further studies by Liu et al. (2019) revealed that the proliferation of granulosa cells is dependent on Notch signaling.

Previous studies have shown that in skeletal muscle stem cells (stem cells), FOXO3 regulates the expression of NOTCH1 and NOTCH3 receptors. Conditional deletion of FOXO3 downregulated Notch signaling, leading to impairment of the self-renewal ability of SCs, while overexpression of the Notch intracellular domain (NICD) could rescue this self-renewal deficit (Gopinath et al., 2014). NF-κB and Notch signaling are interconnected under both physiological and pathological conditions (Ferrandino et al., 2018). Previous studies found cross-talk between the NF-κB activation pathway and FOXO3 (Lin et al., 2004). The two kinases involved in NF-κB activation, IKKα and IKKβ, can phosphorylate and activate FOXO3 (Hu et al., 2004). FOXO3 can antagonize NF-κB and regulate cytokine production (Lin et al., 2004). To date, although there have been no related scientific reports, there is a strong potential that Notch signaling regulates follicular development through interactions with FOXO3.



Hedgehog Signaling in Follicle Development

Hedgehog (Hh) signaling is an evolutionarily conserved signaling pathway that regulates embryonic development as well as many essential tissue and cellular properties, such as cell proliferation, differentiation, and survival. Disruption of the Hh pathway results in serious disease (King et al., 2008). The Hh signaling pathway consists of three ligands, Indian, sonic, and desert Hh (Ihh, Shh, and Dhh, respectively); the membrane receptor patched (PTCH1); and the transmembrane signal transducer protein smoothened (SMO) (Figure 1; Ren et al., 2012).

In the absence of ligand binding, the membrane receptor PTCH1 keeps SMO in an inactive state. Once a ligand binds PTCH1, its inhibition of SMO is unlocked, and signal transduction occurs through the downstream transcription factors GLI1, GLI2, and GLI3 (Huangfu and Anderson, 2006).

Follicle development requires communication between oocytes, granulosa cells, and theca cells (Mark et al., 2005). The granulosa cells in growing follicles act as a source of hedgehog signaling since the expression of Ihh and Dhh mRNA begins at the primary follicle stage. Hh target genes, such as Ptch1 and Gli1, were found to be expressed in surrounding theca cells, and this expression was inhibited by treatment with the Hh signaling antagonist cyclopamine. The dramatic loss of Hh and induced target gene expression was found to be synchronized in periovulatory follicles, demonstrating the role of Hh signaling in communication between granulosa cells and developing theca cells (Mark et al., 2005).

In a study conducted by Yi Ren et al., an Amhr2cre/+SmoM2 mouse model in which a dominant active allele of Hh SMO known as SMOM2 was conditionally expressed in the ovary was made. The overactivation of Hh signaling caused anovulation, associated with a lack of smooth muscle in developing follicular theca cells (Ren et al., 2009). The authors’ subsequent study demonstrated that the overactivation of HH signaling early in life in mice alters gene expression and vascular development, which are associated with the lifetime development of anovulatory follicles, during which the follicular vesicles do not mature properly (Ren et al., 2012).

Other factors that influence oocyte production are the number and status of follicle stem cells (FSCs). FSCs are exquisitely responsive to diet-induced signals such as Hh and insulin signaling. Constitutive Hh signaling drives FSC loss and premature sterility by inducing autophagy in FSCs through a Ptc-dependent, Smo-independent mechanism. During the senescence process, Hh-dependent autophagy increases, which triggers FSC loss and leads to reproductive stagnation (Singh et al., 2018).

The late endosomal LAMTOR complex is regarded as a convergence point for the RAF/MEK/ERK and PI3K/AKT/mTOR signaling pathways (De Araujo et al., 2013). A recent study by Klein et al. (2019) also found that LAMTOR3 physically interacts with SUFU and activates mTOR. Deletion of PTCH1 and SUFU caused the activation of PI3K/AKT/mTOR signaling, and the loss of SUFU liberated LAMTOR3 from inhibition and allowed it to activate AKT by increasing the phosphorylation of pAKT473 and pAKT308 (Klein et al., 2019). AKT is the upstream regulator of FOXO3, and the activation of AKT may subsequently lead to changes in FOXO3 phosphorylation.




CONCLUSION

Ovarian follicle development and the subsequent ovulation process are coordinated by highly complex interplay between signaling pathways. In this review, we summarize several classical signaling pathways (WNT, insulin, Notch, and Hedgehog signaling) and their functions in follicular development. The ovary is composed of three types of cells: oocytes, granulosa cells, and theca cells. Granulosa cells play an essential role in follicular development; they synthesize and secrete mucopolysaccharides, forming a zona pellucida around the oocyte. The cell membrane protuberances of granulosa cells can pass through the zona pellucida, forming a gap connection with the cell membrane of the oocyte. The point of contact between these cell membranes provides a channel for the transmission of information and nutrition to the oocyte.

During the preantral follicle phase, follicle-stimulating hormone (FSH), estrogen and androgen receptors appear in granulosa cells, making granulosa cells capable of responding to the corresponding hormones. Five signaling pathways are important for maintaining the function of granulosa cells. WNT2, WNT4, NOTCH2, NOTCH3, Iagged2, IHH, and DHH are expressed in developing granulosa cells (Albert et al., 2002; Minnie et al., 2002; Mark et al., 2005; Xie et al., 2017). The activation of WNT signaling by WNT2 and WNT4 promotes granulosa cell proliferation and increases the expression of β-catenin and its target cells (Figure 1; Boyer et al., 2010; Wang et al., 2010). Insulin can stimulate cell proliferation in cultured granulosa and theca calls (Saltiel and Kahn, 2001). The proliferation of granulosa cells was shown to be dependent on Notch signaling since treatment with a Notch signaling inhibitor decreased the number of granulosa cells (Figure 1; Jing et al., 2017). The expression of Ihh and Dhh in granulosa cells in growing follicles makes them a source of Hh signaling to activate surrounding theca cells (Mark et al., 2005).

These signaling pathways can work synergistically with hormones. For example, the mRNA level of Wnt2 is increased in cultured granulosa cells (Castanon et al., 2012); furthermore, activation of β-catenin facilitated FSH-mediated effects in ovarian follicular cells, while deletion of β-catenin in mouse granulosa cells resulted in impaired FSH activity (Hernandez Gifford et al., 2009; Hernandez Gifford, 2015). In addition, insulin work synergistically with FSH to promote the differentiation and proliferation of ovarian theca-interstitial cells (Duleba et al., 1997). The vascular system is another factor that influences follicular development due to its role in providing nutrition, oxygen and hormone support. Both the Notch and Hedgehog signaling pathways are involved in the angiogenesis process (Ren et al., 2009, 2012; Xie et al., 2017). Finally, all five signaling pathways involve molecular interactions with FOXO3, a transcription factor that is essential in follicular development. This indicates the core position of FOXO3 during ovarian development.

In conclusion, the classical signaling pathway reviewed in this article consists of multiple complex layers, and what we know about the role of FOXO3 and its related signaling pathways in the regulation of follicular development continues to grow. However, many mechanisms remain to be determined to gain a better understanding of these signaling molecules in folliculogenesis.
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Background

In recent years frozen-thawed embryo transfer (FET) has played an increasingly important role in ART, but there is limited consensus on the most effective method of endometrial preparation (EP) for FET. Inspired by significantly higher implantation rate and clinical pregnancy rate of the depot GnRH-a protocol, we proposed a novel EP protocol named down-regulation ovulation-induction (DROI) aimed to improve pregnancy outcomes of FET.



Methods

This was a single-center, randomized controlled pilot trial. A total of 307 patients with freeze-all strategy scheduled for first FET were enrolled in the study. A total 261 embryos were transferred in DROI-FET group including 156 patients and 266 embryos were transferred in mNC-FET group including 151 patients. Reproductive outcomes were compared between the two groups.



Results

The basic characteristics of patients, and the average number, quality and stage of embryos transferred were comparable between the two groups. Our primary outcome, implantation rate(IR) in DROI-FET group, was significantly higher than that of the mNC-FET group (54.41% versus 35.71%, P<0.01). The clinical pregnancy rate (CPR) and ongoing pregnancy rate (OPR) in DROI-FET group was also higher than that in mNC-FET group (69.87% versus 50.33%, P<0.01; 64.10% versus 42.38%, P<0.01).



Conclusion(s)

Compared to existing endometrial preparation methods, the DROI protocol might be the more efficient and promising protocol.





Keywords: frozen-thawed embryo transfer, endometrial preparation, endometrial receptivity, embryo implantation, in vitro fertilization, down regulation ovulation induction



Introduction

With the application of vitrification techniques and widespread ongoing adoption of freeze-all strategy, the number of FET cycles has dramatically increased (1). Whether in fresh ET or in FET, embryo implantation relies upon embryo quality, endometrial receptivity, and synchronization between embryo and endometrium (2). From the beginning of IVF, embryo quality has been the most emphasized factor (3), while more and more studies are paying attention to endometrial receptivity (4). But there is no consensus on either the explicit mechanism or the solution to improve endometrial receptivity up to now (5, 6).

FET cycle overcomes some adverse effects of fresh ET, such as reducing the risk of ovarian hyperstimulation syndrome (OHSS) and avoiding some negative effects on the endometrium. FET resulted in higher clinical pregnancy rate than did fresh ET (2, 7). This has fuelled the call for a new strategy called freeze-all strategy where no fresh embryo transfer is conducted and all available embryos are cryopreserved, and transferred in subsequent FET cycles (2, 8).

FET protocols are relatively simple in the attempt to prepare the endometrium (9). Various endometrial preparation regimens have been developed for FET. The most commonly applied protocols include natural cycle FET (NC-FET), modified NC-FET using HCG, hormone replacement therapy (HRT) cycle with or without GnRH agonists, and ovulation induction cycle. Nevertheless, by far, there is no superiority of any regimen for EP over another one in terms of reproductive outcomes (9, 10).

Recently, several studies reported that depot GnRH-a COS protocol yields relatively high CPR and IR in fresh ET (5, 11, 12). Lei J reported that IR per fresh ET cycle were 51% in the depot GnRH-a protocol, 37% in the GnRH antagonist, and 45% in the long GnRH-a protocols, respectively (P<0.01) (12). The higher IR is considered to be through the way of improving endometrial receptivity, because the outcomes of the embryos derived from the COS cycles might not be superior to those from GnRH antagonist cycles in subsequent FET cycles (11, 13, 14). The latest research published in June 2020 elucidated the mechanism by which depot GnRH-a protocol improves endometrial receptivity. The protocol enhanced several well-established biomarkers for endometrial receptivity such as HOXA10, MEIS1 and LIF gene expression and thereby helps to improve endometrial receptivity (12).

Based on the suggestion that depot GnRH-a protocol might improve endometrial receptivity, we proposed a novel EP protocol named down-regulation ovulation -induction (DROI). The purpose of the present study was to testify whether the novel protocol could improve IR, CPR and OPR compared to modified nature cycle (mNC) EP protocol.



Materials and Methods


Study Design and Participants

This is a single-centre RCT performed at the ART centre of ShangRao Maternal and Child Health Care Hospital, China. The minimal sample size calculated with a significance level of 0·05 and with statistical power of 80% is 973 for each group (15). Ideally, sufficient sample size would have been recruited to this research to determine equivalence between the two EP protocols. So this study can thus only be viewed as a pilot RCT study.

The study conformed to the ‘Declaration of Helsinki for Medical Research involving Human Subjects’ and was approved by the hospital’s ethics committee. Infertile women undergoing first FET cycles in the period from March 2018 to May 2020 were enrolled. This RCT trial was registered at the Chinese Clinical Trial Registry, number ChiCTR2000039804. The candidate patients obtained detailed information of both protocols, including the duration of the down-regulation and the potential risk of pituitary suppression. All patients enrolled gave written informed consent for the procedures.

A total of 360 patients with freeze-all strategy scheduled for first FET were randomly assigned to two study groups in a 1:1 ratio. Participants in the RCT Random allocation was performed by a study doctor at endometrial preparation by means of computer generated random numbers in sealed, unlabelled envelopes. Doctors, patients and nurses administering the interventions were not blinded to the treatment assigned. Inclusion criteria were age<38 years, normal menstrual cycle, BMI 18–28 kg/m2, and basal FSH level<10 IU/ml. Patients diagnosed with poor ovarian response (antral follicle count (AFC) <7 follicles or anti-Müllerian hormone (AMH) <1.1 ng/ml), hyperprolactinemia, endometriosis, hydrosalpinx and uterine abnormalities, thyroid disease were excluded.



COS and Embryo Vitrification, Thawing, and Transfer

All participants were given GnRH antagonist regimen or Progestin-primed ovarian stimulation (PPOS) for ovarian stimulation as extensively described elsewhere (2, 16). When at least two follicles were 18 mm or greater in mean diameter, human chorionic gonadotropin (HCG) at a dose of 4000–10000 IU or 0.2 mg of triptorelin was administered to induce the final maturation of oocytes. Oocyte retrieval was performed 34–36 h after trigger. Embryo morphology was assessed and graded on Day 3 according to the Cummins criteria (17). Generally, two Grade I or Grade II embryos were vitrified on Day 3, and supernumerary embryos were cultured continuously until the blastocyst stage on Day 5 or Day 6 before vitrification. The vitrification procedure was performed following standard protocols using Kitazato Freeze Kit (Kitazato Corporation, Janpan). Embryos containing ≥7 cells, with ≤20% fragmentation and symmetric or slightly asymmetric blastomere distribution, but without multinucleation on Day 3 and blastocysts graded ≧ 4BB according to Gardner morphological criteria were classified as top-quality embryos (2).



Endometrial Preparation Before Embryo Transfer

In the DROI-FET group, pituitary down-regulation was achieved by full dose (3.75 mg) of Leuprorelin Acetate (Lizhu Pharmaceutical Trading Co, Shanghai, China) at day 2 or day 3 of the menstrual cycle. Gonadotropin stimulation started after 35-42 days when the biggest antral follicle was larger than 5-6 mm. Patients received 75–150 IU of HMG injection (Lizhu Pharmaceutical Trading Co, ZhuHai, China) daily according to AMH, AFC, especially ovarian response in the COS cycles. The specific starting GN dose was that when ≥ 10 oocytes were harvested in the fresh cycle, the starting dose was about half of the COS starting dose, and when < 10 oocytes, the starting dose was about two-thirds of the COS starting dose. Gonadotropin stimulation was adjusted according to transvaginal ultrasound and serum E2, LH and P levels. Gonadotropin stimulation continued until endometrial thickness ≥7 mm and meeting one of the following two criteria: (1) If there were leading follicles, the number of these leading follicles which had a mean diameter of ≥16 mm was between 1-3, with serum estradiol level 200-800ng/l and progesterone level <1.5ng/mL; (2) If there was no dominant follicle ≥16 mm, at most four follicles reached the diameter between 12 and 15mm, with serum estradiol levels between 150 and 1000ng/l and progesterone level <1.5ng/mL. A dose of HCG 5000-10000 IU (Lizhu Pharmaceutical Trading Co.) was injected at 9:00 p.m. and ET was arranged 5 days later for D3 embryos or 7 days later for blastocysts. Progesterone supplement was initiated 2 days after ovulatory trigger as fresh ET described elsewhere (6). Procedures of DROI-FET protocol is summarized in Figure 1.




Figure 1 | Flow chart of down-regulation ovulation-induction procedure. One depot of 3.75 mg leuprorelin acetate was injected at the 2nd or 3rd day of the menstrual cycle, in which ovarian stimulation with 75–150 IU Gns would start 35–42 days later along with confirmation of pituitary downregulation. Gonadotropin stimulation continued until endometrial thickness ≥7 mm. A dose of HCG 5000-1000 IU was injected at 9:00 p.m. and ET was arranged 5 days later for D3 embryos or 7 days later for blastocysts. Progesterone supplement was initiated 2 days after ovulatory trigger as fresh ET. (LA, leuprorelin acetate; GN, Gonadotropin; HCG,Human Chorionic Gonadotropin; MC, Mnstrual Cycle; D0, theoretical oocyte retrieval day).



Patients undergoing modified NC-FET (mNC-FET) attended for ultrasound evaluation between days 10 and 12 of their menstrual cycle to confirm follicular growth and endometrial thickness. Participants commenced self-monitoring of ovulation by using urinary dipsticks. Ultrasound monitoring continued until the dominant follicle reached 16–18 mm and endometrial thickness ≥7 mm. A dose of HCG 5000-10000 IU (Lizhu Pharmaceutical Trading Co) was given subcutaneously to trigger ovulation. In both DROI-FET and mNC-FET groups, luteal support was continued to 10 weeks of gestation if a pregnancy occurred.



Outcome Parameters and Statistical Analysis

The primary outcome of the study was implantation rate. The secondary end points included clinical pregnancy rate and ongoing pregnancy rate.

Continuous data were compared with the Student t test and categoric variables were compared with the χ2 test. Multivariable logistic regression analysis was used to evaluate the possible relationship between the protocol of endometrial preparation and CPR, OPR after adjusting for confounding factors, including age, BMI, BFSH, infertility duration, endometrium thickness, number of embryos transferred, and embryo developmental stage. All statistical analyses were performed by using the Statistical Package for Social Sciences (SPSS) version 22.0. A P value < 0.05 was considered to be statistically significant.




Results


Study Population

A total of 360 women were randomized and 307 had ET and completed the study. Reasons for dropout are summarized in Figure 2. Remaining patients received treatment according to study group allocation, resulting in 156 patients (50.81%) receiving DROI-FET and 151 (49.19%) receiving mNC-FET.




Figure 2 | Flowchart showing of enrollment and randomization of study patients.





Baseline Characteristics

Patients’ baseline characteristics are detailed in Table 1. No significant difference was observed between the two treatment groups regarding age, BMI, duration of infertility, total antral follicle count, indication for IVF, or type of infertility. The baseline hormone profile and COS protocol in fresh cycles were similar between the two groups.


Table 1 | Basic characteristics of patients at the cycle level.





Cycle Characteristics of FET

The quantity, quality and developmental stage of embryos are the key factors that affect the outcome of FET. As presented in Table 2, the average number of embryos transferred in the DROI-FET group was a little less than that in the mNC-FET group, but there was no significance (1.67 ± 0.47 VS 1.76 ± 0.43, p > 0.05), and the number of double embryo transfers was higher in the mNC-FET group and neared significance with p=0.09. The proportions of patients with single embryo transfer, two-embryo transfer, transferred embryo stage at cleavage or blastocyst stage, and top-quality embryo transferred including cleavage stage and blastocyst stage between the two groups were comparable.


Table 2 | Cycle characteristics at transfer level.





Reproductive Outcomes of FET

Main reproductive outcomes of FET are presented in Table 3. Our primary outcome, implantation rate per embryo transferred in the DROI-FET group, was statistically higher than that in the mNC-FET group (54.41% versus 35.71%, P<0.01). The rate of clinical pregnancy and ongoing pregnancy in the DROI-FET group was also higher than that in the mNC-FET group (69.87% versus 50.33%,P<0.01; 64.10% versus 42.38%,P<0.01). 76 of 156 women in the DROI-FET group had singleton pregnancy, which was similar to that in the mNC-FET group (57 of 151, 37.75%). The rates of twin pregnancies were higher in DROI-FET group(21.15% versus 12.58%; p<0.05). There was 1 case of intrauterine and ectopic pregnancy in the mNC-FET group and this patient had been transferred two top-quality cleavage embryos.


Table 3 | Reproductive Outcomes.



After adjustment for the above-mentioned confounding factors (Table 4), the CPR remained consistently higher following DROI-FET (adjusted odds ratio [aOR] 2.73, 95% confidence interval [CI] 1.63-4.58). Furthermore, the OPR was significantly higher in DROI-FET compared with mNC-FET (aOR 2.59, 95% CI 1.58-4.26) after correcting for confounders.


Table 4 | Unadjusted and adjusted odds ratios (ORs) of reproductive outcomes following DORI-FET versus mNC-FET.






Discussion

Since the first success of FET in 1983 (18), it has been widely used to increase the cumulative pregnancy rate without repeated oocyte retrieval procedure. FET contributes to elective single embryo transfer (eSET), avoiding multiple gestations (19), and it is a strategy to prevent OHSS or to cancel embryo transfer if the endometrial environment is not optimal for fresh ET (20). In recent years the number of FET cycles performed has increased dramatically due to the trend towards transferring fewer embryos after a fresh IVF cycle and freeze-all strategy widely accepted (10, 20). Endometrial preparation is the most critical step for FET. The options range from natural cycle FET, over ovarian stimulation, to HRT with GnRH or without GnRH pretreatment. Indeed, in the latest Cochrane review (9, 10), based on RCTs comparing different EP regimens for FET, it was concluded that no regimen was superior to another.

Among the three key factors that determine embryo implantation, endometrial receptivity is difficult to evaluate accurately because its mechanism is unclear and there are no objective evaluation criteria. The result of endometrial receptivity is embryo implantation, in return, embryo implantation rate reflects endometrial receptivity. Many studies and efforts have been made to improve endometrial receptivity but there is little consensus (21, 22). However, it has been reported that CPR and IR increase when patients are given a period of artificial amenorrhea caused by GnRH-a (23, 24). Depot GnRH-a protocol has been widely used in China and it dramatically increases the CPR and IR in fresh ET (5, 6, 12). The success of the protocol is thought to be due to improved endometrial receptivity instead of embryo quality because the embryos derived from the protocol have no advantage over those from other COS protocols in FET cycles (25–27). Therefore, we proposed the DROI EP protocol derived from the depot GnRH-a COS protocol to take advantage of the favorable endometrial receptivity.

As expected, the data in the present study showed that IR in the DROI-FET group increased significantly compared with the mNC-FET group. The novel EP method (DROI) mimics the depot GnRH-a procedure but provides a more favorable endocrine environment instead of the supra-physiological level which might lead to endometrium gene expression and structural abnormalities (28).

The only risk of the DROI protocol may be a possibility of OHSS. It should be kept in mind that the DROI was proposed as an EP protocol for FET. So the principle is that as long as the endometrial thickness is up to 7mm, estrogen is up to 150-200pg/l, HCG could be injected to prevent risk of OHSS. In our study, there was no case with moderate or severe OHSS in both groups.

The strength of this study is that we propose a novel and promising endometrial preparation protocol completely different from existing EP protocols. However, there are limitations in this study. First, it is a small sample size, single-centre pilot study which may be subject to selection bias. Second, miscarriage rate and live birth rate are not yet presented in the study. Larger sample size and a more detailed study are very much needed to verify the practicability of the protocol in future studies.



Conclusion

Inspired by the depot GnRH-a COS protocol, we proposed a novel endometrial preparation protocol named DROI for FET. Moreover, our RCT data showed that the DROI increased CPR, OPR and especially IR dramatically compared to the mNC. The effects might be associated with improving endometrial receptivity. Given the fact that there is little consensus on the best protocol for existing EP protocol, the DROI might be the more efficient and promising protocol for FET.
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Objective

To analyze the correlation between ovarian reserve and thyroid function in women with infertility.



Methods

Retrospective analysis of the data of 496 infertility patients who visited the clinic between January 2019 and December 2020. According to the TSH level, it is grouped into <2.5 mIU/L, 2.5~4.0mIU/L and ≥4.0 mIU/L or according to the positive/negative thyroid autoimmune antibody. The relationship was assessed through the ovarian reserve, thyroid function, and anti-Müllerian hormone (AMH) levels in infertile patients. On the other hand, the patients are divided into groups according to age (≤29 years old, 30-34 years old and ≥35 years old), basic FSH (<10 IU/L and ≥10 IU/L), and AMH levels. The ovarian reserve was evaluated through the AMH and the antral follicle count (AFC).



Results

The average age of the patients was 30.31 ± 4.50 years old, and the average AMH level was 5.13 ± 4.30 ng/mL. 3.63% (18/496) of patients had abnormal TSH levels (normal: 0.35-5.5 mIU/L), the positive rate of thyroid peroxidase antibody (TPOAb) was 14.52% (72/496), the positive rate of anti-thyroglobulin antibody (TgAb) was 16.94% (84/496), and the positive rate of TPOAb and TgAb was 10.48% (52/496). After grouping according to TSH level or thyroid autoimmune antibody positive/negative grouping, the analysis found that there was no statistical significance in age, AMH level and basic FSH level among the groups (P>0.05). There were no significant differences in the levels of TSH, FT3, and FT4 among different ages, AMH, and FSH levels (P>0.05).



Conclusion

There is no significant correlation between ovarian reserve and thyroid function in infertile women.





Keywords: infertility, hypothyroidism, Anti-Müllerian hormone, ovarian reserve, retrospective study 3



Introduction

The symptoms of thyroid dysfunction are often associated with the change of thyroid hormones involved in all phases of reproduction and fertility (1). According to the current guidelines, the laboratory test of pituitary hormone thyrotropin (TSH) is the most sensitive and specific marker for the diagnosis and management of thyroid dysfunction (2, 3). The hypothalamus-pituitary-thyroid axis is most relevant to thyroid function. The thyrotropin-releasing hormone (TRH) is secreted from the hypothalamus and reaches the anterior pituitary within the central nervous system. Activation of TRH receptors stimulates the release of thyroid-stimulating hormone (TSH), which activates its receptors on the thyroid gland’s follicular cells. It leads to increased cellular uptake of iodine from the blood and synthesis of thyroglobulin and secretion into the blood stream of triiodothyronine (T3) and thyroxine (T4) via activation of the enzyme thyroid peroxidase (TPO) (4).

Ovarian reserve function can reflect women’s endocrine function and fertility (5, 6) and is often related to age, and this function will gradually decrease (7). The diminished ovarian reserve (DOR) is defined by a reduced reproductive potential with a poor response to ovarian stimulation. Some young women still have DOR but the cause and mechanism of which are unknown. Previous studies have shown that TSH levels in infertile women were higher than those in normal fertile women (8, 9). Moreover, elevated serum TSH levels were associated with DOR in infertile patients (10). The hypothalamic-pituitary-ovarian and the hypothalamic-pituitary-thyroid axis have mutual regulation effects, such as the gonads of patients with polycystic ovary syndrome. The abnormal thyroid function may cause menstrual disorders and infertility (11, 12). It has been reported that hypoovarian reserve is related to increased TSH and thyroid autoimmune antibodies (13). On the contrary, no significant differences were observed in the prevalence of hypothyroidism between thyroid autoimmunity (TAI) and DOR (14). However, researchers have not yet determined whether the levels of TSH are associated with DOR.

Anti-Müllerian hormone (AMH) is a hormone produced by granulosa cells of early developing follicles. The serum AMH levels were closely correlated with the number of primordial follicles; therefore, AMH is a suitable biomarker for predicting ovarian function in premenopausal female patients. Therefore, it is equally important to determine whether ovarian function may be affected by impaired thyroid function in infertile patients. This study evaluated the relationship between the ovarian reserve, thyroid function, and AMH levels in infertile patients and may provide new ideas for evaluating DOR-related factors.



Materials and Methods


Patient Enrollment

Between January 2019 to December 2020, 496 consecutive Chinese women who enrolled the Affiliated Hospital of Southwest Medical University (Luzhou, China) and Fushun Maternal and Child Health Hospital (Fushun, China), respectively, and were diagnosed as infertile according to the diagnostic criteria shown below were recruited for participation in this study. Inclusion criterianormal sex life without contraception and have not been pregnant for more than 12 months. Exclusion criteria: (a) patients with polycystic ovary syndrome; (b) the patients who had a previous history of thyroid disorders, or presence of goiter and/or nodules, or thyroid surgery; (c) a history of hypothalamic and pituitary diseases; (d) with autoimmune diseases, diabetes, and adrenal gland dysfunction; (e) patients with history of disease and chromosomal abnormalities; (f) factors that adversely impact thyroid hormone and ovarian function. We measured thyroid-related hormone and serum AMH levels.

Serum levels of luteinizing hormone, follicle stimulating hormone, estradiol, progesterone, prolactin and testosterone were analyzed at 2–5 days of the menstrual cycle to screen for infertile patients.

Using all available data on DOR, we selected all patients with a DOR defined by the following criteria: (i) woman with any of the risk factors for poor ovarian responders and/or (ii) an abnormal ovarian reserve test (i.e., antral follicular count (AFC) <5-7 follicles or AMH <0.5-1.1 ng/ml) (14, 15).



Clinical Tests

All patients were measured for height and weight. Blood samples were collected from all patients, and serum TSH, free triiodothyronine (FT3), free thyroxine (FT4), and thyroid peroxidation thyroglobulin antibody (thyroid peroxidase antibody, TPOAb), and thyroglobulin antibody (TgAb) were measured using a commercial chemiluminescence immunoassay (Snibe Co.,Ltd., Shenzhen, China; reference range: FT4, 1.00–1.70 ng/dL; TSH, 0.56–4.30 μIU/mL; prolactin, 4.91–29.32 ng/mL). Serum AMH levels were measured using the enzyme-linked immunosorbent assay kit (Guangzhou Kangrun Biotechnology Co., Ltd. Guangzhou, China; and Beckman Coulter Generation II ELISA assay, USA).



Hormone Measurements

We measured basal serum levels of estradiol (E2), progesterone (P), follicle-stimulating hormone (FSH), and luteinizing hormone (LH) for all patients on the 2nd or 3rd day of their cycle, which we always do before stimulation commencement according to classic protocols. The referral range in our laboratory for basal FSH was 3.5 to 12.5 IU/L, for LH 2.4 to 12.6 IU/L, for E2 0 to 160 pg/mL, and for P4 0 to 1.14 ng/mL. Levels of P4 were also measured on the day of OR. Blood samples were analyzed using chemiluminescent immunoassay (Snibe Co.,Ltd., Shenzhen, China). The size and number of antral follicle (AFC) were measured by Philips HD9 transvaginal ultrasound probe with a 12.0-MHz vginal transducer (Philips Healthcare, Amsterdam, the Netherlands).



Statistical Analysis

Results were presented as a mean ± standard deviation for variables with normal distribution and as a median and interquartile range for variables for which the distribution was not normal. The normality test of the measurement data adopts the Komogorov-Sminov test. The independent sample t test is used for the comparison between the two groups of data, and the single factor is used for the comparison between the three groups Analysis of variance; count data is expressed as rate (%), using χ2 test or Fisher’s exact probability method. Correlation analysis was performed using the Pearson method. SPSS 19.0 statistical software, P<0.05 is considered statistically significant.




Results


Characteristics of Infertile Patients

The FT3 level of the included patients was 0.1~4.76 pg/mL (average 2.72 ± 0.42 pg/mL, of which 5 cases increased, accounting for 1.01%), and the FT4 value was 0.44~ 16.62 ng/dL (average 1.24 ± 1.06 ng/dL, increased 10 cases, accounting for 2.02%), the TSH level was 0.012-8.424 mIU/L (average 2.58 ± 1.37 mIU/L, 18 cases were elevated, accounting for 3.63%). According to the TSH level, they were divided into three groups of <2.5 mIU/L, 2.5~4.0 mIU/L, and ≥4.0 mIU/L. The results showed that there were no significant differences in AMH, basal FSH levels, and AFC among the groups (P>0.05, Table 1). Correlation analysis showed that there was no significant correlation between thyroid hormones and ovarian reserve (Table 2).


Table 1 | Comparison of general conditions of patients with different TSH levels.





Table 2 | Correlation analysis of thyroid hormone and ovarian reserve function.





Comparison of Thyroid Related Antibodies and Ovarian Reserve Function

Among 496 patients, the positive rate of TPOAb was 14.52% (72/496), the positive rate of TgAb was 16.94% (84/496), and the positive rate of TPOAb and TgAb was 10.48% (52/496). There were no significant differences in age and AMH among TPOAb (+/- subgroups) (Table 3), TgAb (+/- subgroups) (P>0.05, Table 4), and TPOAb/TgAb (+/- subgroups) patients (P>0.05, Table 5).


Table 3 | Comparison of TPOAb+ and TPOAb-.




Table 4 | Comparison of TgAb+ and TgAb-.




Table 5 | Comparison of TPOAb/TgAb + and TPOAb/TgAb-.





Relationship Between Ovarian Reserve and Thyroid Hormone Levels

The average age of the patients was 30.31 ± 4.50 years old (21-44 years old), and the average AMH was 5.13 ± 4.30 ng/ml (0.08-18ng/ml). According to age, patients were divided into three groups ≤ 29 years old, 30-34 years old, ≥ 35 years old, or grouped according to AMH level, and the differences in thyroid function between the groups were compared. The results showed that no significant differences in age-associated TSH, FT3, and FT4 between the groups (P>0.05, Table 6). According to FSH, FSH/LH group comparison, the same result was obtained (P>0.05, Table 7). Patients were divided into DOR group and non-DOR group. The results showed that there was still no significant difference in TSH, FT3, and FT4 between the groups (P>0.05, Table 8).


Table 6 | Comparison of thyroid hormone in women of different ages and AMH.




Table 7 | Comparison of thyroid hormone in women with different FSH.




Table 8 | Comparison of thyroid hormone between DOR and non-DOR women.






Discussion

Thyroid hormones are involved in the normal growth, development, and function of many organs, such as the gonads (16–18). TSH, FT3, and FT4 can bind to receptors on ovarian cells and participate in the regulation of ovarian function (19–22). At present, the standard for the cut-off point of TSH level in infertile women is> 2.5 mIU/L or > 4.0-4.5 mIU/L. Previous studies suggest that the risk of adverse pregnancy outcomes is higher in infertile women with over the cut-off point (23–26). However, it is uncertain whether it will affect ovarian reserve. The current evaluation indicators of ovarian reserve include age, AMH, and basic FSH (14, 27). In this study, TSH was grouped into <2.5 mIU/L, 2.5-4 mIU/L, and ≥4.0 mIU/L. The results showed that there were no significant differences in AMH and basal FSH levels among different groups. Further correlation analysis showed no significant difference between TSH, FT3, FT4, AMH, and FSH. This result suggests that there may be no clear correlation between thyroid hormone levels and ovarian reserve in women with infertility (28, 29).

Conflicting results have been reported that the different levels of AMH in women are associated with thyroid dysfunction or confirmed autoimmune thyroid disease (12, 21, 30, 31). The study of thyroid autoimmune antibodies found no significant differences in AMH and basal FSH levels and the number of antral follicles among TPOAb, TgAb, and TPOAb/TgAb groups. It is deduced from this that the ovarian reserve function of infertile women may not be affected by the level of serum thyroid autoimmune antibodies (32). Additionally, subclinical hypothyroidism (SCH), a very common thyroid disorder, is associated with female infertility. SCH is associated with decreased ovarian reserve during later reproductive age. Previous study demonstrated that TPOAb positivity was not associated with ovarian reserve (33). However, it cannot be ruled out that the duration of antibody-positive and the level of antibodies have not affected the hypothalamus-pituitary gland, which false-negative results are obtained from normal physiological activities of the ovarian. Women tend to develop autoimmune diseases more often than men throughout their lifetime. The exact etiology of autoimmune disorders remains unknown; however, it has been postulated that it may be multifactorial and associated with the autoimmune conditions with the X chromosome and X inactivation. The presence of two X chromosomes puts women at a greater risk for developing autoimmune diseases than men (34–36).

The gonadal axis function of women with a reduced ovarian reserve will have a series of changes, which are often clinically manifested as increased basic FSH and increased FSH/LH ratio. It has been reported in the literature that the gonadal axis and the hypothalamus-pituitary-thyroid axis have a mutual regulation effect. Is there a corresponding change in thyroid function when the ovarian reserve declines? At present, the diagnostic criteria of ovarian reserve are not uniform. The often concerned indicators are age ≥35 years, AMH<0.5~1.1 ng/ml, basic FSH>10 IU/L, and FSH/LH≥3.6 (14, 27). In this study, the patients were divided into three groups according to age ≤ 29 years old, 30-34 years old, and ≥ 35 years old, or according to AMH levels as <1.1 ng/ml, 1.1-5 ng/ml, 5-10 ng/ml and 10 ng/ml four groups, or according to the basic FSH level, they were divided into <10 IU/L, ≥10 IU/L two groups. We compared the differences in thyroid function between the groups and found that no matter what method is used for grouping, there was no significant correlation in TSH, FT3, FT4, TPOAb positive rate, and TgAb positive rate. This result indicates that any single indicator for evaluating ovarian reserve may not significantly correlate with thyroid function. In order to further clarify the relationship between the ovarian reserve and thyroid function, we analyzed the effect of DOR in the correlation. The results showed that there was still no significant difference in thyroid function between the DOR group and the non-DOR group. The epidemiological study reported by Colella M et al. found that the prevalence of both dominant and subclinical hypothyroidism among women with genetic factors of hypothyroidism was significantly higher (22). There was no significant difference in thyroid function between DOR women in this study and non-DOR women. It may be related that the included patients did not have a classification related to genetic factors or related to the small sample size.



Conclusions

This study found no significant correlation between the ovarian reserve and thyroid function-related indicators in women with infertility. However, this study has the following some limitations. 1) The sample size is small, especially the number of thyroid antibody-positive cases.The study will be further expanded in the later period to analyze the potential relevance in depth. 2) The relationship between the duration of abnormal thyroid function and ovarian reserve is required to further analysis. Future study is required to investigate the underlying molecular mechanisms regulating the diminished ovarian reserve in women with thyroid disorder.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics Statement

The studies involving human participants were reviewed and approved by Ethics Committee of Affiliated Hospital of Southwest Medical University. The patients/participants provided their written informed consent to participate in this study.



Author Contributions

JW and Y-FL conceived and designed the study. JW, Y-JZ, MW, M-QT, and Y-FL collected patient data. Y-FL reviewed and edited the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This study was supported in part by grant from the Doctoral Research Initiation Fund of the Affiliated Hospital of Southwest Medical University (NO.19084) and Sichuan Provincial Administration of Traditional Chinese Medicine (No. 2021MS488).



References

1. Cho, MK. Thyroid Dysfunction and Subfertility. Clin Exp Reprod Med (2015) 42(4):131–5. doi: 10.5653/cerm.2015.42.4.131

2. Okosieme, O, Gilbert, J, Abraham, P, Boelaert, K, Dayan, C, Gurnell, M, et al. Management of Primary Hypothyroidism: Statement by the British Thyroid Association Executive Committee. Clin Endocrinol (Oxf) (2016) 84(6):799–808. doi: 10.1111/cen.12824

3. Jonklaas, J, Bianco, AC, Bauer, AJ, Burman, KD, Cappola, AR, Celi, FS, et al. American Thyroid Association Task Force on Thyroid Hormone Replacement. Guidelines for the Treatment of Hypothyroidism: Prepared by the American Thyroid Association Task Force on Thyroid Hormone Replacement. Thyroid (2014) 24(12):1670–751. doi: 10.1089/thy.2014.0028

4. Razvi, S, Bhana, S, and Mrabeti, S. Challenges in Interpreting Thyroid Stimulating Hormone Results in the Diagnosis of Thyroid Dysfunction. J Thyroid Res (2019) 2019:4106816. doi: 10.1155/2019/4106816

5. Fábregues, F, Iraola, A, Casals, G, Creus, M, Carmona, F, and Balasch, J. Evaluation of Two Doses of Recombinant Human Luteinizing Hormone Supplementation in Down-Regulated Women of Advanced Reproductive Age Undergoing Follicular Stimulation for IVF: A Randomized Clinical Study. Eur J Obstet Gynecol Reprod Biol (2011) 158(1):56–61. doi: 10.1016/j.ejogrb.2011.04.003

6. Azhar, E, Seifer, DB, Melzer, K, Ahmed, A, Weedon, J, and Minkoff, H. Knowledge of Ovarian Reserve and Reproductive Choices. J Assist Reprod Genet (2015) 32(3):409–15. doi: 10.1007/s10815-014-0415-9

7. Kirshenbaum, M, and Orvieto, R. Premature Ovarian Insufficiency (POI) and Autoimmunity-An Update Appraisal. J Assist Reprod Genet (2019) 36(11):2207–15. doi: 10.1007/s10815-019-01572-0

8. Gerhard, I, Becker, T, Eggert-Kruse, W, Klinga, K, and Runnebaum, B. Thyroid and Ovarian Function in Infertile Women. Hum Reprod (1991) 6(3):338–45. doi: 10.1093/oxfordjournals.humrep.a137335

9. Gerhard, I, Eggert-Kruse, W, Merzoug, K, Klinga, K, and Runnebaum, B. Thyrotropin-Releasing Hormone (TRH) and Metoclopramide Testing in Infertile Women. Gynecol Endocrinol (1991) 5(1):15–32. doi: 10.3109/09513599109049938

10. Michalakis, KG, Mesen, TB, Brayboy, LM, Yu, B, Richter, KS, Levy, M, et al. Subclinical Elevations of Thyroid-Stimulating Hormone and Assisted Reproductive Technology Outcomes. Fertil Steril (2011) 95(8):2634–7. doi: 10.1016/j.fertnstert.2011.02.056

11. Kuroda, M, Kuroda, K, Segawa, T, Noh, JY, Yoshihara, A, Ito, K, et al. Levothyroxine Supplementation Improves Serum Anti-Müllerian Hormone Levels in Infertile Patients With Hashimoto's Thyroiditis. J Obstet Gynaecol Res (2018) 44(4):739–46. doi: 10.1111/jog.13554

12. Weghofer, A, Barad, DH, Darmon, S, Kushnir, VA, and Gleicher, N. What Affects Functional Ovarian Reserve, Thyroid Function or Thyroid Autoimmunity? Reprod Biol Endocrinol (2016) 14(1):26. doi: 10.1186/s12958-016-0162-0

13. Osuka, S, Iwase, A, Goto, M, Takikawa, S, Nakamura, T, Murase, T, et al. Thyroid Autoantibodies do Not Impair the Ovarian Reserve in Euthyroid Infertile Women: A Cross-Sectional Study. Horm Metab Res (2018) 50(7):537–42. doi: 10.1055/a-0637-9430

14. Cohen, J, Chabbert-Buffet, N, and Darai, E. Diminished Ovarian Reserve, Premature Ovarian Failure, Poor Ovarian Responder–a Plea for Universal Definitions. J Assist Reprod Genet (2015) 32(12):1709–12. doi: 10.1007/s10815-015-0595-y

15. Ferraretti, AP, La Marca, A, Fauser, BC, Tarlatzis, B, Nargund, G, Gianaroli, L, et al. ESHRE Consensus on the Definition of 'Poor Response' to Ovarian Stimulation for In Vitro Fertilization: The Bologna Criteria. Hum Reprod (2011) 26(7):1616–24. doi: 10.1093/humrep/der092

16. Polyzos, NP, Sakkas, E, Vaiarelli, A, Poppe, K, Camus, M, and Tournaye, H. Thyroid Autoimmunity, Hypothyroidism and Ovarian Reserve: A Cross-Sectional Study of 5000 Women Based on Age-Specific AMH Values. Hum Reprod (2015) 30(7):1690–6. doi: 10.1093/humrep/dev089

17. Korevaar, TIM, Mínguez-Alarcón, L, Messerlian, C, de Poortere, RA, Williams, PL, Broeren, MA, et al. Association of Thyroid Function and Autoimmunity With Ovarian Reserve in Women Seeking Infertility Care. Thyroid (2018) 28(10):1349–58. doi: 10.1089/thy.2017.0582

18. Silva, JF, Ocarino, NM, and Serakides, R. Thyroid Hormones and Female Reproduction. Biol Reprod (2018) 99(5):907–21. doi: 10.1093/biolre/ioy115

19. Aghajanova, L, Lindeberg, M, Carlsson, IB, Stavreus-Evers, A, Zhang, P, Scott, JE, et al. Receptors for Thyroid-Stimulating Hormone and Thyroid Hormones in Human Ovarian Tissue. Reprod BioMed Online (2009) 18(3):337–47. doi: 10.1016/s1472-6483(10)60091-0

20. Busnelli, A, Paffoni, A, Fedele, L, and Somigliana, E. The Impact of Thyroid Autoimmunity on IVF/ICSI Outcome: A Systematic Review and Meta-Analysis. Hum Reprod Update (2016) 22(6):793–4. doi: 10.1093/humupd/dmw034

21. Kuroda, K, Uchida, T, Nagai, S, Ozaki, R, Yamaguchi, T, Sato, Y, et al. Elevated Serum Thyroid-Stimulating Hormone is Associated With Decreased Anti-Müllerian Hormone in Infertile Women of Reproductive Age. J Assist Reprod Genet (2015) 32(2):243–7. doi: 10.1007/s10815-014-0397-7

22. Colella, M, Cuomo, D, Giacco, A, Mallardo, M, De Felice, M, and Ambrosino, C. Thyroid Hormones and Functional Ovarian Reserve: Systemic vs. Peripheral Dysfunctions. J Clin Med (2020) 9(6):1679. doi: 10.3390/jcm9061679

23. Song, X, Shen, Q, Fan, L, Yu, Q, Jia, X, Sun, Y, et al. Dehydroepiandrosterone-Induced Activation of Mtorc1 and Inhibition of Autophagy Contribute to Skeletal Muscle Insulin Resistance in a Mouse Model of Polycystic Ovary Syndrome. Oncotarget (2018) 9(15):11905–21. doi: 10.18632/oncotarget.24190

24. Liu, Z, Wang, Z, Hao, C, Tian, Y, and Fu, J. Effects of ADIPOQ Polymorphisms on PCOS Risk: A Meta-Analysis. Reprod Biol Endocrinol (2018) 16(1):120. doi: 10.1186/s12958-018-0439-6

25. Dosiou, C. Thyroid and Fertility: Recent Advances. Thyroid (2020) 30(4):479–86. doi: 10.1089/thy.2019.0382

26. Poppe, K. Management of Endocrine Disease: Thyroid and Female Infertility: More Questions Than Answers? Eur J Endocrinol (2021) 184(4):R123–35. doi: 10.1530/EJE-20-1284

27. Broer, SL, Broekmans, FJ, Laven, JS, and Fauser, BC. Anti-Müllerian Hormone: Ovarian Reserve Testing and Its Potential Clinical Implications. Hum Reprod Update (2014) 20(5):688–701. doi: 10.1093/humupd/dmu020

28. Bahri, S, Tehrani, FR, Amouzgar, A, Rahmati, M, Tohidi, M, Vasheghani, M, et al. Overtime Trend of Thyroid Hormones and Thyroid Autoimmunity and Ovarian Reserve: A Longitudinal Population Study With a 12-Year Follow Up. BMC Endocr Disord (2019) 19(1):47. doi: 10.1186/s12902-019-0370-7

29. Kucukler, FK, Gorkem, U, Simsek, Y, Kocabas, R, and Guler, S. Evaluation of Ovarian Reserve in Women With Overt or Subclinical Hypothyroidism. Arch Med Sci (2018) 14(3):521–6. doi: 10.5114/aoms.2016.58621

30. Tuten, A, Hatipoglu, E, Oncul, M, Imamoglu, M, Acikgoz, AS, Yilmaz, N, et al. Evaluation of Ovarian Reserve in Hashimoto's Thyroiditis. Gynecol Endocrinol (2014) 30(10):708–11. doi: 10.3109/09513590.2014.926324

31. Saglam, F, Onal, ED, Ersoy, R, Koca, C, Ergin, M, Erel, O, et al. Anti-Müllerian Hormone as a Marker of Premature Ovarian Aging in Autoimmune Thyroid Disease. Gynecol Endocrinol (2015) 31(2):165–8. doi: 10.3109/09513590.2014.973391

32. Ke, H, Hu, J, Zhao, L, Ding, L, Jiao, X, and Qin, Y. Impact of Thyroid Autoimmunity on Ovarian Reserve, Pregnancy Outcomes, and Offspring Health in Euthyroid Women Following In Vitro Fertilization/Intracytoplasmic Sperm Injection. Thyroid (2020) 30(4):588–97. doi: 10.1089/thy.2018.0657

33. Rao, M, Wang, H, Zhao, S, Liu, J, Wen, Y, Wu, Z, et al. Subclinical Hypothyroidism Is Associated With Lower Ovarian Reserve in Women Aged 35 Years or Older. Thyroid (2020) 30(1):95–105. doi: 10.1089/thy.2019.0031

34. Carrel, L, and Willard, HF. X-Inactivation Profile Reveals Extensive Variability in X-Linked Gene Expression in Females. Nature (2005) 434:400–4. doi: 10.1038/nature03479

35. Willard, HF. Tales of the Y Chromosome. Nature (2003) 423:811–3. doi: 10.1038/423810a

36. Schurz, H, Salie, M, Tromp, G, Hoal, E, Kinnear, CJ, and Möller, M. The X Chromosome and Sexspecific Effects in Infectious Disease Susceptibility. Hum Genomics (2019) 13:2. doi: 10.1186/s40246-018-0185-z




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


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

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




ORIGINAL RESEARCH

published: 11 October 2021

doi: 10.3389/fendo.2021.739773

[image: image2]


Early Follicular Phase Human Chorionic Gonadotropin Addition May Improve the Outcomes of In Vitro Fertilization/Intracytoplasmic Sperm Injection in Patients With “Unpredictable” Poor Response to Gonadotropin-Releasing Hormone Antagonist Protocol


Chunhui Zhang †, Fangrong Wu †, Zexuan Wu †, Bolan Sun, Cheng Chen and Weiping Qian *


Reproductive Medicine Center, Peking University Shenzhen Hospital, Shenzhen, China




Edited by: 

Huai L. Feng, Weill Cornell Medical Center, United States

Reviewed by: 

Kok-Min Seow, Shin Kong Wu Ho-Su Memorial Hospital, Taiwan; 

Dan Zhang, Zhejiang University, China

Qing Xue, Peking University First Hospital, China

*Correspondence: 
Weiping Qian
 qianweipingsz@126.com


†These authors have contributed equally to this work and share first authorship


Specialty section: 
 This article was submitted to Reproduction, a section of the journal Frontiers in Endocrinology







Received: 11 July 2021

Accepted: 03 September 2021

Published: 11 October 2021

Citation:
Zhang C, Wu F, Wu Z, Sun B, Chen C and Qian W (2021) Early Follicular Phase Human Chorionic Gonadotropin Addition May Improve the Outcomes of In Vitro Fertilization/Intracytoplasmic Sperm Injection in Patients With “Unpredictable” Poor Response to Gonadotropin-Releasing Hormone Antagonist Protocol. Front. Endocrinol. 12:739773. doi: 10.3389/fendo.2021.739773




Purpose

To compare the effects of early and mid-late follicular phase administration of 150 IU of human chorionic gonadotropin (hCG) on gonadotropin-releasing hormone (GnRH) antagonist protocol in “unpredictable” poor ovarian response (POR) women undergoing in vitro fertilization/intracytoplasmic sperm injection (IVF/ICSI) treatment.



Methods

A retrospective single-center cohort study was conducted on 67 patients with “unpredictable” POR in their first IVF/ICSI cycle receiving GnRH antagonist protocol. Patients were treated with a second IVF/ICSI cycle using the same GnRH antagonist protocol with the same starting dose of recombinant follicle-stimulating hormone (rFSH) as the first cycle; a daily dose of 150 IU of hCG was administrated on either stimulation day 1 (Group A, n = 35) or day 6 (Group B, n = 32). The number of oocytes retrieved, number of usable embryos, serum level of estradiol (E2) on day of hCG trigger, and clinical pregnant outcomes were studied.



Results

The addition of 150 IU of hCG on either the first day or sixth day of stimulation increases the serum level of E2, luteinizing hormone (LH), and hCG on the day of hCG trigger. Only the use of 150 IU of hCG on the first stimulation day improved the number of oocytes retrieved, mature of oocytes, and usable embryos, but not the addition of hCG on stimulation day 6. Implantation rate, clinical pregnancy rate, and ongoing pregnancy rate showed an increasing trend in patients receiving 150 IU of hCG in the early phase compared with mid-late phase, even thought there was no statistically significant difference.



Conclusions

Our study demonstrated that adding 150 IU of hCG in subsequent GnRH antagonist cycle in “unpredictable” poor responders is associated with the improvement of response to stimulation. Furthermore, early follicular phase addition of 150 IU of hCG significantly increased the number of oocytes retrieved and usable embryos than did the mid-late addition of the same dose.





Keywords: ovarian stimulation, unpredictable POR, in vitro fertilization, low-dose hCG, GnRH antagonist



Introduction

A successful pregnancy of in vitro fertilization (IVF) treatment depends on the number and quality of oocytes retrieved. Ovarian stimulation (OS) could obtain multiple oocytes in one treatment cycle (1). During OS, gonadotropin-releasing hormone (GnRH) antagonist is used to inhibit the luteinizing hormone (LH) surge to prevent the premature ovulation. Except for the trigger of final maturation of oocyte and ovulation, LH also plays an essential role in the development of oocyte, and oversuppressed LH level might be related to inferior embryo quality and early pregnancy loss (2–4). Therefore, LH supplementation during OS treatment is proposed, even though the threshold of LH for normal follicular development remains controversial. The expert consensus in the Asia-Pacific region suggested that LH supplementation might benefit patients aged ≥35 years with poor or suboptimal response to standard OS protocol (5).

Because of the homology between human chorionic gonadotropin (hCG) and LH, hCG has been widely used as an alternative to endogenous LH (3, 6). Compared with recombinant LH (rLH), hCG possesses a longer half-life and a higher affinity to LH/hCG receptor (6). Serafini et al. reported that addition of low-dose hCG in late follicular phase in patients with low LH level could improve IVF outcomes by generating a high number of top-quality embryos (7). Drakakis et al. demonstrated that daily administration of 100 IU of hCG throughout the early follicular phase improved implantation and clinical pregnant rates in women aged 35–40 years (8). However, in their early studies, they could not obtain any improvement in clinical pregnancy rate by adding rLH in mid-late follicular phase during OS in women aged >35 years (2, 9). Another prospective randomized controlled trial (RCT) reported that compared with a daily injection of 50 and 100 IU, 150 IU of hCG could retrieve a significantly higher number of oocytes (6). Therefore, the dose and time of adding hCG to optimize the development of oocytes during OS are still controversial.

The purpose of this retrospective study was to define a possible optimal dose and timing for the addition of hCG to routine GnRH antagonist protocol in ‘‘unpredictable” poor responding patients.



Materials and Methods


Study Population

This retrospective study was conducted at the Reproductive Medicine Center of Peking University Shenzhen Hospital between May 2017 and May 2019. The approval from the institutional review board was obtained at the initiation of the study. Eligible women aged 21–40 years, searching for IVF/intracytoplasmic sperm injection (IVF/ICSI) treatment by using GnRH antagonist stimulation protocol, were analyzed. The inclusion criteria include the following: 1) has a normal ovarian reserve, including anti-Müllerian hormone (AMH) >1.1 ng/ml and antral follicle count (AFC) >5 (10); 2) showed a “unpredictable” poor ovarian response (POR) as ≤3 oocytes were retrieved in the first IVF/ICSI cycle; and 3) used the same GnRH antagonist protocol with hCG addition in the second cycle (Figure 1).




Figure 1 | Patient inclusion flow chart.





Study Design

In the first IVF/ICSI cycle, all patients used the standard GnRH-antagonist protocol as OS. The starting dose of recombinant follicle-stimulating hormone (FSH) (rFSH; GONAL-f, Merck Serono) for OS was individualized on patient’s ovarian reserve testing (11). A dose of rFSH that ranged from 150 to 300 IU per day was started on the second day of menstruation and was adjusted according to the growth of follicle and estradiol (E2) level. A daily dose of 0.25 mg of GnRH antagonist (Cetrotide, Merck Serono) was added on stimulation day 6. Final oocyte maturation was triggered using 2,000 IU of hCG and 0.2 mg of triptorelin (Decapeptyl; Ferring GmbH, Germany) when there were ≥2 follicles of ≥18 mm in average diameter measured in two dimensions. On stimulation day 6 and hCG administration for final oocyte maturation, serum sex hormone levels were measured. The minimum detectable dose (MDD) was 0.1 mIU/ml for FSH, 0.05 mIU/ml for LH, and 0.16 mIU/ml for hCG. All serum tests were drawn in the morning before any treatments were administered. Oocyte retrieval was performed 36 h later. Zhang and Qian, who have more than 10 years’ experiences in ovum pick-up operation, specifically designed the procedure. Insemination methods were chosen depending on semen parameters. Embryological procedures followed the standard protocols. All of the patients’ embryo transfer (ET) was canceled because of diminished number of available embryos.

The second IVF/ICSI cycle was performed 3 months later after the first cycle. During this interval, no medications, such as dehydroepiandrosterone (DHEA), coenzyme Q10 (CoQ10), or vitamin D, were described. Patients started the OS with the same rFSH dose, and GnRH antagonist was added on stimulation day 6. During the OS, a daily dose of hCG (150 IU) was administrated and maintained until the day of hCG trigger. According to the start time of hCG administration, all patients were classified into two groups: Group A, hCG started on stimulation day 1; and Group B, hCG added on stimulation day 6. Final oocyte maturation trigger, oocyte retrieval, insemination, and embryological procedures were conducted as the first cycle. A maximum of two embryos were transferred 3 days after oocyte retrieval. Luteal phase support consisted of progesterone vaginal suppositories 200 mg three times daily beginning on the evening of oocyte retrieval and continuing until 10 weeks’ estimated gestational age. Clinical pregnancy was confirmed by ultrasonographic visualization of gestational sacs at 4–5 weeks after ET, which includes ectopic pregnancy. Miscarriage was defined as spontaneous clinical pregnancy losses before the 20 completed weeks of gestational age. Implantation rates was calculated as the number of gestational sacs divided by the number of embryos transferred. Ongoing pregnancy was defined as a viable pregnancy that lasted at least at 20 weeks of gestational age (12).



Statistical Analysis

All analyses were performed using SPSS 22 for Windows. Exploratory data analysis was initially performed to determine the normality of the data. The parametric continuous variables were analyzed by using Student’s t-test, and the results are expressed as mean standard deviation. Percentages or rates were compared by using either chi-square or Fisher’s exact test, as indicated. For comparison of quantitative variables with normal distribution between the four cycles and the two groups, one-way ANOVA was applied. P-value <0.05 was considered as statistically significant.




Results

Sixty-seven patients aged from 23 to 40 years who underwent two cycles of OS and IVF/ICSI were recruited (Figure 1). Thirty-five women who received the first hCG (150 IU) injection concomitantly with rFSH on stimulation day 1 were classified as Group A; 32 women who received the first injection of hCG on stimulation day 6 were grouped as Group B. No statistically significant differences were observed in female age, body mass index (BMI), duration of infertility, basal sex hormone level, AMH, AFC, starting dose of rFSH, and IVF/ICSI indication between the two groups (Table 1).


Table 1 | Comparison of baseline characteristics of patients in group A and group B.



OS results were compared between the first and second IVF/ICSI cycles (Tables 2, 3). After the supplement of hCG on different days of OS during the second cycle, eight patients in Group A and 21 patients in Group B still showed POR, as ≤3 oocytes were retrieved. ET in nine patients in Group A and seven patients in Group B was canceled because of diminished number of available embryos in the second IVF/ICSI treatment cycle.


Table 2 | Self-comparison of OS characteristics in group A (n = 35) with and without hCG addition.




Table 3 | Self-comparison of OS characteristics in Group B (n = 32) with and without hCG addition.



In Group A, the daily addition of hCG (150 IU) at the beginning of stimulation significantly improved the total number of ≥14-mm follicles (8.1 ± 3.2 vs. 3.3 ± 1.4) and oocytes retrieved (6.1 ± 3.4 vs. 1.9 ± 1.4) compared with that at the first cycle. Accordingly, retrieved oocyte rate (76% vs. 57%) and the number of mature oocytes in ICSI cycle (4.1 ± 2.5 vs. 1.4 ± 1.1) were also significantly increased after the hCG addition. Mean serum E2 (1,131.3 ± 444.4 vs. 378.1 ± 111.7), LH (2.8 ± 1.1 vs. 1.2 ± 0.7), and hCG (6.1 ± 3.4 vs. 1.9 ± 1.4) level on the day of hCG trigger were significantly higher in the second cycle compared with the first. There was no significant difference in E2 level on stimulation day 6, progesterone concentration on the day of hCG trigger, total dosage of rFSH used, and days of stimulation between the two cycles (Table 2).

Details referring to OS and embryological results of Group B are summarized in Table 3. The same as Group A, Group B showed a higher serum level of E2 (946.3 ± 337.6 vs. 410.2 ± 198.9), LH (2.5 ± 1.1 vs. 1.2 ± 0.7), and hCG (6.4 ± 2.5 vs. 0.4 ± 0.2) on hCG trigger day compared with the first cycle. But the number of ≥14-mm follicles, oocytes retrieved, mature oocytes in ICSI cycle, and retrieved oocyte rate showed no difference in Group B as hCG added on the stimulation day 6 compared without it. E2 level on stimulation day 6, progesterone concentration on the day of hCG trigger, total dosage of rFSH used, and days of stimulation also showed no differences between two cycles.

Table 4 compares the outcomes of the second cycle between Groups A and B. E2 level on day of hCG trigger (1,131.3 ± 444.4 vs. 946.3 ± 337.6), number of oocytes retrieved (6.1 ± 3.4 vs. 4.9 ± 2.3), and number of available embryos (2.5 ± 1.4 vs. 1.8 ± 0.8) were significantly higher in patients receiving 150 IU of hCG on the first day of stimulation (Group A) than on stimulation day 6 (Group B). Implantation rate, clinical pregnancy rate, and live birth rate showed an increasing trend in Group A than in Group B, with no statistically significant difference.


Table 4 | Comparison of IVF/ICSI outcomes between group A and group B.



The constitution of different-diameter follicles during OS on different stimulation days are shown in Figure 2. The number of large follicles (diameter >14 mm) on the day of hCG administration and the number of the medium follicles (diameter 10–14 mm) on stimulation day 6 were significantly higher in the patients receiving 150 IU of hCG on first stimulation day than in other groups. The number of small-diameter follicles (diameter < 10 mm) throughout the whole OS showed no difference among the four groups.




Figure 2 | The constitution of different diameters of follicles during ovarian stimulation. (A) Presents the number of follicles < 10mm on different stimulation day; (B) Presents the number of follicles 10-14mm on different stimulation day; (C) Presents the number of follicles > 14mm on different stimulation day. A1 indicates first cycle of Group A; A2 indicates second cycle of Group A; B1 indicates first cycle of Group B; B2 indicates second cycle of Group B. * indicates significant differences (P < 0.05) within treatment groups on the same stimulation day.





Discussion

POR generally resulted from diminished ovarian reserve. However, in some cases, poor ovarian responders may present as normal ovarian reserve with AFC >5 and/or AMH >1.1 ng/ml (13, 14). In this retrospective analysis, we evaluated the effects of low-dose hCG supplementation on women with normal AFC and AMH levels but showed a POR to rFSH stimulation in their first cycle. Our results showed that the addition of 150 IU of hCG in those “unpredictable” POR patients could improve their response to OS. For the first time, we compared the effects of different timing of hCG administration on OS outcome. Our results suggested that the addition of 150 IU of hCG in early follicle phase could provide a better clinical outcome compared with that in mid-late phase addition.

Our results were in line with previous studies that the addition of LH/hCG could increase oocyte number and E2 production (15, 16). A meta-analysis confirmed that the use of rLH/hCG increased the peak E2 levels and oocyte number and improved embryo quality and, therefore, enhanced implantation rate (17). Enrico et al. found that unexpected poor ovarian responders could benefit from addition of 150 IU rLH in subsequent cycle (14). Drakakis et al. demonstrated a better clinical outcome of early hCG administration during OS in women with previous IVF failure compared with rLH (8).

Without LH, FSH alone is inadequate to induce normal follicular development (18). In general, approximately 1% of activated LH receptors are sufficient to maintain follicular development and steroid production. There were also studies that reported that adding rLH/hCG to OS may reduce the number of developing follicles and retrieved oocytes. They explained that a high level of LH activity restricted the development of small ovarian follicles (<10 mm) and inhibited follicular recruitment in patients with normal ovary response (19, 20). Our data showed that the number of medium follicles (10–14 mm) on stimulation day 6 was significantly higher in “unpredictable” POR patients who received 150 IU of hCG at the beginning of rFSH administration than other groups. The reason behind this improvement is that LH binds to the receptor on the theca cells, which increases androgen secretion (21). Androgen improves granulose cell function and increases the size of the follicle of the cohort recruited (22, 23). Therefore, patients with poor response that resulted from deficiency of LH receptor activity may benefit from LH supplementation (24).

Follicular recruitment occurs in the early follicular phase during OS (25). The size of this follicular cohort determines the number of retrieved oocytes in accordance with the number of useable embryos. We found that a higher number of retrieved oocytes and useable embryos were seen in “unpredictable” poor responders who employed 150 IU of hCG in early follicular phase during the second GnRH antagonist stimulation protocol. But the same dose of hCG addition in mid-late follicular phase was not able to increase the number of oocytes and embryos. Therefore, different timing for hCG addition could be a possible reason to explain different conclusions drawn by previous studies. Based on our findings, we proposed the early follicular phase of hCG addition during OS.

In addition, on the day of hCG trigger, endometrial thickness and the progesterone level showed no significant differences between the hCG addition and no additional cycle. Furthermore, the timing of hCG administration, on either the first day or sixth day of OS, also had no effects on endometrial receptivity. The similar implantation and clinical pregnant rate between Group A and Group B in this study have proved it.



Conclusions

In conclusion, this study firstly showed that early follicular phase addition of hCG significantly increased the number of retrieved oocytes and embryos in patients with “unpredictable” poor response to GnRH antagonist regimens. As a result, the implantation rate, clinical pregnancy rate, and ongoing pregnancy rate were also observed at an increased trend in the “unpredictable” POR patients receiving early hCG supplement. Potential disadvantages of this study include retrospective design and relatively small sample size. There remains a lack of well-designed, randomized, controlled trials evaluating this protocol, and additional research is warranted.
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Objective

To evaluate the efficiency and validity of cessation of cetrorelix on trigger day during gonadotropin releasing hormone antagonist (GnRH-ant)-controlled ovarian stimulation of in vitro fertilization (IVF) cycles.



Methods

In this retrospective study, a total of 1271 patients undergoing initial IVF cycles following the GnRH-ant protocol were enrolled; 832 patients received cetrorelix on trigger day (Group A) and 439 patients ceased cetrorelix on trigger day (Group B). We compared demographic characteristics, embryological and clinical outcomes between the two groups. A Poisson regression model was used to identify factors that significantly affected embryological outcomes. Patients were further divided into subgroups according to anti-Mullerian hormone (AMH) and age, to assess associations between ceasing cetrorelix on trigger day and embryological outcomes.



Results

There was a significant improvement on embryological outcomes in patients who ceased cetrorelix on trigger day, and there were no significant differences in clinical outcomes or preovulation rates between the two groups. Furthermore, for patients with 1.1 ≤ AMH ≤ 4.7 ng/ml, all embryological outcomes were significantly higher in Group B compared with Group A. For patients with AMH > 4.7 ng/ml, the number of oocytes retrieved, fertilization rate (2PN) of IVF cycles and proportion of day 3 good quality embryos were all significantly higher in Group B. For patients with age < 35 years, all the embryological outcomes, besides the number of available embryos, were significantly higher in Group B than in Group A. There were no differences in embryological outcomes between the two groups when patients were stratified based on age > 35 years or AMH < 1.1 ng/ml.



Conclusion

GnRH-ant protocol with cessation of cetrorelix on trigger day improved embryological outcomes for young patients or patients with sufficient ovarian reserve, and was effective at preventing preovulation.





Keywords: GnRH-ant protocol, cetrorelix, trigger day, embryological outcomes, clinical outcomes



Introduction

Gonadotropin releasing hormone (GnRH) antagonist (GnRH-ant) protocol is effective in preventing pituitary luteinizing hormone (LH) surge during controlled ovarian stimulation (COS) for in vitro fertilization (IVF) (1). The GnRH-ant protocol avoids many side-effects associated with GnRH agonist (GnRH-a) regimens (flare-ups, hypo-estrogenic, long down-regulation period), and results in a lower incidence of patients developing severe ovarian hyperstimulation syndrome (OHSS) (2). Therefore, this protocol is widely used as a convenient and cost-effective treatment for patients undergoing IVF. However, some studies have reported that the GnRH-ant protocol negatively affected the receptivity of the endometrium (3–6). Other studies have reported a decreased number of oocytes were retrieved following the GnRH-ant protocol, compared with the GnRH-a protocol (7–9). These considerations have limited the application of GnRH-ant protocol in clinical practice.

According to the fixed GnRH-ant protocol, cetrorelix was administered starting day 6 of the simulation cycle with a fixed dose of 0.25 mg per day until the trigger day (10). While on the trigger day, human chorionic gonadotropin (hCG) or short-acting GnRHa was administrated to achieve final oocyte maturation, and oocyte aspiration was performed 35-36 hours later. Cetrorelix was no longer needed during the interval time from trigger to oocyte aspiration, it was safe enough to prevents LH surge during this time (1). In recent years, the GnRH-ant protocol continues to be optimized to improve IVF outcomes. For example, improvements to the protocol have resulted from shorting the duration or reducing dosage of antagonist during COS, compared to the fixed GnRH-ant protocol (11–13). Our previous study established that a flexible low-dose GnRH-ant protocol was as effective as the full-dose fixed protocol for patients with normal ovarian reserve (14). In two small studies, omitting cetrorelix on trigger day reduced the total dose of antagonist without compromising side-effects on embryo quality and pregnancy outcomes (15, 16). These results suggested that it is feasible to reduce the dosage or time of antagonist appropriately. During clinical IVF, based on the long terminal half-life (30 hours) of cetrorelix when injected subcutaneously, and the prolonged time (≥ 20 hours) to clear cetrorelix from the plasma when cetrorelix is administered in multiple doses (17), we made efforts to omit cetrorelix on trigger day for some patients whose LH levels were below 10 IU/L during COS of the fixed full dose GnRH-ant protocol. In the present study, we retrospectively analyzed 1271 patients who underwent the GnRH-ant protocol and either omitted cetrorelix on trigger day or continued cetrorelix on trigger day, to evaluate the safety and compare the outcomes of the two different protocols.



Materials and Methods


Patients

The retrospective study was performed at the Reproductive Medical Center of Ruijin Hospital from June 2015 to March 2020. The study protocol was approved by Institutional Ethics Committee of Ruijin Hospital. A total of 1731 patients referred to the reproductive center who underwent their first ovarian stimulation following the GnRH-ant protocol were selected for eligibility in this study. The inclusion criteria were as follows: (a) 20-40 years old, (b) signed informed consent. The exclusion criteria were as follows: (a) LH > 10 IU/L during COS, which indicates the patient was prone to premature LH surge (18), (b) known chromosomal aberration among the parents, (c) endometriosis, (d) adenomyosis, (e) submucosal myoma, (f) intramural myoma close to endometrium or over 5 cm in size. In all, 460 patients were excluded due to the exclusion criteria.

A total of 1271 patients were enrolled into this study. Patients were divided into two groups according to the administration of cetrorelix, that is, 832 patients received cetrorelix daily until the trigger day (Group A) and 439 patients received cetrorelix daily, ceasing cetrorelix on the trigger day (Group B). The subgroups were divided either according to the AMH or age (19–22). Of these patients, 109 patients in Group A and 152 patients in Group B received fresh embryo transfer (See Figure 1).




Figure 1 | Flowchart of this study.





Stimulation Protocol

Patients’ baseline FSH, LH, E2, P4 levels and antral follicle counts (AFC) were measured on menstrual day 2 of the stimulation cycle. On the same day, recombinant FSH (Gonal-F, Merck-Serono SA, Switzerland) was administered, according to the baseline characteristics; doses ranged from 112.5 to 300 IU per day. Ovarian response was monitored by routine serum FSH, LH, E2, P4 levels and follicle scanning every 2 or 3 days during COS. Cetrorelix acetate (0.25mg per day, Cetrotide, Merck-Serono, SA, Switzerland) was administered starting day 6 of the stimulation cycle (14, 23). Patients in Group A received cetrorelix daily through trigger day, and patients in Group B ceased cetrorelix on trigger day. The criteria whether the patient administered the antagonist or not on the day of triggering was determined according to the administering clinician’s usual practice. The final oocyte maturation trigger was administered with either 5000-7000u hCG (Lizhu, Zhuhai, China) or 0.2 mg GnRH agonist (triptorelin acetate; France) when three follicles reached a mean diameter of 17 mm. Oocyte aspiration was performed 35-36 hours after the trigger day.



IVF and Embryo Quality Assessment

Oocytes were fertilized on the day of oocyte aspiration, fertilization was assessed approximately 16-18 hours after insemination, normal fertilization was confirmed by the presence of 2 pronuclei (PN). Sequential media (Vitrolife, Sweden) was used to culture embryos, and all fertilized oocytes were incubated at an atmosphere of 6% CO2, 5% O2 and 89% N2 at 37°C. Cleavage stage embryos at day 3 were assessed based on morphological characteristics using a standardized scoring system, including A) the number of blastomeres (BL), (score 2 = five BL, score 3 = six to seven BL and score 4 = eight to ten BL); B) the degree of fragmentation (FR) (score 2 indicates 11-25% fragmentation, score 3 indicates ≥ 10% fragmentation, score 4 indicates no fragmentation; C) the equality or variation in the size of BL, score 1 indicates uniform BL size, and score 0 indicates varying BL size (24). An embryo with score ≥5 was considered as an available embryo, score ≥ 8 was considered as a good quality embryo, and the embryo with score ≥ 9 was considered as a top-quality embryo (24, 25). Blastocyst stage embryos were assessed using the Gardner grading system (26), including both the degree of blastocoel expansion and the quality and cell number of two cell lineages (inner cell mass and trophectoderm). A blastocyst with a score ≥ 3BC was considered as an available blastocyst, and a blastocyst with score ≥ BB was considered to be a top-quality blastocyst (26). The total number of available embryos refers to both the day 3 embryos and blastocysts. Maturation rate was calculated as the percentage of metaphase II oocytes among the total number of oocytes in intracytoplasmic sperm injection (ICSI) cycles. Fertilization rate (2PN) for IVF cycles was calculated as the percentage of normal fertilized oocytes (2PN) of the inseminated oocytes. Fertilization rate (2PN) for ICSI cycles was calculated as the percentage of normal fertilized oocytes (2PN) among MII oocytes. The proportion of day 3 good quality embryos was calculated as the percentage of embryos with score ≥ 8 among the normal fertilized oocytes.



Embryo Transfer

One or two day 3 embryos with a score ≥ 5 were transferred on day 3, or blastocysts with available ranking were transferred on day 5, following ovum retrieval. For patients with history of caesarean-section, one blastocyst was transferred during the cycle. The freeze-all strategy was implemented for patients diagnosed with moderate to serious OHSS, when the patients received the agonist trigger (27), when a patients’ P4 level was higher than 2 ng/ml on trigger day (28), or when a patient rejected the fresh embryo transfer during the cycle. Transabdominal ultrasound was performed during the transfer procedure. Embryos were loaded into a Cook embryo transfer catheter (Cook IVF, Australia) by an embryologist. The luteal phase was supported by 90 mg of sustained-release progesterone gel (8% Crinone; Merck-Serono, Switzerland), which was administered vaginally starting on the first day after oocyte retrieval. A serum β-HCG test was performed 11 days following transfer of day 3 embryos or 9 days following transfer of blastocyst stage embryos. Clinical pregnancy was defined as visualization of a gestational sac and fetal cardiac activity on transvaginal ultrasound 6 weeks after embryo transfer.



Statistical Analysis

Continuous data are reported as mean ± SD, and categorical data are presented as frequencies and percentages. Mann-Whitney U tests and Student’s t tests were used to compare means for continuous data. Chi-square tests or Fisher’s exact tests were used to determine the differences between percentages for categorical data. SPSS 25.0 software was used for statistical analysis. A P-value of p < 0.05 was considered statistically significant.

The adjusted ORs and 95% confidence intervals (CIs) were calculated by Poisson regression. A two-sided α of less than 0.05 was considered statistically significant. SAS software (V. 9.4) (SAS Institute Inc., USA) was used for additional statistical analysis.




Results

Table 1 presents the demographics and clinical characteristics during COS for the 1271 patients. There were no significant differences between the two groups in terms of age, BMI, basal FSH, basal LH, basal E2, basal P4, AFC and the causes of infertility, except for higher AMH levels in Group A (4.38 ± 3.20 ng/ml vs. 3.91 ± 3.17 ng/ml, p < 0.05). Levels of LH, E2, and P4 were not significantly different between groups on the start day of cetrorelix administration or on the trigger day (p > 0.05). The dose of cetrorelix received was higher (0.88 ± 0.36 mg vs. 0.74 ± 0.36 mg, p < 0.001) and there was a longer duration of cetrorelix administration (5.04 ± 1.41 day vs. 3.82 ± 1.44 day, p < 0.001) during ovarian stimulation for Group A. The starting dose of gonadotropin (Gn), stimulation duration and dosage of total Gn, as well as the trigger strategies, including hCG or GnRH-a, were not significantly different between the two groups (p > 0.05). Each group had one cancelled cycle due to preovulation.


Table 1 | Demographic and clinical characteristics of the study participants.



Table 2 demonstrates the embryological outcomes and clinical outcomes between the two groups. The Poisson regression analysis showed a significant improvement on all embryological outcomes in Group B, including the number of oocytes retrieved (12.05 ± 5.55 vs 11.32 ± 4.95, p < 0.001), the number of fertilized oocytes (9.37 ± 4.37 vs 8.84 ± 4.33, p < 0.001), the number of available embryos (4.34 ± 3.18 vs 4.17 ± 2.92, p < 0.005), and the number of top-quality embryos (0.73 ± 1.31 vs 0.55 ± 0.97, p < 0.05). Furthermore, the maturation rate (86.6% vs 84.2%, p < 0.05), the fertilization rate (2PN) (of IVF cycle was 77.3% vs 73.1%, p < 0.001, while of ICSI cycle was 83.0% vs 80.4%, p > 0.05), and the proportion of day 3 good quality embryos (9.51% vs 7.80%, p < 0.05) were also higher in Group B. For patients who underwent fresh embryo transfer, there were no significant differences in the rate of implantation, biochemical pregnancy, clinical pregnancy, ongoing pregnancy, multiple pregnancy, live birth, abortion, or ectopic pregnancy between Group A (n = 109) and Group B (n = 152). In addition, the endometrium thickness on trigger day, the number of embryos transferred, and the score of embryos transferred were all comparable between the two groups (p > 0.05).


Table 2 | Comparison of embryological outcomes and clinical outcomes between the two groups.



Table 3 shows that the confounding factors of AMH and age affected embryological outcomes significantly. All embryological outcomes were significantly improved in good ovarian reserve patients with AMH > 4.7 ng/ml, compared to patients with normal ovarian reserve (AMH level between 1.1 and 4.7 ng/ml) and patients with poor ovarian reserve (AMH < 1.1 ng/ml) (p < 0.05). The embryological outcomes were poorer in advanced age patients (35-40 years) compared to younger patients (age < 35 years) (p < 0.05). BMI was not indicated as a significant confounding factor impacting embryological outcomes. There was a higher number of retrieved oocytes in patients with BMI > 25 kg/m2 than in patients with BMI < 20 kg/m2, which might be due to the higher proportion of polycystic ovary syndrome (PCOS) in patients with BMI > 25kg/m2 (12.67% vs 0.76%, p < 0.05) (29).


Table 3 | Poisson regression analysis of factors associated with the embryological outcomes.



We further analyzed the associations between ceasing cetrorelix on trigger day and embryological outcomes. Among patients whose AMH levels ranged between 1.1 and 4.7 ng/ml, the number of oocytes retrieved (11.06 ± 4.73 vs. 10.16 ± 4.15), the number of fertilized oocytes (8.59 ± 4.13 vs. 7.86 ± 3.75), the number of available embryos (3.95 ± 2.66 vs. 3.48 ± 2.38), and the number of top-quality embryos (0.59 ± 1.08 vs. 0.40 ± 0.81) were all significantly higher in Group B compared with Group A (p < 0.05). Also, the maturation rate (86.0% vs 81.3%), fertilization rate (2PN) of IVF cycles (78.1% vs 73.2%) and the proportion of day 3 good quality embryos (9.54% vs 7.88%) were significantly higher in Group B compared to Group A (p < 0.05, respectively). For patients whose AMH levels were greater than 4.7 ng/ml, the number of oocytes retrieved (16.22 ± 4.75 vs. 14.57 ± 4.47) and the number of fertilized oocytes (12.69 ± 4.17 vs. 11.49 ± 4.01) were both higher in Group B compared to Group A (p < 0.05, respectively). Also, the fertilization rate (2PN) of IVF cycles (76.8% vs 73.0%) and the proportion of day 3 good quality embryos (9.63% vs 7.69%) were significantly higher in Group B compared to Group A (p < 0.05, respectively). While the increased number of available embryos and top-quality embryos in Group B did not reach statistical significance. There were no significant differences on embryological outcomes for patients whose AMH levels were lower than 1.1 ng/ml between the two groups (Table 4).


Table 4 | Embryological outcomes of the participants based on AMH subgroups.



Among patients younger than 35, the number of oocytes retrieved (13.05 ± 5.30 vs. 12.11 ± 4.80), the number of fertilized oocytes (10.23 ± 4.59 vs. 9.50 ± 4.23), and the number of top-quality embryos (0.87 ± 1.42 vs. 0.60 ± 1.00) were significantly higher in Group B compared with Group A (p < 0.05, respectively). Meanwhile, the maturation rate (88.2% vs 85.5%), fertilization rate (2PN) of IVF cycles (77.8% vs 73.7%) and the proportion of day 3 good quality embryos (9.60% vs 7.90%) were also significantly higher in Group B (p < 0.05, respectively). For patients aged between 35 and 40 years, there was no difference on embryological outcomes between the two groups (Table 5).


Table 5 | Embryological outcomes of the participants based on age subgroups.





Discussion

Currently, there is no unified agreement whether omission of cetrorelix on trigger day could improve outcomes of the GnRH-ant protocol during COS. This study found that ceasing cetrorelix on trigger day improved embryological outcomes significantly, without adding the risk of premature LH surge and preovulation.

Premature LH surge is defined as a LH level ≥ 10 IU/L, and progesterone level ≥ 1.0 ng/ml, which could lead to luteinization and preovulation during COS (30, 31), and is a leading cause of cycle cancellation or failure during assisted conception. The GnRH-ant protocol is effective in preventing premature LH surge during COS, due to its competitive binding with GnRH receptor. Although premature LH surge is harmful to oocyte development and can cause preovulation, a high enough LH level is indispensable not only for the final stages of oocyte cytoplasmic and nuclear maturation, but also for subsequent follicle rupture and ovulation (32, 33). Thus, excessive suppression of LH has been shown to be adverse for follicular development and IVF outcomes (34, 35). Therefore, a reasonable “threshold” for serum LH during folliculogenesis is crucial during IVF. In our study, despite of the higher AMH levels in Group A, there was a significant improvement on the embryological outcomes in Group B, which indicated that discontinuation of cetrorelix on trigger day could be beneficial for oocyte quality and maturation. For the GnRH-ant protocol, the released suppression of LH level on trigger day might potentially improve the intrafollicular microenvironment and enhance oocyte developmental competence.

In this study, only one cancelled cycle for preovulation occurred in each group, indicating that omission cetrorelix on trigger day did not increase the rate of preovulation for patients without premature LH surge (LH < 10 IU/L during COS). As mentioned before, the terminal half-life of cetrorelix is 30 hours after subcutaneous injection, leading to a lasting duration of cetrorelix plasma concentration for longer than 20 hours (17). Furthermore, the plasma concentration of cetrorelix is reduced at a slower rate when a 0.25 mg dose per day of cetrorelix is injected multiple times, compared with a single administration (17). In our study, the average duration of cetrorelix injection was 3.82 ± 1.44 days in Group B. These doses ensured that, for patients without risk of premature LH surge, the cetrorelix levels in the plasma remained abundant to suppress LH levels, even when cetrorelix was omitted on trigger day.

In addition, there were no significant differences in the clinical outcomes between two groups that underwent fresh embryo transfer. There were no significant differences in endometrium thickness, E2, or P4 levels on trigger day, nor in the average number and the average score of embryos transferred. These data suggest that omitting cetrorelix on trigger day might not affect the receptive state of the endometrium significantly, although multiple studies have reported that the GnRH-ant protocol could adversely affect the endometrium receptivity (36–39).

According to the Poisson regression analysis, AMH and age were found to be significant confounding factors that affect embryological outcomes. We found that among patients with normal ovarian reserve with AMH levels between 1.1 and 4.7 ng/ml, all embryological outcomes were significantly improved in Group B compared to Group A. Similarly, for young patients aged < 35 years, although the increased number of available embryos with no significance in Group B, all other embryological outcomes were significantly higher in Group B compared to Group A. These results suggested that, for patients with normal ovarian reserve or young patients, ceasing cetrorelix on trigger day will be beneficial for embryological outcomes. This might be caused by released LH suppression and improved folliculogenesis, which is crucial for the final stage of oocyte maturation and development (32–35). For patients with good ovarian reserve (AMH > 4.7 ng/ml), the number of retrieved and fertilized oocytes, fertilization rate of IVF cycles and proportion of day 3 good quality embryos were all significantly higher in Group B compared with Group A, indicating that the embryological outcomes were improved notably. The number of available embryos and top-quality embryos were also higher, but not significantly, in Group B. This could be explained: first, the incidence of PCOS was higher in patients with AMH > 4.7 ng/ml, and the oocyte quality in those patients might be influenced by endocrine and intra-ovarian paracrine changes in follicular fluid (40); second, compared to patients with AMH levels between 1.1 and 4.7 ng/ml, there might be a higher proportion of immature oocytes obtained in patients with AMH > 4.7 ng/ml (41). However, for patients with AMH < 1.1 ng/ml or aged between 35 and 40 years, ceasing cetrorelix on trigger day had no benefit on embryological outcomes. The quality of oocytes is generally found to be poor in patients with poor ovarian reserve (42–44). Moreover, in advanced age patients, mitochondrial function and energy production ability are also declined, which negatively impact chromosome segregation and oocyte developmental competence (45–47). In these patients, small fluctuations of LH levels before ovulation do not seem to have much impact on oocytes quality.

The limitations in this study were that, first, this was a retrospective cohort study, the number of recruited patients in each group was not comparable, which could potentially affect the differences in embryological outcomes. Second, the sample size for patients who underwent fresh embryo transfer was limited, which could potentially affect clinical outcomes. A randomized controlled trial with a larger sample size will be carried out to ascertain these research findings.



Conclusion

Due to the potential negative effects on oocytes quality and endometrium receptivity of GnRH-ant, the GnRH-ant protocol continues to be optimized for better IVF outcomes. Although still far from perfect, our findings indicate that the GnRH-ant protocol with cessation of cetrorelix on trigger day improved embryological outcomes in patients with LH < 10 IU/L during COS, and was effective enough to prevent preovulation.
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Background

Anti-Müllerian hormone (AMH) and antral follicle count (AFC) age-specific reference values form the basis of infertility treatments, yet they were based upon studies performed primarily on Caucasian populations. However, they may vary across different age-matched ethnic populations. This study aimed to describe age-specific serum AMH and AFC for women native to the Arabian Peninsula.



Methods

A retrospective large-scale study was performed including 2,495 women, aged 19 to 50 years, native to the Arabian Peninsula. AMH and AFC were measured as part of their fertility assessment at tertiary-care fertility centres. Age-specific values and nomograms were calculated.



Results

2,495 women were evaluated. Mean, standard deviation and median values were calculated for AMH and AFC by 1-year and 5-years intervals. Median age was 34.81 years, median AMH was 1.76ng/ml and median AFC was 11. From the total group, 40.60% presented with AMH levels below 1.3ng/mL. For women <45 years old, the decrease in AFC was between -0.6/-0.8 per year. Up to 36 years old, the decrease of AMH was 0.1ng/ml. However, from 36 to 40 years old, an accelerated decline of 0.23ng/ml yearly was noted. In keeping with local customs, 71.23% of women wore the hijab and 25.76% the niqab. AMH and AFC were significantly lower for niqab group compared with hijab group (p=0.02 and p=0.04, respectively).



Conclusion

This is to-date the largest data set on age-specific AMH and AFC values in women from the Arabian Peninsula aiming to increase clinical awareness of the ovarian reserve in this population.
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Introduction

In recent years, Anti-Müllerian hormone (AMH) and antral follicle count (AFC) have become widely used markers for baseline assessment of ovarian reserve, especially preceding assisted reproductive techniques (ART) (1). AMH is used to individualize the treatment regime, not only due to its ability to predict the ovarian response to gonadotropins and the risk of cycle cancellation (2–4), but also as an indicator for oocyte and embryo quality (5, 6), euploidy rate (5, 7) and miscarriage rate (8) and oocyte survival rates following vitrification (9).

Ovarian reserve declines over the reproductive lifespan and has a relevant impact on present and future fertility. This is why AMH and AFC have an important influence on treatment decisions. However, these markers can be influenced by different factors. The so far biggest database on age-specific AMH values, which includes more than 17,000 patients, was published by Seifer et al. in 2011 (10). They report age-specific mean and median AMH values in serum samples from patients, aged 24 to 50 years, obtained from U.S. fertility centers in 37 different states and measured by the first-generation immunoassay DSL. AMH ranges over the life span of a women were published by Kelsey et al. (11) by combining data from 20 studies (3260 data points). Likewise, most studies have evaluated the ovarian reserve parameters in Caucasian populations and only few publications have considered other ethnicities (12–14). However, it has been shown that AMH and AFC varies across different age-matched ethnic populations (14–16). Studies comparing patients from Middle East/North Africa (MENA) region with Caucasian patients described a reduced ovarian reserve and lower number of retrieved oocytes for the MENA population (17, 18). These findings point to significant race-dependent differences in the ovarian reserve and in ovarian ageing (19, 20).

Due to the lack of large-scale age-specific ovarian reserve parameters for women from the Arabian Peninsula and with the aim to close this gap in knowledge, this study describes age-specific AMH and AFC values from women native to the Arabian Peninsula region and evaluates them in the context of the existing sociocultural and religious habits from the Middle East. These values can be used as reference by infertility centers treating patients of similar ethnicity, racial and sociocultural characteristics.



Methods


Study Design and Participants

This is a large-scale retrospective, observational study for which data from the clinical documentation program had been extracted and analyzed after the ethical approval had been obtained. Included were data from women, native to the Arabian Peninsula, who had their serum AMH and AFC (sum of small antral follicles in both ovaries) measured as part of their fertility assessment at ART Fertility Clinics Abu Dhabi (UAE), Dubai (UAE) and Muscat (Oman), from May 2015 to November 2019. The Arabian peninsula is composed of the countries Yemen, Oman, Qatar, Bahrain, Kuwait, Saudi Arabia and the United Arab Emirates (21).

Serum AMH concentrations were measured by Elecsys® AMH automated assay (for Cobas 601 platform, Roche®) for all patients. Imprecision expected from the assay was <5%, as described by the manufacturer; intra-assay and inter-assay co-efficient of variation for Elecsys® AMH automated assay has been reported as 0.5 – 1.4% and 0.7 – 1.9%, respectively (22). To assess AFC, women underwent transvaginal 2D-sonography (Voluson E8, GE Healthcare, United States) during the menstrual cycle (23). The patients were asked to empty their bladders and were placed in the lithotomy position. The ultrasound-scans were performed by reproductive medicine specialists and a systematic ultrasound technique for AFC measurement was used in order to avoid any bias through different techniques: identification of the ovaries and evaluation of the dimensions in two planes; measurement of the largest follicle in two dimensions; the probe was then positioned along the long axis of the ovary and count the follicles from outer ovarian margin to the opposite margin for both ovaries. The number of follicles in each ovary was combined to obtain the AFC. The number of antral follicles of 2 to 10mm in diameter were counted (24).

A strict dress code is imposed on the women from the Arabian Peninsula due to sociocultural and religious habits in the Middle East region. “Hijab” describes a type of modest clothing with a veil covering the head, neck and chest and “Niqab” is a veil that covers the face while leaving the eyes uncovered (25).

Each patient’s data was recorded only once in the study. Patients, who had been on any hormonal treatment within three months before AMH and AFC measurement, were excluded. Ethical approval was obtained from the Research Ethics Committee (REFA040) of ART Fertility clinic, Abu Dhabi, UAE.



Statistical Analysis

Patient characteristics are described using mean ± SD, median, minimum, and maximum values for continuous variables, frequencies and percentages for categorical variables. The normality of data distribution was tested through Kolmogorov-Smirnov normality test. Mean ± SD and median values were calculated for AMH and AFC for women ages 19–50 at 1-year intervals (31 age groups in total) and by five age categories (≤25, 26-30, 31-35, 36-40, 41-45, 46-50). Five empirical centiles, including the 5th, 25th, 50th, 75th and 95th were calculated, and nomogram tables were constructed. Graphics based on the percentile age for each variable were drawn using Proc Quantreg. AMH was categorized in 3 groups to evaluate the frequency of low (<1.3 ng/ml), normal (1.3 - 6.24 ng/ml) or high (≥6.25 ng/ml) levels of AMH. The low AMH cut-off level was set at <1.3 ng/mL following the Bologna Criteria (26, 27). The high AMH cut-off level was set at ≥ 6.25 ng/mL, as proposed by Calzada et al. (28) in order to define a cut-off level for PCOS (polycystic ovarian syndrome) patients. Association between dress code and AMH and age were tested using General Linear Model procedure. R-squared were calculated using regression model to measure the strength of the relationship between AMH, AFC, age and BMI. A multiple regression analysis for both AMH and AFC as dependent variables was performed, including the variables studied (age, BMI and dress code) as predictor variables.

As the lower limit of detection for Elecsys assay was 0.01ng/mL, values lower than the detection limit were considered equal to zero. All analyses and the graph plotting were performed using SAS studio.




Results

A total of 2,495 patients, native to the Arabian Peninsula with data on AMH, dress code and BMI were included for analysis. AFC values were available for 2,441 patients. The number and percentage of women included from each country is shown in Figure 1.




Figure 1 | Number and percentage of women included from each country from the Arabian Peninsula.



Patient characteristics were as follows (in mean ± SD): age 34.62 ± 6.61 years, BMI 28.57 ± 5.49 kg/m2. The smoking rate among the patients was 2.40%. Most frequent dress code was hijab (71.23%), followed by niqab (25.76%). Mean AMH was 2.59 ± 2.9 ng/mL, whereas median AMH was 1.76 ng/mL. The percentage of women with previous adnexal surgery in the total group analyzed was 11.43%, with a similar distribution between the hijab and niqab groups (12.31% and 14.47%, respectively; p=0.704). Patient’ characteristics are displayed in Table 1. Single-year specific median, mean and SD for AMH and AFC are summarized in Table 2 and graphical comparisons of AMH and AFC in 1-year intervals are shown in Figures 2A, B respectively; Table 3 and Figures 3A, B include median, mean, SD values, and average decrease per age category. The decrease of AMH was highest in the age group 36-40 (AMH median: -1.15 ng/mL between age 36 and 40), showing a yearly decrease of -0.23 ng/mL.


Table 1 | Demographic characteristics.




Table 2 | Single-age specific AMH mean with standard deviation (SD) and median values obtained by Elecsys AMH immunoassay, and single-age specific AFC mean with standard deviation (SD) and median.






Figure 2 | (A) Graphical comparisons of AMH mean and median in 1-year intervals. AMH (ng/mL). (B) Graphical comparisons of AFC mean and median in 1-year intervals.




Table 3 | Median, mean, SD values, and average decrease per age category for serum AMH levels (ng/mL) and AFC.






Figure 3 | (A) Age-specific AMH mean and median values in 5-year intervals. (B) Age-specific AFC mean and median values in 5-year intervals.



AMH and AFC values of 5th, 25th, 50th, 75th and 95th centiles are shown as Supplementary Data (Supplementary Tables 1, 2 and Supplementary Figures 1, 2). Correlation (R-square) for AMH and age was 18.8% and 25.9% for AFC and age (Supplementary Figure 3). AMH and AFC showed a R-square of 57.6%. Very low R-square was found for BMI and AMH (R-square=0.08%).

The distribution of women based on their levels of AMH is shown in Table 4 and Figure 4. In the total population, 40.60% of women presented AMH serum levels <1.3 ng/mL, 50.78% between 1.3 - 6.24 ng/mL, and 8.62% had AMH ≥6.25 ng/mL.


Table 4 | Distribution of patients based in their levels of AMH (ng/mL).






Figure 4 | Distribution of patients based on AMH levels per age categories.



Data on dress code was available for 2,323 women. There was no difference in age between the two groups of dress code (Hijab versus Niqab), but AMH serum levels and AFC were significantly lower for patients wearing the niqab (p=0.043 and p=0.021, respectively). The results are shown in Table 5.


Table 5 | Distributions regarding conservative dress code for Arab population.



A multiple regression analysis for both AMH and AFC as dependent variables was performed, including age, BMI and dress code as predictor variables. Age and BMI showed a significant correlation to AFC (p< 0.0001 for both predictor variables) and to AMH (p<0.0001 and p=0.004, respectively). Regarding the dress code, a significant negative correlation was observed for the niqab dress code to AFC (p=0.025), however, not significant for AMH (p=0.22) (Table 6).


TABLE 6 | Multiple regression analysis for AFC and AMH as dependent variables, including age, BMI and dress code as predictor variables.





Discussion

Whereas it is well known that age is the most significant factor to impact the ovarian reserve, the influence of other factors is often less considered and/or neglected, especially in populations less included in research. To the best of our knowledge, this is the first large-scale retrospective data set reporting age, BMI and dress-code in relation to AMH and AFC values specific to women native to the Arabian Peninsula, with all AMH measurements performed with 3rd-generation automated assay (Elecsys, Roche®) in a single laboratory. In this specific study population, the peak AMH level (median AMH of 4.41 ng/ml) was exhibited at an age of 23 years, a finding which is in line with the data from Kelsey et al. (11), who also demonstrated an AMH peak at the age of 24.5 years and described lower AMH levels in the population below 24 years of age. A large percentage of women (40.60%) from the herein presented study population were affected by a low ovarian reserve, expressed as AMH serum levels <1.3ng/mL (26). While an age-dependent physiological decrease for both ovarian reserve markers was expected at any given age, it is worth noting that AMH presented an accelerate decrease for the age category of 36-40 years old. This significant decrease over those five years is in keeping with the already well recognized decrease in ovarian reserve and fertility for women above 35 years old (29). The multiple regression analysis showed that age and BMI were strong predictor variables for the ovarian reserve markers. The dress code was a significant predictor variable for AFC, however, no significant value was reached for AMH.

There is growing evidence that ovarian reserve is, besides age, influenced by several factors including the sociocultural environment, habits and ethnicity. Previous publications have demonstrated, that Asian, African American, Hispanic, Indian American have lower live birth rates (LBR) and higher miscarriage rates after ART when compared to a reference population of white/Caucasian women (30–37). Despite the fact that the Arabian culture is a pro-family society and families commonly have a higher number of children compared to couples in Western societies (38, 39), there is a high prevalence of infertility in the MENA region (40) and very limited knowledge about ovarian reserve parameters and ART outcomes in the Arab population.

Women native to the MENA (Middle East North Africa) region, which is a region comprising 17 countries with multiple ethnicities (The Middle East Population 2021 (Demographics, Maps, Graphs), no date), are only included into few studies (17, 18, 35, 37). Feichtinger et al. (17) found a significantly lower oocyte yield in MENA patients compared to their European counterparts, despite being of younger age and having a higher prevalence of PCOS. Salem et al. (37) described poorer IVF outcomes with decreased live birth rates per blastocyst transfer and increased miscarriage rates in MENA women compared to Caucasian women. In the study of Jayaprakasan et al. (35), the Middle Eastern women presented the lowest LBR (21.4%), yet only 14 women were included for the analysis. Similar data are described by Tabbalat et al. (18), who compared the IVF outcomes for infertile couples from the Arabian Peninsula to Caucasian couples from the U.S. The Arabian Peninsula women showed statistically higher FSH levels, lower AMH levels and lower AFC, as well as lower number of mature oocytes. These results suggest that Arabian Peninsula ethnicity is associated with lower ovarian reserve and ovarian response, and these findings are corroborated by the AMH and AFC values from the herein presented data when compared to the ovarian reserve parameters described in other ethnicities. Loy et al. (12) presented percentiles and nomograms for AMH and AFC for 1,009 Chinese sub-fertile women, using Gen II ELISA assay for AMH. Considering the possible variations due to the different assays used [serum AMH concentrations seem to be 20% lower when Elecsys is compared with conventional AMH Gen II assays (41)], AMH values for Chinese ethnicity seem clearly higher than for the Arab population. Compared to Japanese population, the median AMH values presented in this study are 38.4% lower using Access assay (14). This percentage is far from the 10% expected due to the different assays used (42). Likewise, the percentage of women with low AMH values (<1.3 ng/mL) in the herein presented study is 40.60%, a high rate when compared to 13.2% described for a group of 423 infertile women from Pakistan (13) and apparently, these disparities are more distinct in the younger groups (43).

The reduced ovarian reserve identified in the Middle Eastern ethnical group highlights the influence of ethnicity, sociocultural, religious, environmental and genetic factors on the ovarian reserve and consequently on fertility (20). The high rates of consanguineous marriages, which amount up to 80% in certain regions in the Middle East, have been related to a reduced ovarian reserve (20, 44). Environmental factors have an impact as well, e.g. vitamin D deficiency, which has one of the world’s highest prevalence rates in the Middle East (45). Lately, the positive impact of 1α,25-dihydroxyvitamin D3, which is the biologically active form, on the ovarian reserve has been demonstrated in the ovarian tissue of rhesus macaques (46, 47) as well as in patients, who received a single, high dosage of vitamin D at the beginning of their cycle (48). It is important to acknowledge that the dress-code of women correlates with the extent of vitamin D deficiency (49, 50) and most women of the Arabian Peninsula are following a concealing dress-code with coverage of large parts of the skin due to sociocultural/religious habits. Arefi et al. (19) previously showed a negative influence of the dress-code on the ovarian reserve parameters. The data of the present study support the previous findings as, indeed, women using the most covering dress code (Niqab) have significantly lower values for AMH and AFC compared to women with a less concealing dress-code. Furthermore, dress code was a significant predictive variable for AFC in the regression analysis. No significant result was observed for the association with AMH, hence, this discrepancy could be explained by the lower number of included AMH results and a non-normal distribution for the AMH values. Body weight and BMI are factors which exhibit a negative impact on the ovarian reserve parameters and it is well known that the prevalence of obesity (BMI>30 Kg/m2) in adults aged 18 and above in the Arabian Peninsula are above 40% (51). In line with these data, the women included in the herein study presented a median BMI of 28.03 Kg/m2 and the regression analysis showed BMI as a strong predictive variable for both ovarian reserve parameters (AFC: p< 0.0001; AMH: p=0.004).

Although the retrospective design might be considered as a limitation, the main strengths of the present study are firstly, the large number of included women with similar geographical, sociocultural/religious and ethnical similarities; and secondly, the use of a 3rd-generation automated assay (Elecsys, Roche®) for the AMH analysis, performed in a single clinical reference laboratory, leading to an improved accuracy and homogeneity of the results. Further on, this study provides median reference values in addition to mean values for more adequate information regarding AMH and AFC values, as data are non-normally distributed.

This study presents age and dress code specific AMH and AFC in women native to the Arabian Peninsula, facilitating an increased understanding of ovarian reserve in this population and the rates of low, normal and high ovarian reserve. Reproductive specialists should be aware of the influence of ethnicity on the ovarian reserve and to adopt region specific counseling strategies and personalize treatment plans accordingly.
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Objective

To investigate the association between hypothyroxinemia and the risk of preeclampsia–eclampsia and gestational hypertension.



Design

Historical cohort study.



Methods

The study included pregnant individuals who delivered live-born singletons and had at least one thyroid function assessment during pregnancy at a tertiary hospital. Hypothyroxinemia was defined as thyroid-stimulating hormone (TSH) levels within the normal reference range and free thyroxine (FT4) levels lower than the tenth percentile. Risk ratios (RRs) with 95% confidence intervals (95% CIs) for preeclampsia–eclampsia and gestational hypertension between women with and without a diagnosis of hypothyroxinemia during pregnancy were estimated using a generalized estimating equation model.



Results

A total of 59,463 women with live-born singletons were included in the analysis. Logistic regression models with restricted cubic spline suggested that there was a U-shaped association between FT4 levels and preeclampsia–eclampsia risk. Compared with euthyroid women, those with hypothyroxinemia had an increased risk of preeclampsia–eclampsia (RR = 1.16, 95% CI: 1.02–1.31), and the risk increased with the increasing severity of hypothyroxinemia (p for trend < 0.001). Moreover, persistent hypothyroxinemia from the first to second trimesters was associated with an increased risk of preeclampsia–eclampsia (RR = 1.37, 95% CI: 1.03–1.83), especially for women with severe hypothyroxinemia (RR = 1.70, 95% CI: 1.12–2.58). In contrast, there was no association between hypothyroxinemia and gestational hypertension.



Conclusion

Our study suggested that hypothyroxinemia was only associated with an increased risk of preeclampsia–eclampsia, especially in women with persistent hypothyroxinemia in the first half of pregnancy. Analyses of the associated risk of gestational hypertension with hypothyroxinemia were not significant.





Keywords: hypothyroxinemia, cohort study, hypertension disorders during pregnancy, preeclampsia–eclampsia, gestational hypertension (GH)



Introduction

Hypothyroxinemia is defined as a decrease in serum free thyroxine (FT4) levels with thyroid-stimulating hormone (TSH) levels within normative reference limits, and affects up to 10% of women of reproductive age (1, 2). In the context of pregnancy, human chorionic gonadotropin (hCG) acting as TSH-like agonist on thyroid gland (3), the prevalence of thyroid dysfunction is more common among pregnant women (2, 4). Previous studies have consistently elucidated that maternal hypothyroxinemia is associated with a delayed neuropsychological development of the offspring (5–8), while lines of evidence for the relationship between hypothyroxinemia and pregnancy outcomes have been limited and conflicting.

It has been reported that thyroid hormones play a role in trophoblast proliferation and differentiation and trophoblast invasion of the decidual and decidual angiogenesis (9), which is a main underlying pathophysiology for hypertension disorders during pregnancy (HDP) (10). HDP is an important cause of death and complications for the mother and baby, especially its subtypes of preeclampsia–eclampsia. In some (11–14) but not all studies (15–17), women with lowered thyroxine levels had a greater risk of HDP. Most previous studies were limited by insufficient sample size and power, and were not able to differentiate the association by subtypes of HDP, including preeclampsia–eclampsia and gestational hypertension, or by gestational age (12, 18). In addition, there is also a positive relationship between serum TSH levels and both systolic and diastolic blood pressure (19, 20). Previous studies on hypothyroxinemia and preeclampsia–eclampsia generally did not take TSH levels into account. Furthermore, thyroid peroxidase antibody (TPOAb) had an effect on the trajectory of thyroid hormone during pregnancy (21) and might be associated with the risk of pregnancy complications (22). In this context, we performed a historical cohort study to explore the association of hypothyroxinemia with preeclampsia–eclampsia and gestational hypertension, considering TSH and TPOAb status. We hypothesized that women with hypothyroxinemia would have a greater risk of preeclampsia–eclampsia or gestational hypertension than euthyroid women, and trimester-specific effects might exist (23, 24).



Methods


Study Population and Data Source

We conducted a historical cohort study at the Shanghai First Maternity and Infant Hospital in China. All pregnancies registered in the electronic medical registers between January 2014 and September 2019 were included in this study.

All women were invited to provide personal sociodemographic and health information at the initial antenatal appointment, including age at conception, residence of origin, parity, height (in centimeters), and weight before pregnancy (in kilograms). The prepregnancy body mass index (BMI) was calculated by dividing the weight (in kilograms) by the height (in meters squared). According to recommendations of appropriate BMI for Asian population by the World Health Organization (WHO), prepregnancy BMI was categorized as underweight (<18.5 kg/m2), optimal weight (18.5–23 kg/m2), overweight (23–27.5 kg/m2), and obesity (≥27.5 kg/m2). Gestational age was assessed based on the date of the last menstrual period and the results of early ultrasound. We also asked the women if they had a history of chronic diseases before pregnancy, including hypertension, diabetes, and thyroid dysfunction before pregnancy.

We excluded women who had pregnancies that ended with stillbirth, who had implausible gestational weeks, or did not have a thyroid function assessment during pregnancy. Women who conceived by assistant reproductive techniques (ART), were pregnant with twins, had a diagnosis history of thyroid dysfunction, had chronic hypertension or diabetes, or had new-onset maternal thyroid dysfunction during pregnancy except hypothyroxinemia were also excluded from the study. Finally, a total of 59,463 women with live-born singletons were included in the study (Figure 1).




Figure 1 | Flowchart of the study population.





Measurement of Thyroid Function

Fasting blood samples were collected at antenatal visits and were centrifuged (10 min with rethawing cycles at 3,000 rpm) to obtain serum levels. Serum TSH, FT4, and TPOAb were measured [ADVIA Centaur instruments and kits (Siemens, Munich, Germany)]. According to the guidelines published by the American Thyroid Association in 2017 (25), we built the laboratory- and trimester-specific reference ranges for TSH and FT4 levels (Table S1). The criteria used to diagnose hypothyroxinemia were a TSH level in the normal reference range and a FT4 level lower than the 10th percentile. Women diagnosed with hypothyroxinemia of any two trimesters were defined as patients with persistent hypothyroxinemia. We also categorized the severity of hypothyroxinemia as mild (from the 5th to 10th percentile), moderate (from the 2.5th to 5th percentile), and severe (lower than the 2.5th percentile). When the TSH and FT4 levels were both in the normal reference ranges, women were defined as euthyroid. For women with more than one thyroid function test, we kept the earliest thyroid function test value by trimester in the final analysis. A TPOAb level greater than 60 U/ml was regarded as positive according to the manufacturer-defined cutoff.



Diagnosis of Preeclampsia–Eclampsia and Gestational Hypertension

The diagnosis of preeclampsia–eclampsia and gestational hypertension was identified from electronic discharge records. The diagnosis criteria followed the guidelines of the Chinese Society of Obstetrics and Gynecology during the study period (26). Gestational hypertension was defined as the onset of hypertension after 20 weeks of gestation with a systolic blood pressure of at least 140 mmHg and/or a diastolic blood pressure of at least 90 mmHg. Preeclampsia was defined as the elevated blood pressure and proteinuria, or (in the absence of proteinuria) new-onset hypertension with any of the following conditions: (1) impaired organ; (2) abnormalities of the blood, digestive, or nervous systems; or (3) placenta–fetal involvement. Preeclampsia could be subclassified into early-onset preeclampsia (with delivery at <34+0 weeks of gestation) and late-onset preeclampsia (with delivery at ≥34+0 weeks of gestation). Eclampsia was diagnosed based on a preeclampsia diagnosis combined with seizures without explained reasons.



Statistical Analysis

Continuous variables are presented as the means with standard deviations or medians with interquartile ranges (IQRs) according to their distribution. Categorical variables are presented as counts with percentages. The baseline characteristic differences between euthyroid women and women with hypothyroxinemia were estimated using t-tests, or nonparametric tests, or chi-squares tests, or Fisher’s exact tests, as appropriate.

Logistic regression model with restricted cubic spline (RCS) was used to estimate the nonlinear relationship between FT4 levels and the risk of preeclampsia–eclampsia and gestational hypertension. Due to its skewed distribution, the Ln-transformed value of the FT4 levels was used in the model. We set the 50th percentile as a reference and four knots (the 25th, 50th, 75th, and 90th percentiles) in the model. Risk ratios (RRs) and 95% confidence intervals (95% CIs) were calculated using generalized estimating equation (GEE) model, with adjustment for the following potential confounders: advanced age (≥35 years) at pregnancy (yes or no), prepregnancy BMI category (underweight, <18.5 kg/m2; optimal weight 18.5–23 kg/m2, overweight 23–27.5 kg/m2, or obesity ≥27.5 kg/m2), parity (parous or nulliparous), and fetal sex (boy or girl). The residence of origin (Shanghai, other areas) was also included in the multivariable analyses as an index of nutrition and physical activity habits. We do not have information on smoking status, which might be a confounder in the present study, while we believed that smoking status would have little influence on the association of FT4 and pregnancy-induced hypertension in the study population as a previous study indicated a low prevalence of both active and passive smoking (1.2% and 7.8%) among pregnant women in Shanghai (27). Ln-transformed TSH levels were also included in the model as continuous variables. In addition, our previous study indicated that serum ferritin might also modify the association of FT4 levels and pregnancy complications (28). Serum ferritin was also included in the model as a continuous variable. Serum ferritin was measured by a UniCel DxI 800 immunology analyzer and kits (Beckman Coulter, California, USA) at the institute. We also performed tests for linear trends by entering the severity of hypothyroxinemia as a continuous variable in the model.

We performed several sensitivity analyses to evaluate the robustness of the results from our primary analyses. First, we conducted an analysis by stratifying on the diagnosis time of hypothyroxinemia (only the first trimester, only the second trimester, from the first to second trimester). Second, we restricted the analysis to women with optimal prepregnancy BMI, negative TPOAb, and TSH levels ranging from the 2.5th percentile to 2.5 mU/L, as these factors might bias or modify the associations considered. Third, a propensity score matching (PSM) method was used to balance the differences in baseline characteristics (29). The propensity score for hypothyroxinemia was estimated using a logistic regression model with all covariates in the main analysis as independent variables. The PSM was performed with 1:1 matching by nearest-neighbor matching, with a caliper width equal to 0.2 and no knots were used for those continuous variables. No adjustment RRs (95% CIs) were estimated after PSM using the logistic regression model.

We used “mkspline”, “xblc”, and “logit” routines of Stata 16 MP for the RCS. We performed propensity score matching using SPSS version 25.0 software (SPSS Inc., Chicago, IL, USA). All other statistical analyses were performed using SAS software (version 9.4). The precision of risk estimates is described using 95% confidence intervals. Interpretation of the results was mainly based on the strength of the adjusted RR (regardless of whether the 95% CIs included the null).




Results


Basic Characteristics of the Study Population

A total of 59,463 women with 79,456 observations were included in the study, and of those, 53,336 (89.7%) had only one thyroid function test. There were 6,556 women who received a diagnosis of hypothyroxinemia, with 236 (3.6%) and 321 (5.08%) women having preeclampsia–eclampsia and gestational hypertension, respectively. Table 1 shows the characteristics of the study population according to with or without a hypothyroxinemia diagnosis. Women with hypothyroxinemia were more likely than euthyroid women to be parous (31.47% vs. 24.82%), have an advanced age (17.37% vs. 12.85%), be TPOAb positive (11.96% vs. 8.93%), and have prepregnancy overweight or obesity (21.04% vs. 27.11%), but women with hypothyroxinemia were less likely to be of Shanghai origin (27.53% vs. 31.55%). Table 2 presents the medians with IQRs of TSH and FT4 concentrations for all observations. The median FT4 were 12.77 (12.12–13.55) pmol/L and 16.11 (14.85–17.56) pmol/L, and the median TSH were 1.55 (1.04–2.16) mIU/L and 1.30 (0.79–1.91) mIU/L for hypothyroxinemia and euthyroid women, respectively.


Table 1 | The characteristics of the study population.




Table 2 | Description of FT4 and TSH levels (medians, interquartile range).





Association of FT4 Levels and the Risk of Preeclampsia–Eclampsia and Gestational Hypertension

Overall, FT4 levels showed a U-shaped relationship with preeclampsia–eclampsia, with a higher risk at lower and higher FT4 levels during pregnancy compared with a median concentration of approximately 15.80 pmol/L (Figure 2A). The ORs (95% CIs) of preeclampsia–eclampsia across the 1st (11.25 pmol/L), 5th (12.42 pmol/L), 10th (13.06 pmol/L), and 90th (18.92 pmol/L) percentiles were 1.62 (95% CI: 1.39–1.88), 1.37(95% CI: 1.24–1.51), 1.26 (95% CI: 1.17–1.35), and 1.13 (95% CI: 1.05–1.23), respectively. We observed similar U-shaped associations for early-onset preeclampsia and late-onset preeclampsia (Figures 2B, C). FT4 levels did not seem to be associated with the risk of gestational hypertension (Figure 2D).




Figure 2 | Restricted cubic spline models for Ln-transformed free thyroxine (FT4) levels and the risks of preeclampsia–eclampsia (PEE) and gestational hypertension (GH). Knots were placed at the 25th, 50th, 75th, and 90th percentiles. The black line indicates risk ratios for PEE and GH; dashed gray lines are the 95% confidence intervals. (A) Ln-transformed FT4 levels and the risk of overall PEE. (B) Ln-transformed FT4 levels and the risk of early-onset preeclampsia. (C) Ln-transformed FT4 levels and the risk of late-onset preeclampsia. (D) Ln-transformed FT4 levels and the risk of GH.





Association of Hypothyroxinemia and the Risk of Preeclampsia–Eclampsia and Gestational Hypertension

Compared with euthyroid women, women with hypothyroxinemia had an increased risk of preeclampsia–eclampsia, with a RR of 1.16 (95% CI: 1.02–1.31, p = 0.024) (Figure 3). The adjusted RR for preeclampsia–eclampsia was 0.96 (95% CI: 0.81–1.13, p = 0.610) for women with mild hypothyroxinemia, 1.23 (95% CI: 1.13–1.67 p = 0.001) for women with moderate hypothyroxinemia, and 1.31 (95% CI: 1.05–1.64, p = 0.017) for women with severe hypothyroxinemia. The linear trend tests indicated a dose–response relationship between hypothyroxinemia and preeclampsia–eclampsia risk (p for trend <0.001) (Figure 3). Both estimates were consistent with risk ratios mentioned above when evaluating the association of hypothyroxinemia with early-onset preeclampsia and late-onset preeclampsia, separately, although the width of the confidence interval for early-onset preeclampsia risk became broader and included the null due to the limited sample size (Figure 4). The estimates did not suggest an increased risk of gestational hypertension overall (RR = 1.03, 95% CI: 0.93–1.13, p = 0.625) or by severity of hypothyroxinemia (Figure 5).




Figure 3 | Association of hypothyroxinemia and overall risk of preeclampsia–eclampsia. *Adjusted for parity, age, prepregnancy BMI, fetus sex, residence of origin, serum ferritin, thyrotropin level, and TPOAb status.






Figure 4 | Associations of hypothyroxinemia and risk of early-onset preeclampsia–eclampsia and late-onset preeclampsia–eclampsia. *Adjusted for parity, age, prepregnancy BMI, fetus sex, residence of origin, serum ferritin, thyrotropin level, and TPOAb status.






Figure 5 | Association of hypothyroxinemia and risk of gestational hypertension. *Adjusted for parity, age, prepregnancy BMI, fetus sex, residence of origin, serum ferritin, thyrotropin level, and TPOAb status.





Sensitivity Analyses

We performed sensitivity analyses by stratifying on the time of hypothyroxinemia diagnosis to examine the potential time window of hypothyroxinemia for the risk of preeclampsia–eclampsia and gestational hypertension. Compared with euthyroid women, the adjusted RR of preeclampsia–eclampsia was 1.37 (95% CI: 1.03–1.83, p = 0.031) for women who presented hypothyroxinemia in both the first and second trimesters, 1.08 (95% CI: 0. 91–1.27, p = 0.389) for women with hypothyroxinemia only in the first trimester, and 1.12 (95% CI: 0.96–1.30, p = 0.165) for women with hypothyroxinemia only in the second trimester (Table S2). Women diagnosed with severe hypothyroxinemia had a greater risk of preeclampsia–eclampsia than euthyroid women, and the adjusted RR was up to 1.70 (95% CI: 1.12–2.58, p = 0.013). Generally, consistent results were observed when refining the analyses among women with optimal prepregnancy BMI, who were TPOAb negative, or had TSH levels lower than 2.5 mIU/L (Tables S3–S5). Sensitivity analyses based on PSM also yield estimates generally consistent with those from the main analysis, accounting for the broader of confidence interval (Table S6).

We reran the same sensitivity analyses for the association of hypothyroxinemia and gestational hypertension risk. There was no association between hypothyroxinemia and gestational hypertension in any of these analyses (data available at request).




Discussion

Our study showed that there was a U-shaped association between FT4 levels and preeclampsia–eclampsia risk. This also suggested that the FT4 level within the normal reference range but up to the upper limit may also be related to an increased preeclampsia–eclampsia risk. Women with hypothyroxinemia had an increased risk of preeclampsia–eclampsia, particularly for women with persistent hypothyroxinemia from the first to second trimesters. In addition, there is a dose–response relationship between hypothyroxinemia and preeclampsia–eclampsia risk; i.e., preeclampsia–eclampsia risk increased as the severity of hypothyroxinemia increased. In contrast, there was no association between FT4 levels or hypothyroxinemia and gestational hypertension risk.

Previous epidemiological studies regarding hypothyroxinemia generally focused on its influence on offspring neurodevelopment (5, 30–32). To date, however, studies investigating the association of hypothyroxinemia with perinatal outcomes are still limited, and the results are conflicting. Casey and colleagues reported no association of hypothyroxinemia with the risk of any perinatal outcomes (15). Two recent systematic reviews (33) showed that hypothyroxinemia in women was significantly associated with a higher risk of preterm birth (34) and a lower risk of SGA (35), respectively. Similar to HDPs, both of these outcomes are placenta-derived complications of pregnancy. A systematic review (2021) included nine studies that investigated the association of hypothyroxinemia and HDPs and reported no association of hypothyroxinemia with preeclampsia, but reported an association with gestational hypertension (13). However, only two of nine studies investigated the association of preeclampsia–eclampsia and hypothyroxinemia, with one study including eclampsia but not preeclampsia (12). A recent cohort study including a total of 1,108 women with hypothyroxinemia indicated that hypothyroxinemia (FT4 levels lower than the 5th percentile) is associated with an increased risk of preeclampsia (14). However, the study did not estimate the association of hypothyroxinemia with gestational hypertension risk.

Interestingly, we observed a different relationship of hypothyroxinemia with the risk of preeclampsia–eclampsia and gestational hypertension. Gong and colleagues reported that women with isolated hypothyroxinemia only during the second trimesters, but not in the first trimesters, had an increased risk of gestational hypertension (12). Another study performed in China reported that there is an inverse association between FT4 concentration in the third trimester but not in the first trimester and the risk of preeclampsia (36). The study also indicated that women diagnosed with hypothyroxinemia in the third trimester of pregnancy had an increased risk of developing preeclampsia, but not gestational hypertension, which is in line with our study. In normal pregnancy, hCG acts as a TSH-like agonist on the thyroid gland, and would lead to lower TSH and higher FT4 levels. We speculated that hypothyroxinemia diagnosed only in the first trimester but not in the second and third trimesters represented an attenuated hCG-induced increase in FT4, but could not lead to impairment of pregnancy. An experimental study by Wistar rats also indicated that the decidua responds to thyroid hormones in a gestational age-dependent manner (37). It remains on debate whether gestational hypertension and preeclampsia–eclampsia are distinct entities with shared manifestations, or different spectrum of the same disease. Previous studies suggested distinct cytokine profiles and different pathogenesis for gestational hypertension and preeclampsia (38, 39). Another study also showed that gestational hypertension and preeclampsia shared most risk factors, such as obesity and nullipara; however, the effect size showed a substantial difference (40). While future studies are warranted to determine the mechanisms underlying the different relationship of hypothyroxinemia with preeclampsia–eclampsia and gestational hypertension.

Vascular dysfunction and abnormal hemodynamics are common features of HDP (41). A population-based prospective study suggested that FT4 levels in early pregnancy were positively linearly associated with the umbilical artery pulsatility index (PI) in the second and third trimesters as well as with the uterine artery resistance index (RI) in the second trimester and the risk of uterine artery notching in the third trimester (42). Kilby and colleagues also observed that the serum concentration of FT4 was lower in fetus affected by intrauterine growth restriction (IUGR), but serum TSH levels were not significantly different (43). Both IUGR and preeclampsia are typically characterized by defective placentation eliciting inadequate uteroplacental blood perfusion and ischemia (44–46). An in vitro study elucidated that epidermal growth factor and 3,5,3’-triiodothyronine (T3) may act synergistically to regulate both the proliferation and differentiation of human trophoblasts (47). However, further studies are still required to identify the mechanism of different effects of hypothyroxinemia on the risk of preeclampsia–eclampsia and gestational hypertension.

To the best of our knowledge, this was the first study to elucidate a U-shaped association between FT4 levels and the risk of preeclampsia–eclampsia. The strengths of our study include the large sample size and extensive statistical analyses. Our study also had several limitations. First, during the study period, the diagnosis of preeclampsia–eclampsia might change; however, the diagnosis of preeclampsia–eclampsia is not related to the hypothyroxinemia and misclassification should be nondifferential, and the estimates were biased toward the null. Second, as an observational study, our findings demonstrated an association, not causality. Thyroid function assessment in our study mostly occurred in the first half of pregnancy, preceding the diagnosis of preeclampsia–eclampsia. Combined with our results on the dose–response relationship of FT4 levels and the risk of preeclampsia–eclampsia, our study met three main constitutions of causal reference according to Hill’s viewpoint, including temporality, dose–response, and consistency (48). Future studies with carefully controlled setting will need to determine the causal relationship and efficiency of levothyroxine treatment for hypothyroxinemia to reduce risk of preeclampsia–eclampsia. Third, as an observational study, we acknowledge that residual and unmeasured confounding is still possible in our study. Last, we only included women with live-born infants in the study, which might introduce selection bias and bias the estimation towards the null again.



Conclusion

In conclusion, our findings suggested that hypothyroxinemia was associated with an increased risk of preeclampsia–eclampsia but not with gestational hypertension. Obstetrics should be aware of the potential increase in the risk of preeclampsia–eclampsia due to lower free thyroxine levels.
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Background

No studies have been done to examine the efficacy of IVF and intrauterine insemination (IUI) for the treatment of young patients with unexplained infertility and low ovarian reserve, although it is becoming an increasingly significant indication for in-vitro fertilization (IVF). The goal of this research was to compare the efficacy of IVF with IUI on Poseidon group 3 patients with unexplained infertility (PG3&UI).



Methods

This was a retrospective analysis of PG3&UI patients who had IVF/intracytoplasmic sperm injection (ICSI) or IUI at the Third Affiliated Hospital of Guangzhou Medical University between January 1, 2015, and March 31, 2021. To equalize the baseline characteristics of the IVF/ICSI and IUI groups, propensity score matching (PSM) was utilized. Intention-to-treat (ITT) and per-protocol (PP) analyses were used to compare the differences in live births. To discover variations in time to biochemical pregnancy leading to live birth, Kaplan-Meier curves were produced. To evaluate the expenses per live birth between two procedures, a cost-effective analysis was done.



Results

According to ITT analysis, the live birth rate for the IVF/ICSI group was substantially higher than the cumulative live birth rate (CLBR) for the IUI group (22.6% (38/168) vs. 11.3% (19/168), RR 2.00, 95% CI 1.20-3.32, P = 0.006). In the PP analysis, the live birth rate was 23.0% (38/165) in the IVF/ICSI group and 11.7% (19/162) in the IUI group (RR = 1.96, 95% CI 1.18-3.26, P = 0.007). When censored at 365 days, the Kaplan-Meier analysis revealed that the IVF/ICSI group had a higher live birth rate than the IUI group (log-rank test χ²= 6.025; P = 0.014). However, when the two groups were censored at 180 days, the live birth rates were not substantially different (log-rank test χ²= 3.847; P = 0.05). The number of hospital visits per live birth in the IUI group was higher than in the IVF/ICSI group (85 vs. 48). The overall cost of a live birth was comparable across the two groups (¥132242 vs. ¥131611), while the medical expenses for a live delivery from IVF/ICSI were higher than those from IUI (¥118955 vs. ¥108279).



Conclusions

The livebirth rate per IVF/ICSI cycle with at most one embryo transfer is higher than the CLBR of IUI, with fewer hospital visits and similar expenses.





Keywords: unexplained infertility, poor ovarian reserve, cumulative live birth rate, in vitro fertilization, intrauterine insemination



Introduction

Failure to conceive despite a year of regular unprotected intercourse in couples without anovulation, semen abnormalities, tubal disease, or other identifiable infertility reasons is classified as unexplained infertility. It accounts for around 30-40% of causes of infertility (1). IUI and IVF are the most frequent assisted reproductive technologies (ART) used to treat unexplained infertility. Farquhar et al. demonstrated that women who underwent three cycles of IUI with ovarian stimulation (IUI/OS) had a higher CLBR than women who underwent three cycles of expectant management. Women with unexplained infertility should undergo 3 to 4 cycles of IUI with clomiphene or letrozole (1).

Many prior types of research evaluated the efficacy of IVF with IUI or expectant management for unexplained infertility. In a randomized controlled trial (RCT) involving 258 couples, Goverde et al. compared the pregnancy rates of IVF and IUI. They concluded that the IVF group had a greater pregnancy rate each cycle than the IUI group (either IUI alone or IUI/OS). The cumulative pregnancy rate for 6 cycles of IVF, on the other hand, was equivalent to that of IUI (2). Custers et al. compared the effectiveness of a single cycle of IVF with a single embryo transfer against three cycles of IUI/OS. They demonstrated that the two groups had comparable rates of ongoing pregnancy and multiple pregnancies (3). Goldman etc. conducted a RCT in women ≥38 years with unexplained infertility to evaluate therapy begun with IUI/OS vs. immediate IVF. They discovered that after two cycles of treatment, IVF was associated with a greater CLBR (4).

Reichman et al. compared the effectiveness of IVF versus IUI for patients with poor ovarian response (defined as ≤3 follicles ≥14mm on the day of hCG administration). They found that IVF was superior to IUI in pregnancy rate when there were ≥2 follicles (5). Quinquin et al. also concluded that for poor responders defined by Bologna criteria, live birth rate was higher in the IVF groups compared with that in the IUI groups in the setting of two follicles ≥16 mm on the day of hCG triggering (6). Elzeiny evaluated the effects of IVF and IUI in couples with unexplained infertility when only 2-3 mature follicles were stimulated by the same dosage of gonadotropin. Their study demonstrated that the IVF group had a greater live birth rate and lower cost per live birth (7).

The previous studies’ findings are unclear, thus whether IVF is preferable to IUI for the treatment of unexplained infertility remains debatable. Although some research focused on effectiveness of IVF versus IUI for poor-responders. But actually poor response is not equal to low ovarian reserve. Furthermore, these trials were done at a time when IVF live birth rates were substantially lower than they are now. Due to various advancements in ovarian stimulation and embryo culture technologies during the last two decades, IVF live birth rates have improved considerably (8, 9). In comparison, IUI livebirth rates have been constant throughout the last few decades. Furthermore, no studies have been done to examine the efficacy of IVF and IUI on young patients with unexplained infertility who have an inadequate ovarian reserve, although this is becoming an increasingly significant indication for IVF (7).

As a result, the current study sought to compare the efficacy of IVF/ICSI with IUI in Poseidon group 3 patients with unexplained infertility (PG3&UI).



Materials and Methods


Methods

This was a retrospective analysis of PG3&UI patients who had IVF/ICSI or IUI at Third Affiliated Hospital of Guangzhou Medical University between January 1, 2015, and March 31, 2021. The study’s goal was to assess the efficacy of IVF/ICSI and IUI for the treatment of PG3&UI patients.



Participants

All female Poseidon group 3 patients who had IVF/ICSI or IUI in the Department of Reproductive Medicine, the Third Affiliated Hospital of Guangzhou Medical University, were screened. The following were the inclusion criteria: (1) Poseidon group 3, i.e., female age < 35 years and AMH<1.2 ng/ml; (2) Unexplained infertility, which was defined as a menstrual cycle of 21-35 days; bilateral tubes patent confirmed by the hysterosalpingogram or laparoscopy; normal sperm analysis (concentration ≥15 million per mL, progressive motility ≥32% and morphologically normal sperms ≥4.0%) (10) and normal sexual function. (3) Only the first oocyte retrieval (OR) cycle with the first embryo transfer (ET) cycle (if there were embryos available for transfer) was included in the research for IVF/ICSI patients. For IUI groups, all eligible patients’ cycles were included in the analysis.

The exclusion criteria included (1) recurrent miscarriage; (2) ovarian tumors/cysts; (3) atypical endometrial hyperplasia; (4) cervical intraepithelial neoplasm (CIN) I-III; (5) chromosomal abnormalities; (6) intrauterine adhesion and (7) cycles with donor sperm. The detail of patient screening was showed in (Figure 1).




Figure 1 | Process of screening patients.





Treatment Protocol

For ovarian stimulation in IVF/ICSI cycles, mainly three protocols were used: mild stimulation, agonist, and antagonist. On cycle days 2-3, patients began mild ovarian stimulation with FSH 150 IU/day and clomiphene citrate (CC, 100–150 mg/day). When a 14-mm diameter leading follicle appeared, an antagonist was employed to inhibit the luteinized hormone (LH) surge. The antagonist protocol was similar to the mild stimulation protocol, except that the ovarian stimulation dosage was 150-300 IU of FSH (Gonal-F, Merck Serono, S.p.A.) without clomiphene citrate at the start. For the agonist protocol, triptorelin acetate 1.0 mg was given in the mid-luteal phase of the previous cycle, followed by 150–300 IU of FSH (Gonal-F, Merck Serono, S.p.A.) commencing 14 days following downregulation. When there were three 17-mm lead follicles, 250 μg of recombinant hCG (Ovitrelle, Merck Serono, S.p.A.) or 5000-10000 IU urinary hCG (HCG, Livzlon, China) was administered subcutaneously. The oocytes were retrieved 36 h later, and the embryos were transferred 3-5 days later. All embryos were frozen for the CC cycles because the endometrial thickness was decreased (11), and embryo transfer was done in another cycle, either natural or artificial. For luteal-phase support, 90 mg vaginal progesterone (Crinone, Merck Serono, England) was administered once daily three (for cleavage-stage embryo) or five days (for blastocyst) before embryo transfer and continued until the 10th week of gestation if pregnancy was achieved.

Natural or stimulation protocols were employed for IUI. CC (50 mg/day), letrozole (5mg/day), or gonadotropin (37.5-75 IU/day) was started on cycle days 2-4 for cycles for ovarian stimulation. On cycle days 10-12, ultrasound and blood hormone assays (including estradiol, LH, and progesterone) were conducted, and further monitoring was scheduled based on follicle size. When the lead follicle reached 18 mm, 5000-10000 IU urinary hCG or 250 μg of recombinant hCG (Ovitrelle, Merck Serono,S.p.A.) was given, followed by IUI 36-h later. IUI was conducted 24 h after the LH rise in the cycle. Dydrogesterone (10 mg twice per day) was used to support the luteal phase during the ovarian stimulation cycle.

The serum β-hCG test was done 14 days following the ET or IUI, and luteal-phase support was continued until the tenth week in the case of an intrauterine pregnancy.



Outcomes Measures

The primary outcome was the number of live births per couple. The IVF/ICSI group contained only live births from one oocyte retrieval with at most one ET, whereas the IUI group included live births from all eligible patients’ cycles. Clinical pregnancy, early miscarriage, and ectopic pregnancy, time to biochemical pregnancy leading to live delivery, cost, and time spent per live birth were secondary outcomes.



Definitions

An intrauterine/extrauterine gestational sac identified by ultrasonography with positive serum β-hCG was considered as clinical pregnancy. Early miscarriage was defined as fetal growth stop or the absence of heart activity in the gestational sac within the first 12 weeks of pregnancy. The term “ongoing pregnancy” denoted a pregnancy that was more than 12-week-old and had heart activity. Live birth is defined as a pregnancy that continues with a live fetus after 28 weeks of gestation. Time to biochemical pregnancy leading to live birth defined as the time between enrollment (when the patients registered for IVF/ICSI/IUI) and positive serum hCG test (usually 14 days after ET or IUI).



Cost-Effectiveness Analysis

Medical and non-medical expenses are included in the expenditures. The medical costs for IVF/ICSI included the enrollment examination, medications for ovarian stimulation, follicle monitoring, oocyte retrieval, sperm processing, embryo culture and transfer, embryo freezing and thawing in frozen-thawed ET cycles, and medication for luteal phase support until the pregnancy test. The cost of IUI includes the enrollment exam, medications for ovarian stimulation, follicle monitoring, sperm processing, IUI, and medication for luteal phase support till the pregnancy test. Non-medical expenditures included transportation, lodging, and time away from work. The total expenses per live birth were used to calculate cost-effectiveness.



Statistical Analysis

Since this was retrospective research, the baseline characteristics of the IVF/ICSI and IUI groups differed. As a result, PSM was employed to screen a group of patients so that the baseline characteristics of the two groups were identical. The propensity score was calculated using the multiple logistic regression models, with IVF/ICSI vs. IUI as the dependent variable and female age, duration of infertility, AMH level, and BMI as independent factors. The PSM was carried out using a caliper width of 0.2 of the standard deviation (SD) of the logit of the propensity score and 1:1 matching by closest neighbor matching. SD for baseline variables before and after PSM was computed; an absolute value less than 0.1 indicated a minor imbalance.

To compare live birth rates, we ran the following analyses: ITT analysis of all patients in the two groups following PSM (one oocyte retrieval cycle with at most one ET vs. all IUI cycles); PP analysis excluding women who cancelled the oocyte retrieval or IUI; post-hoc sensitivity analysis comparing the effectiveness of two IUI cycles vs. one oocyte retrieval cycle with at most one ET, excluding 81 IUI patients performing ≤1 cycle without live birth. Only the first two cycles of IUI were analyzed for individuals who had ≥3 cycles of IUI. We also performed a post-hoc sensitivity analysis to evaluate the efficacy of 2 IUI cycles vs. one ET cycle, with only patients who had ET included in the IVF/ICSI group.

SPSS version 22.0 software was used for statistical analysis (IBM, Armonk, NY, USA). The means of quantitative variables with homogeneous variance were compared using the Student’s t-test. Quantitative variables with heterogeneous variance were represented as the median (1st and 3rd quartiles), and the Mann-Whitney U test was used to compare the medians. Risk ratios (RR) with 95% confidence intervals (CI) were computed for dichotomous variables, and the χ² test was used to determine significance. A log-rank (mantel-Cox) test was used to evaluate the time to biochemical pregnancy leading to live birth between the IUI and IVF/ICSI groups using Kaplan–Meier curves. P < 0.05 was deemed statistically significant.



Ethical Approval

The Ethics Committee at the Third Affiliated Hospital of Guangzhou Medical University authorized the study [Ethic no. (2021) 096].




Results


Baseline Characteristics of Patients Before and After PSM

After screening, 278 IVF/ICSI and 189 IUI participants were enrolled in the research. However, after PSM, there were only 168 patients in each group. Before PSM, the duration of infertility and AMH were substantially different (|SD| >0.1) between the two groups. Female age, infertility duration, AMH, and BMI were all balanced between the two groups after matching. In the IVF/ICSI and IUI groups, the female age was 31.0 ± 2.5 years and 30.9 ± 2.4 years, respectively (|SD| <0.1). The IVF/ICSI group had an AMH level of 0.82 ± 0.28 ng/mL, which was similar to the IUI group (0.83 ± 0.27 ng/mL) (|SD| <0.1) (Table 1).


Table 1 | Characteristics of patients before and after PSM.





Characteristics and Outcomes of IVF/ICSI and IUI

Characteristics of IVF/ICSI and AIH cycles were shown in Tables 2, 3. Three of the 168 patients who began IVF/ICSI had their oocyte retrieval terminated owing to poor ovarian response, 7 (4.2%) had no oocytes retrieved, and 34 (20.2%) had no transferable embryos. There were 63 fresh embryo transfers and 51 frozen embryo transfers. The frozen embryos from the first cycle had not been transferred to the remaining 10 patients since they had begun another IVF/ICSI cycle and had live births. The 114 embryo transfer cycles resulted in 38 live births (22.6% per OR cycle and 33.3% each ET cycle), two ongoing pregnancies (beyond 12 weeks currently), six miscarriages, one ectopic pregnancy, and one induced abortion (due to major birth defect) (Figure 2 and Table 4). Fourteen of the 168 patients who started IUI had their first IUI cycle terminated due to inadequate follicle growth, multiple follicle growth, or abnormal semen analysis, etc. (Figure 2). The remaining 154 IUI cycles resulted in 11 live births, 5 miscarriages, one onging and one ectopic pregnancy, and one fetal death. There were 87 patients starting cycle 2, with 10 having IUIs cancelled for various reasons. The 77 IUI cycles resulted in seven live births, one miscarriage, and one ectopic pregnancy. Only 23 patients began cycle 3 and 6 began cycle 4, resulting in only one live delivery (Figure 2 and Table 4). In all, 19 (11.3%) live births occurred in the IUI group, compared to 38 (22.6%) live births in the IVF/ICSI group.


Table 2 | Ovarian stimulation and embryo transfer of the IVF/ICSI cycles.




Table 3 | Cycle Characteristics of the AIH cycles.






Figure 2 | Outcomes of patients following IVF and IUI.




Table 4 | Pregnancy outcomes of the IUI and IVF/ICSI patients after PSM.



According to ITT analysis, the live birth rate for the IVF/ICSI group was substantially higher than the CLBR for the IUI group [22.6% (38/168) vs. 11.3% (19/168), RR 2.00, 95% CI 1.20-3.32, P = 0.006]. The IVF/ICSI group had a substantially higher live birth rate per cycle than the IUI group [22.6% (38/168) vs. 6.7% (19/284), RR 3.38, 95% CI 2.02-5.67, P = 8.230E-7; Tables 4 and 5]. In the PP analysis, which excluded 3 IVF/ICSI patients who cancelled oocyte retrieval and 6 IUI patients who canceled IUI, the livebirth rate in the IVF/ICSI group was 23.0% (38/165) and 11.7% (19/162) in the IUI group (RR = 1.96, 95% CI 1.18-3.26, P = 0.007). The effectiveness of one oocyte retrieval cycle and 2 IUI cycles was assessed in the post-hoc sensitivity analysis. Patients with ≤1 cycle of IUI without live birth were eliminated from the analysis in the IUI group. Only the CLBR of the first two cycles of IUI were computed for patients who had ≥3 cycles of IUI. The live birth rate was not substantially different between the two groups in this situation [23.0% (38/165) vs. 20.7% (18/87), RR 1.11, 95% CI 0.68-1.83, P = 0.675]. When the efficacy of one ET cycle was compared to the efficacy of two IUI cycles, one ET cycle had a higher live birth rate than two IUI cycles [33.3% (38/114) vs. 20.7% (18/87), RR 1.61, 95% CI 1.61 0.99-2.62, P = 0.048] (Tables 4, 5).


Table 5 | Livebirths by intention-to-treat and per-protocol analyses.





Time to Biochemical Pregnancy Leading to Live Birth

When censored at 365 days, the Kaplan-Meier analysis revealed that the IVF/ICSI group had a higher live birth rate than the IUI group (log-rank test χ²= 6.025; P = 0.014) (Figure 3B). However, when the two groups were censored at 180 days, the live birth rates were not substantially different (log-rank test χ²= 3.847; P = 0.05) (Figure 3A). In all, 1612 hospital visits were made in the IUI group while 1836 hospital visits were made in the IVF/ICSI group. The number of hospital visits per live birth in the IUI group was higher than in the IVF/ICSI group (85 vs. 48) (Table 6).




Figure 3 | Time from enrollment to biochemical pregnancy leading to live birth in the IUI and IVF groups. For women with livebirth, time to biochemical pregnancy leading to live birth was defined as the number of days between enrollment and the date of hCG test. Women without livebirth were censored at 180 days (A) and 365 days (B).




Table 6 | No. of hospital visits for IVF and IUI groups.





Costs Per Live Birth for IVF/ICSI and IUI

The overall cost of live birth was comparable across the two groups (¥132242 vs. ¥131611), while the medical expenses for a live delivery from IVF/ICSI were higher than those from IUI (¥118955 vs. ¥108279). When compared to the IUI group, the expenditures per couple for IVF/ICSI were substantially greater (¥31805 vs. ¥14885) (Table 7).


Table 7 | Cost-effectiveness analysis.





Neonatal Outcomes After IVF/ICSI and IUI

Six twins were born in the IVF/ICSI group, while all live births in the IUI group were singletons. The infant outcomes were comparable between the two groups, including birth weight, height, gestational days, preterm delivery, and low birth weight. There was one birth defect in the IVF/ICSI group and one still birth in the IUI group (Table 8).


Table 8 | Neonatal outcomes after IVF and AIH.






Discussions

Expectant management, IUI/OS, and IVF/ICSI are the three therapeutic options for unexplained infertility. Farquhar et al. demonstrated that three cycles of IUI/OS outperformed three cycles of expectant care in CLBR for unexplained infertility (12). However, the efficacy of IVF/ICSI as compared to IUI is highly debated. When evaluating treatment options, five factors must be considered: The first is effectiveness (i.e., live birth rate or CLBR); the second is cost (including medical and non-medical costs); the third is time spending (time to live birth and time spent on treatment); the fourth is the patients’ physical and psychological burden; and the last is maternal, fetal, and neonatal safety (13).

Several studies have been conducted to compare the efficacy of IVF/ICSI with IUI. Angelique and her colleagues compared six cycles of IVF/ICSI against six cycles of IUI and six cycles of IUI/OS. They observed that, whereas the IVF/ICSI group had a higher live birth rate each cycle (12.2% vs. 7.4% and 8.7%, respectively; P = 0.09), the total live birth rates were comparable across the three groups. The dropout rate in the IVF/ICSI group, on the other hand, was as high as 45% which would have an impact on the efficacy of IVF (2). Three more studies (3, 14, 15) compared the efficacy of one cycle of IVF to three cycles of IUI/OS and discovered no benefit to IVF. However, the first two studies (3, 15) failed to determine the sample size required to detect the difference in the primary outcome. The sample size in each group was only 58 and may be too small to make the difference significant. Although the third study calculated the sample size and planed 125 couples for each arm, the study ended when only 207 couples were enrolled because of fund withdrawal. Therefore, these three studies were of low quality and the conclusions were not convincing enough (14).

The preceding trials were done at a time when the live birth rate of IVF was much lower (12-24.7%) than it is now (42.23% in China in 2018). The live birth rate of IUI has been pretty stable over the last two decades: 7-10% in the studies mentioned above vs. 10.7% in China in 2018. As a result, with the current state of Assisted Reproductive Technology (ART), it is critical to reassess the effectiveness of IVF vs. IUI/OS. According to the Chinese Society of Reproductive Medicine’s (CSRM) 2018 Annual Report on Assisted Reproductive Technology (ART), poor ovarian reserve (POR) accounted for 11.84% of IVF indications (9). POR patients who do not have additional infertility problems are a subset of individuals with unexplained infertility who have impaired ovarian function. Although POR has become an important indication for IVF, it is still uncertain if IVF is better than IUI for patients with unexplained infertility and POR (UIPOR). As a result, we conducted this study to compare the efficacy of IVF with IUI in patients with UIPOR.

We looked at patients in Poseidon group 3 (age<35 and AMH <1.2 ng/mL) who had no other known reasons for infertility. To equalize the baseline features of the two groups, we employed the PSM. In the ITT analysis, our study found that the live birth rate in the IVF/ICSI group was substantially higher than the CLBR in the IUI group (22.6% vs. 11.3%, RR 2.00, 95% CI 1.20-3.32, P = 0.006). However, the mean cycles in the IUI groups were just 1.69. Because this is a retrospective, real-world study, comparing the efficacy of one IVF cycle with three IUI cycles is challenging, as it would be in a well-designed RCT. Because of their low ovarian reserve, POR patients are frequently concerned about their prognosis. They would prefer IVF as their first-line treatment since they feel it has a significantly greater pregnancy rate than IUI. As a result, UIPOR patients decline IUI after 1-2 unsuccessful cycles. IVF/ICSI had a live birth rate of 22.6% per begun cycle, compared to 6.7% per initiated cycle in the IUI group. The CLBR of three cycles of IUI is thought to be equivalent to one cycle of IVF/ICSI. In our facility, individuals with unexplained infertility are advised to undergo two cycles of IUI before doing IVF. So, we compared the CLBR of two IUI cycles in 87 patients to the LBR of one IVF/ICSI cycle and discovered that the LBRs were identical in both groups: 20.7% vs. 23.0% (P = 0.675). We should be very careful about this conclusion since individuals who had only one IUI cycle were omitted from the research, and their prognosis may have been poorer.

When evaluating a treatment approach, a cost-effectiveness analysis is critical. Goverde et al. examined the CLBR for 6 cycles of IVF, 6 cycles of IUI, and 6 cycles of IUI/OS. They discovered that the IUI with natural cycle was the least expensive of the three procedures (2). Tjon-Kon-Fat et al. evaluate the expenses of three IVF-single embryo transfer (SET) cycles to six IVF- modified natural cycle (MNC) cycles vs. six IUI/OS cycles. When compared to IUI-controlled ovarian hyperstimulation (COH) (€5070), the mean expenses per couple for IVF-MNC (€8206) and IVF-SET (€7187) were substantially higher. When compared to IUI/OS, the cost of an extra live birth via IVF-SET would be €43 375 (16). Nandi et al. compared the efficacy of one IVF cycle to 3 IUI/OS cycles and determined that the expenses per livebirth for IVF were higher than for IUI, with a cost ratio of 1.3:1 (14).

All three of the preceding studies solely analyzed medical expenses, demonstrating that IVF was more expensive than IUI. They did, however, overlook non-medical expenditures such as transportation, lodging, and time away from work. When we assessed the medical expenditures per live birth in our study, the costs for IVF were ¥10 676 greater than the costs for IUI. When the overall expenses per live birth, which included non-medical charges, were assessed, the prices for IVF/ICSI and IUI were relatively similar. Our system didn’t record the expenses beyond enrollment; therefore, we only computed the total expenditures from enrollment until the time of biochemical pregnancy.

Time to live birth and hospital visits on the therapy are two indicators used to assess the amount of time spent on fertility treatment. We didn’t utilize the criterion “time to live birth” since it only included patients who had a live delivery and ignored the time spent by those who didn’t. Because of the intricacy of IVF, the time to live delivery may be longer than with IUI. To compare the time spent for the two procedures, we utilized the Kaplan-Meier curves, which is recommended for evaluating the CLBR across time in clinical investigations (17). The findings showed that when the two groups were censored at 180 days, the live birth rates were not substantially different. However, when censored at 365 days, IVF/ICSI group had a higher live birth rate than IUI group (log-rank test χ²= 6.025; P = 0.014). There have been no prior studies that focused on hospital visits for fertility treatment. We tallied the hospital visits and discovered that IUI patients required more hospital visits per live delivery than IVF/ICSI patients (85 vs. 48). The majority of patients have employment, and they frequently have to request time off for treatment, which has a detrimental impact on their productivity and income. Furthermore, repeated hospital visits exhaust and stress them. From this perspective, IUI is less patient-friendly than IVF.

The safety aspects included: complications of ovarian stimulation (e.g., ovarian hyperstimulation, OHSS), oocyte aspiration (e.g., pelvic hemorrhage), maternal and fetal problems during pregnancy (mostly multiple pregnancies and birth abnormalities), and natal complications (e.g., premature delivery). There were two occurrences of late OHSS in the IVF/ICSI group and none in the IUI group in the current research. Except for 6 twins and one birth defect in the IVF/ICSI group and 1 fetal death in the IUI group, the neonatal results were similar between the two groups.

The current study has the following advantages: first, it is the first to assess treatment options for Poseidon group 3 and unexplained infertility patients. Second, PSM was utilized to equalize the baseline features of the two groups, reducing the impact of baseline on live birth. Third, while assessing cost-effectiveness, we included non-medical expenditures, which represent the couples’ real costs. Finally, we compute the number of hospital visits per live birth, which represents the patients’ physical and psychological stress.

The drawbacks are as follows: first, because this is retrospective research, it cannot adequately evaluate the efficacy of one IVF cycle with three cycles of IUI. In our study, the average number of IUI cycles was only 1.67. However, it is real-world research that represents the patients’ and physicians’ actual alternatives. Second, while assessing cost-effectiveness, the expenditures associated with pregnancy and delivery was not considered. Because there were six twin pregnancies in the IVF/ICSI group, the expenses of IVF will be underestimated.



Conclusions

In real-world research of Poseidon group 3 and unexplained infertility patients, the CLBR of IVF/ICSI with at most one embryo transfer is greater than the CLBR of IUI, with fewer hospital visits, comparable expenditures, and time to biochemical pregnancy leading to live delivery when censoring at 180 days. A randomized controlled trial should be carried out to assess the efficacy of IVF/ICSI and IUI for Poseidon group 3 and unexplained infertility patients.
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Background

Poor ovarian response (POR) remains one of the most challenging conditions in assisted reproduction technology. Previous studies seemed to indicate that growth hormone (GH) was a potential solution for the dilemma of POR; however, the role GH played on the low-prognosis patients diagnosed and stratified by the POSEIDON criteria remains indistinct.



Methods

This retrospective study was performed among women with POR according to the POSEIDON criteria who failed a previous in vitro fertilization (IVF)/intracytoplasmic sperm injection (ICSI) cycle, and the subsequent cycle was under GH cotreatment and conducted within 12 months. These participants were stratified into four groups according to the POSEIDON criteria. The comparison was implemented between the failed cycle and the cycle treated with GH. Generalized estimating equation (GEE) multivariate regression was applied for data analysis.



Results

A total of 428 low-prognosis women were included in this study. GH supplementation improved the live birth rates (47.66%, 28.33%, 45.45%, and 24.07%; in groups 1, 2, 3, and 4, respectively) and the clinical pregnancy rates (OR 19.16, 95% CI 7.87–46.63, p < 0.001; OR 7.44, 95% CI 1.65–33.55, p = 0.009; OR 10.19, 95% CI 2.39–43.52, p = 0.002; OR 27.63, 95% CI 4.46–171.11, p < 0.001; in groups 1, 2, 3, and 4, respectively) in all four POSEIDON groups. The number of oocytes retrieved was significantly elevated in the subgroups with normal ovarian reserve (IRR 1.47, 95% CI 1.36–1.59, p < 0.001; IRR 1.31, 95% CI 1.15–1.49, p < 0.001; in groups 1 and 2, respectively). The number of day-3 good-quality embryos was significantly elevated in the subgroups with either normal ovarian reserve or aged young (IRR 2.13, 95% CI 1.78–2.56, p < 0.001; IRR 1.54, 95% CI 1.26–1.89, p < 0.001; IRR 1.47, 95% CI 1.10–1.98, p = 0.010; in groups 1, 2, and 3, respectively).



Conclusion

Growth hormone cotreatment could ameliorate the pregnancy outcome for women with POR under the POSEIDON criteria who failed a previous IVF/ICSI cycle. The application of growth hormone for low-prognosis women who experienced a failed cycle might be considered and further studied.





Keywords: growth hormone, poor ovarian response, POSEIDON criteria, pregnancy outcome, in vitro fertilization



Introduction

Although it is well acknowledged that poor ovarian response (POR) is one of the most arduous challenges in the assisted reproductive technology (ART), its definition used to be inconsistent among studies (1). In 2011, the Bologna criteria were presented by the European Society of Human Reproduction and Embryology (ESHRE) to homogenize the POR population (2). However, subsequent studies revealed that the group of POR patients defined by the Bologna criteria was clinically heterogeneous, which was primarily due to the ignorance of the effect of age on oocyte quality (3–5).

To settle this issue, the Patient-Oriented Strategies Encompassing Individualized Oocyte Number (POSEIDON) criteria for POR were proposed in 2016 (6), and they stratified all patients with POR into four groups according to maternal age, ovarian biomarkers, and the ovarian response to regular ovarian stimulation protocols. The POSEIDON criteria are viewed to be preferable than the Bologna criteria since the oocyte quality is taken into consideration and women in each subgroup shared more homogeneous characteristics, which could eventually benefit the individualized management in the clinical practice.

Growth hormone (GH) is a 191-amino-acid polypeptide hormone secreted from the pituitary gland (7) and is initially applied for conditions leading to GH deficiency. GH is reported to be capable of enhancing the functional mitochondria in oocytes (8), improving the proliferation and differentiation of granulosa cells (9, 10) and increasing the endometrial blood perfusion as well (11). In seeking an effective approach to tackle the challenges of POR, GH has been explored in many related studies (8, 12–14) and utilized clinically for patients with POR during the ovarian stimulation for in vitro fertilization (IVF)/intracytoplasmic sperm injection (ICSI) as well. Thus, it is crucial to ascertain the validity and specific effects of GH supplementation on the management of patients with POR. A recent systematic review and meta-analysis by Cozzolino et al. assessed the effectiveness of GH supplementation for POR patients and revealed that GH could increase the number of oocytes retrieved, the number of MII oocytes, the number of embryos available to transfer, and the clinical pregnancy rate (15). Yet another recent review among women with Bologna-criteria POR found that although GH could reduce the gonadotrophin (Gn) dosage required it did not improve the clinical pregnancy rate in IVF cycles, so the authors speculated that the response to GH might differ in subgroups of POR patients (16).

Many of the previous studies seemed to be indicating that GH was a promising solution for the dilemma of POR; however, they included patients with POR under Bologna criteria, or even published before the definition of the Bologna criteria. The role GH played on the low-prognosis patients diagnosed and stratified by the POSEIDON criteria is still unclear. The efficacy of GH on POR patients in specific subgroups with different ages and ovarian reserve is yet to be confirmed.

This was a retrospective study aiming to investigate the effectiveness of GH addition in the IVF/ICSI outcomes for poor responders defined by the POSEIDON criteria. These findings will offer valuable clues for the clinical application of GH for different POR subpopulation, especially for those patients uncovered by the Bologna criteria.



Materials and Methods


Participants

This retrospective study was performed among women diagnosed as POR according to the POSEIDON criteria who failed a previous IVF/ICSI cycle, and the subsequent cycle was under GH cotreatment and conducted within 12 months in the Center for Reproductive Medicine, Shandong University, from March 2018 to December 2020. The comparison was implemented between the failed cycle (non-GH cycle) and the cycle treated with GH (GH cycle).

The participants were divided into four groups according to the POSEIDON classification (6). POSEIDON group 1 consists of patients <35 years old and anti-Müllerian hormone (AMH) ≥1.2 ng/ml and an unexpected poor (<3 oocytes retrieved) or suboptimal (four to nine oocytes retrieved) response. POSEIDON group 2 consists of patients ≥35 years old with AMH ≥ 1.2 ng/ml and an unexpected poor or suboptimal ovarian response. POSEIDON group 3 consists of patients <35 years old and AMH <1.2 ng/ml; POSEIDON group 4: patients ≥ 35 years and AMH < 1.2 ng/ml. We chose AMH concentration to divide the four groups because AMH was considered to be more accurate and robust than antral follicle count (AFC) (17, 18).

Exclusion criteria were as follows. (1) Different fertilization methods (IVF vs. ICSI) applied in the previous and the subsequent cycle. (2) The protocol of controlled ovarian hyperstimulation (COH) was neither gonadotropin-releasing hormone (GnRH) antagonist nor agonist protocol. (3) Either one of the couples had chromosomal abnormalities. The study was approved by the Institutional Review Board (IRB) of the Center for Reproductive Medicine, Shandong University. All the participants included in this study had signed written informed consent.



Clinical Management

COH protocols including GnRH antagonist protocols and GnRH agonist ultra-long/long/short protocols were applied individually according to patients’ conditions. In the GnRH antagonist protocol, follicle-stimulating hormone (FSH) was administered on day 3 of the menstrual cycle. When at least one follicle was 12 mm or more, the GnRH antagonist (ganirelix, MSD Organon, Oss, Netherlands) at a dose of 0.25 mg daily was started and continued until the day of human chorionic gonadotropin (hCG) triggering. In the GnRH agonist ultra-long/long protocols, the patients received a long-acting GnRH agonist (leuprolide acetate, 3.75 mg) at previous cycle days 1–3 or 0.1 mg triptorelin daily injection from previous cycle day 21 for 14 days, followed by ovulation stimulation with Gn 28–35 or 14 days later. In the GnRH agonist short protocol, patients were administered 0.05/0.1 mg triptorelin daily injection on day 3 of the cycle, then administered Gn starting from days 4 or 5 of the cycle. In all treatment protocols, the ovaries were stimulated with FSH (Gonal-F; Merck Serono, Geneva, Switzerland; or Puregon; MSD Organon, Oss, Netherlands; or urofollitropin for injection; Livzon Pharmaceutical Group, Zhuhai, China) or human menopausal gonadotropin (menotropins for injection; Livzon Pharmaceutical Group, Zhuhai, China).

The monitoring of ovarian response and adjustment of the dose of Gn during COH were assessed by ultrasound examination and hormone concentrations. Ovulation was induced with hCG when at least one follicle was 18 mm or greater in mean diameter. Oocyte retrieval was completed 34–36 h following hCG administration by transvaginal ultrasound guidance.

GH-treated patients received 1–2 IU/day of GH (Saizen; Changchun GeneScience, Changchun, China; or GenHeal; Shanghai United Cell Biotechnology, Shanghai, China), beginning in the previous menstrual cycle (in the follicular phase or luteal phase, 1–5 weeks before Gn) and maintained until the day of triggering.



Embryo Assessment

Day-3 embryos were graded based on the number and size of blastomere and the degree of fragmentation (19). Day-5/6 embryos were graded using the Gardner scoring system (20) with respect to the inner cell mass and trophectoderm. On day 3 or day 5 of the embryo culture, up to two embryos were selected and transferred. Supernumerary blastocysts suitable for transfer were cryopreserved.



Outcome Measures

Day-3 good-quality embryos referred to the embryo reached the 7–10-cell stage and ≤20% fragmentation on day 3. Embryos available to transfer denoted the number of embryos transferred plus the number of supernumerary frozen blastocysts. Chemical pregnancy was defined as serum β-hCG level >10 IU/l 14 days after the embryo transfer. Clinical pregnancy was defined as the presence of a gestational sac by transvaginal ultrasound evaluation 5 weeks after embryo transfer. Live birth was defined as the live delivery of at least one fetus after 28 weeks of gestation.



Statistical Analysis

Data were summarized using the mean and standard deviation for quantitative variables and the number and percentage for qualitative variables. Quantitative variables were compared using paired t-test. Qualitative variables were analyzed using the chi-square test, with Fisher’s exact test for expected frequencies less than five, as appropriate. Generalized estimating equations (GEE) were applied to assess the effect of GH supplementation in the numbers of oocytes retrieved, day-3 good-quality embryos and embryos available to transfer, and rates of chemical pregnancy and clinical pregnancy, after accounting for several confounders. The candidate confounders were age, body mass index (BMI), AMH, FSH, AFC, COH protocols, Gn duration, and total Gn dose. Results are presented with incidence rate ratios (IRRs) or odds ratios (ORs) and 95% confidence intervals (CIs). Statistical significance was assumed when p < 0.05. All analyses performed using STATA 15.1.




Results

Our study included 428 eligible patients who were assigned to four groups based on the POSEIDON criteria: 151 women in the POSEIDON group 1, 101 women in the POSEIDON group 2, 71 women in the POSEIDON group 3, and 105 women in the POSEIDON group 4. Baseline characteristics and detailed usage of GH of all patients are summarized in Table 1. The cycle characteristics are shown in Table 2. Patients used more Gn dose (group 1: 2304.64 ± 1116.89 vs. 2006.62 ± 893.69, p = 0.001; group 2: 2667.95 ± 940.62 vs. 2153.84 ± 919.26, p < 0.001; group 3: 2893.49 ± 1196.39 vs. 2397.75 ± 1351.87, p = 0.017; group 4: 3268.93 ± 1831.57 vs. 2478.21 ± 1163.91, p < 0.001) and underwent longer duration of Gn treatments (group 2: 9.91 ± 1.98 vs. 9.43 ± 2.10, p = 0.037; group 4: 10.45 ± 3.30 vs. 9.24 ± 2.20, p = 0.001) in the GH-treated cycles than patients in non-GH cycles. COH protocols were different between the GH-treated cycles and the non-GH cycles in the four POSEIDON groups (p < 0.001).


Table 1 | Baseline characteristics of participants in the POSEIDON groups.




Table 2 | Parameters during the ovarian stimulation in the POSEIDON groups.



The clinical outcomes are shown in Table 3. In the POSEIDON groups 1, 2, and 3, the numbers of oocytes retrieved (group 1: 8.62 ± 4.30 vs. 5.62 ± 2.40, p < 0.001; group 2: 6.86 ± 3.52 vs. 5.29 ± 2.04, p < 0.001; group 3: 5.27 ± 2.98 vs. 4.45 ± 2.37, p = 0.025), day-3 good-quality embryos (group 1: 2.31 ± 2.22 vs. 1.13 ± 1.28, p < 0.001; group 2: 2.61 ± 2.23 vs. 1.76 ± 1.52, p < 0.001; group 3:1.63 ± 1.65 vs. 0.96 ± 1.22, p = 0.002), and embryos available to transfer (group 1: 2.54 ± 1.87 vs. 1.15 ± 0.91, p < 0.001; group 2: 2.12 ± 1.63 vs. 1.44 ± 1.14, p < 0.001; group 3: 1.86 ± 1.53 vs. 0.94 ± 0.97, p < 0.001) were significantly increased in the GH-treated cycle compared to the non-GH cycle. In the POSEIDON group 4, the number of embryos available to transfer (1.32 ± 1.16 vs. 0.96 ± 0.90, p = 0.004) was significantly increased in the GH-treated cycle than in the non-GH cycle. No statistically significant differences existed in the numbers of oocytes retrieved and day-3 good-quality embryos (p > 0.05).


Table 3 | Comparison of the clinical outcomes in the POSEIDON groups.



The results of GEE regression analysis of factors related to the numbers of oocytes retrieved, day-3 good-quality embryos, and embryos available to transfer are presented in Tables 4–6. GH supplementation was a significant predictor of the number of oocytes retrieved (group 1: IRR 1.47, 95% CI 1.36–1.59, p < 0.001; group 2: IRR 1.31, 95% CI 1.15–1.49, p < 0.001; Table 4) of patients in POSEIDON group 1 and group 2 and the number of day-3 good-quality embryos (group 1: IRR 2.13, 95% CI 1.78–2.56, p < 0.001; group 2: IRR 1.54, 95% CI 1.26–1.89, p < 0.001; group 3: IRR 1.47, 95% CI 1.10–1.98, p = 0.010; Table 5) of patients in POSEIDON groups 1, 2, and 3, and it also was a significant predictor of the numbers of embryos available to transfer (group 1: IRR 2.33, 95% CI 1.96–2.77, p < 0.001; group 2: IRR 1.57, 95% CI 1.26–1.95, p < 0.001; group 3: IRR 2.06, 95% CI 1.51–2.82, p < 0.001; group 4: IRR 1.31, 95% CI 1.02–1.69, p = 0.033; Table 6) of patients in the four POSEIDON groups after conducting GEE multivariate regression to adjust for relevant confounders.


Table 4 | GEE regression analysis for the number of oocytes retrieved.




Table 5 | GEE regression analysis for the number of day-3 good-quality embryos.




Table 6 | GEE regression analysis for the number of embryos available to transfer.



In the four POSEIDON groups, the GH-treated cycles showed significantly higher chemical pregnancy rates (group 1: 57.94% vs. 26.60%, p < 0.001; group 3: 56.82% vs. 19.35%, p = 0.001; group 4: 46.30% vs. 12.24%, p < 0.001), clinical pregnancy rates (group 1: 54.21% vs. 7.45%, p < 0.001; group 2: 35.00% vs. 10.00%, p = 0.002; group 3: 47.73% vs. 9.68%, p = 0.001; group 4: 37.04% vs. 4.08%, p < 0.001), and live birth rates (group 1: 47.66% vs. 0, p < 0.001; group 2: 28.33% vs. 0, p < 0.001; group 3: 45.45% vs. 0, p < 0.001; group 4: 24.07% vs. 0, p < 0.001) as compared to the non-GH cycles, except the chemical pregnancy rate in the POSEIDON group 2. In addition, the clinical pregnancy loss rates were significantly lower within the GH-treated cycles (group 1: 12.07% vs. 100.00%, p < 0.001; group 2: 19.05% vs. 100.00%, p = 0.002; group 3: 4.76% vs. 100.00%, p = 0.002; group 4: 35.00% vs. 100.00%, p = 0.049). According to the GEE analysis of several factors, GH supplementation was the significant predictor of chemical pregnancy (group 1: OR 4.18, 95% CI 2.26–7.73, p < 0.001; group 3: OR 8.11, 95% CI 2.54–25.95, p < 0.001; group 4: OR 5.91, 95% CI 1.87–18.73, p = 0.003; Table 7) and clinical pregnancy (group 1: OR 19.16, 95% CI 7.87–46.63, p < 0.001; group 2: OR 7.44, 95% CI 1.65–33.55, p = 0.009; group 3: OR 10.19, 95% CI 2.39–43.52, p = 0.002; group 4: OR 27.63, 95% CI 4.46–171.11, p < 0.001; Table 8) of patients included in POSEIDON groups, except the chemical pregnancy of patients in POSEIDON group 2.


Table 7 | GEE regression analysis for chemical pregnancy.




Table 8 | GEE regression analysis for clinical pregnancy.





Discussion

This study explored the role GH played on the IVF/ICSI outcomes for POR patients in each POSEIDON subgroup who failed an IVF/ICSI cycle followed by a subsequent GH-prescribed cycle. Our findings revealed that GH supplementation could enhance the number of embryos available to transfer and improve the clinical pregnancy rate as well as the live birth rate for all low-prognosis patients who failed a previous IVF/ICSI cycle. GH could also significantly enhance the number of oocytes retrieved in POR subgroups with normal ovarian reserve and increase the number of day-3 good-quality embryos in subgroups either with normal ovarian reserve or aged young.

Regarding live birth, women in all four POR subgroups presented with optimistic results and ended up with the live birth rate to be 47.66%, 28.33%, 45.45%, and 24.07% in POSEIDON groups 1, 2, 3, and 4, respectively. The clinical pregnancy rates were significantly increased in the subsequent GH-addition cycles among all the four POSEIDON groups as well. These findings signified the feasibility in adding GH to women with POR who experienced a failed IVF/ICSI cycle. The systematic review and meta-analysis by Cozzolino et al. (15), which included 12 randomized controlled trials (RCTs) with 1,139 patients diagnosed as poor responders according to different criteria, found that GH adjuvant therapy could help to improve the clinical pregnancy rate while not being able make a difference in the live birth rate. However, another recent meta-analysis including 15 RCTs with 1,448 patients characterized as poor responders under variable criteria demonstrated that both the clinical pregnancy rate and the live birth rate enhance significantly with GH supplementation (21). This controversy might be attributed to the discrepancy of the POR definitions and the heterogeneity in the POR population included in the previous studies. In our study, each subgroup was supposed to be homogeneous based on the POSEIDON criteria. The improved clinical pregnancy rate and live birth rate indicated that for low-prognosis women who failed a previous IVF/ICSI cycle, regardless of their age and ovarian reserve, GH supplementation might be a potential choice to improve the pregnancy outcome.

The ameliorative pregnancy outcome might be due to the elevated number of embryos available to transfer. Our results manifested that GH could raise the number of embryos available for transfer in all the four subgroups of women with POR. In several previous RCTs which applied GH as an adjuvant therapy in IVF/ICSI cycles in women with POR under Bologna criteria, the numbers of transferred embryos were significantly enhanced (22–24). In the review by Cozzolino et al. (15) including poor responders according to different definitions, the number of embryos available to transfer was also significantly increased. Our findings, along with all these previous results, confirmed that the number of transferrable embryos was probably raised after the addition of GH for women with POR, whichever subgroup they were in.

In previous studies among patients with POR diagnosed by the Bologna criteria, the number of oocytes retrieved was significantly increased after the addition of GH (22–24). In this study, by stratifying POR patients into specific subgroups according to the POSEIDON criteria, we identified that not all POR patients but only those with normal ovarian reserve (POSEIDON groups 1 and 2) exhibited a significantly elevated number of oocytes retrieved. A retrospective study enrolling POR patients with impaired ovarian reserve in POSEIDON groups 3 and 4 manifested that the numbers of oocytes retrieved were comparable in both groups (25). This result was to some perspective consistent with ours, which also indicated that the beneficial effect on the retrieved oocyte number by GH adjuvant was mainly among POR patients with normal ovarian reserve instead of those with poor ovarian reserve.

The growth hormone receptor (GHR) expressed widely on granulosa, theca, and luteal cells in the ovary (15). GH supplementation was reported to be able to increase the receptor density for the FSH receptor (FSHR), LH receptor (LHR), and GHR in the granular cells (13) and might improve follicular FSH responsiveness, which could contribute to the oocyte number retrieved for the poor responders. Moreover, GH was reported to promote the in vitro maturation of human germinal vesicle (GV) oocytes (26), which might also lead to raised oocyte number. POR patients with normal ovarian reserve were supposed to have a larger follicular pool with the potential to provide more mature oocytes to be retrieved. Our results put forward an opinion that POR patients with normal ovarian reserve, regardless of their ages, might benefit more from GH supplementation during the IVF/ICSI cycles.

In the meanwhile, we discovered that the numbers of day-3 good-quality embryos increased not only in the POR subgroups with normal ovarian reserve but also in POR patients with impaired ovarian reserve yet aged young (POSEIDON group 3). Our results might imply that young women with POR could benefit from GH in gaining good-quality oocytes. In a study including cumulus–oocyte complexes (COCs) collected from women aged 26 to 46 years, the authors exhibited that among POR patients ≤ 34 years, the proportion of the good-quality oocytes (grade 2.5 and 2) was elevated with GH supplementation, while among POR patients aged above 35 years the proportion of grade 2.5 oocytes was still increased yet grade 2 oocytes decreased (8). This implicated that GH adjuvant might contribute more to the young POR patients in terms of improving the overall good-quality proportion. It uncovered that the effect of GH on quality of oocytes and embryos among young POR patients needs more attention and further studies with larger sample size.

The strength of this study was to define women with POR under POSEIDON criteria and to stratify them into groups with homogeneous clinical characteristics. Additionally, we applied a longitudinal design and compared between the two IVF/ICSI cycles performed within 12 months for the same patients, which helped to control the confounders. The limitation lay on the retrospective nature of the study and the restriction of a previous failed IVF/ICSI cycle for our participants, which narrowed the application range of patients in the conclusion.



Conclusion

In conclusion, growth hormone supplementation might improve the clinical pregnancy rate and the live birth rate for low-prognosis women diagnosed by POSEIDON criteria who failed a previous IVF/ICSI cycle. The application of growth hormone for low-prognosis women who failed IVF/ICSI cycles previously might be a feasible choice and needs further research.
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Findings regarding the relationship between smooth endoplasmic reticulum clusters (SERCs) in oocytes and blastocyst development have been conflicting. In this study, the effects of SERCs on blastocyst quality and the speed of blastocyst development were evaluated. Patients who received intracytoplasmic sperm injections (ICSI) at our reproductive center from 2016 to 2020 were retrospectively analyzed. SERC (+) oocytes (n = 217) and SERC (–) oocytes (n = 822), as well as SERC (+) cycles (n = 146) and SERC (–) cycles (n = 1,951) were compared. There was no significant difference in embryological, clinical, and neonatal outcomes between the SERC (+) and SERC (–) cycles. The fertilization rate (73.9%), good quality blastocyst rate (26.7%) and the speed of blastocyst development (44.4%) were significantly lower (P < 0.05) in SERC (+) oocytes than in unaffected counterparts (86.2%, 44.1% and 63.4%, respectively). Furthermore, the proportion of blastocysts with trophectoderm (TE) grade C was significantly higher in the SERC (+) oocyte group than in the SERC (–) oocyte group (73.3 vs. 55.9%, P < 0.05). After adjusting for age, years of infertility, endometriosis, stimulation protocols (GnRHa), and male infertility, multiple logistic regression analysis revealed that the presence of SERCs in the oocytes significantly affected the speed of blastocyst development (odds ratio, 2.812; 95% CI, 1.257–6.292; P = 0.012). These findings suggest that the presence of SERCs in oocytes may negatively affect blastocyst quality and the speed of blastocyst development.

Keywords: oocyte, smooth endoplasmic reticulum cluster, embryonic development, blastocyst formation rate, blastocyst quality


INTRODUCTION

Prolonging embryo culture in vitro to the blastocyst stage is conducive to the selection of viable embryos and thereby improves implantation rates (Glujovsky et al., 2016). Blastocysts cross the developmental block at the eight-cell stage of in vitro development. At this stage, the synchronization of embryonic development and endometrial changes is more conducive to blastocyst transfer (Shapiro et al., 2008), and the reduced contractile force of the uterine wall is conducive to implantation (Fanchin et al., 2001). However, blastocyst cultures have some limitations; for example, the blastocyst formation rate is unpredictable, and it may not be possible to obtain blastocysts from some patients. Although blastocyst formation is affected by many factors, obtaining good quality oocytes is critical (Wilding et al., 2007; Catalá et al., 2012). Most oocytes are evaluated based on non-invasive morphological observations, including the state of the cytoplasm and nucleus (ALPHA Scientists in Reproductive Medicine and ESHRE Special Interest Group Embryology, 2011). When assisted reproductive technologies (ART) are used, some oocytes (obtained by controlled ovarian stimulation) might exhibit morphological abnormalities, including extracytoplasmic abnormalities, such as those in polar body morphology, perivitelline space, and zona pellucida, as well as cytoplasmic abnormalities, such as abnormal refractors, intracellular particles, vacuoles, and smooth endoplasmic reticulum clusters (SERCs) (ALPHA Scientists in Reproductive Medicine and ESHRE Special Interest Group Embryology, 2011).

Under normal conditions, the oocytes contain smooth endoplasmic reticulum vesicles that can store and release calcium ions; the vesicles are also responsible for cell activation during fertilization. Calcium ions contribute to early embryonic development by regulating the stress response of oocytes or embryos and the meiotic spindle (De Santis et al., 2015; Latham, 2015, 2016). However, in some cases, the smooth endoplasmic reticulum aggregates to generate SERCs, forming a single large aggregate (Van Blerkom and Henry, 1992) presenting as a round, flat, and clear disk with a diameter of approximately 10–18 μm (Shaw-Jackson et al., 2014). SERCs is considered a major oocyte abnormality (ALPHA Scientists in Reproductive Medicine and ESHRE Special Interest Group Embryology, 2011), which can interfere with calcium storage and oscillation and may affect fertilization, embryonic development (Ebner et al., 2008; Sá et al., 2011; de Almeida Ferreira Braga et al., 2013; Mateizel et al., 2013; Sfontouris et al., 2018), and, even, birth outcomes. These findings suggest that SERC-containing oocytes should be discarded (ALPHA Scientists in Reproductive Medicine and ESHRE Special Interest Group Embryology, 2011). However, other studies have shown that the presence of SERCs does not affect the ability of oocytes to undergo embryonic development (Setti et al., 2016; Itoi et al., 2017) or to produce healthy offspring (Hattori et al., 2014; Shaw-Jackson et al., 2016; Ferreux et al., 2019). It has also been suggested that SERC (+) oocytes can avoid abnormal calcium oscillations and develop into blastocysts and that embryos derived from SERC (+) oocytes could be transferred after blastocyst culture (Itoi et al., 2017). Consequently, despite studies on the effects of SERCs on blastocyst formation and quality (de Almeida Ferreira Braga et al., 2013; Itoi et al., 2017), it is not yet clear whether the presence of SERCs in oocytes affects blastocyst formation and the data on their effect on the speed of blastocyst development are limited. Therefore, the purpose of the study was to evaluate the effects of SERCs on the quality and speed of blastocyst development.



MATERIALS AND METHODS


Patients and Definitions

The retrospective study included patients who received intracytoplasmic sperm injections (ICSI) at the reproductive center of Peking Union Medical College Hospital between December 2016 and June 2020. The inclusion criteria were as follows: (1) patients receiving ICSI and (2) patients with ≥4 oocytes. Cycles with testicular or epididymal sperm aspiration or with a preimplantation genetic diagnosis or screening were excluded. SERC (+) oocytes were defined as those in which SERCs were observed by microscopy and SERC (–) oocytes were those in which SERCs were not observed. A cycle with SERC (+) oocytes was defined as a SERC (+) cycle and a cycle without SERC (+) oocytes was defined as a SERC (–) cycle, as shown in Figure 1. All patients signed a written, informed consent form, and this study was approved by the Ethics Committee of Peking Union Medical College Hospital in China (ZS-1214).
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FIGURE 1. Flow chart of inclusion of patients in this study.




Ovarian Stimulation and Oocyte Retrieval

Ovarian stimulation was performed using two protocols, namely, the GnRH agonist and flexible GnRH antagonist protocols. Briefly, for the GnRH agonist protocol, the patients were administered a GnRH agonist (Decapeptyl; Ferring, Germany) in the midluteal phase of the menstrual cycle for pituitary downregulation. When the downregulation was achieved, ovarian stimulation was performed using recombinant follicle-stimulating hormone (FSH, Gonal F; Merck Schlano, Switzerland) according to patients’ age, antral follicle count, and body mass index. For the antagonist protocol, ovarian stimulation was started from day 2 of the menstrual cycle with FSH (Gonal F). When dominant follicles reached a diameter of 14 mm, GnRH antagonist (Cetrotide; Merck Serono, Germany) administration was started and continued until the day of human chorionic gonadotropin (HCG; Merck Schlano) injection. In both ovarian stimulation protocols, when three or more follicles reached a diameter of 18 mm (as determined by ultrasound scanning), 250 μg of HCG (Merck Schlano) was injected for final oocyte maturation. Transvaginal oocyte retrieval was performed 38 h after HCG administration.



Evaluation of Oocytes

The retrieved cumulus-oocyte complexes (COCs) were incubated in pre-equilibrated fertilization medium (G-IVF; Vitrolife, Sweden) at 37°C under a controlled atmosphere of 6% CO2 and 5% O2 in an incubator for 2 h until oocyte denudation. The time between HCG injection and oocyte denudation was approximately 40 h. The COCs were transferred into a medium with 80 IU/mL hyaluronidase (Sigma, United States) to disperse the cumulus cells, which were then carefully removed using a denuding Pasteur pipette with decreasing inner diameters (170–140 μm). The morphology of each oocyte was evaluated under an inverted microscope (Eclipse TE 300; Nikon) before ICSI. At high magnifications, SERCs in the cytoplasm appeared round, flat, and clear (Figure 2). Sperm injection into the aggregate was avoided during the ICSI procedure.
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FIGURE 2. Human metaphase II oocytes as viewed by light microscopy. (A) Normal metaphase II oocyte; (B) metaphase II oocyte containing a smooth endoplasmic reticulum cluster (arrow).




Embryo Culture and Evaluation

The embryos derived from the SERC (+)/SERC (–) oocytes were cultured under the same conditions. The injected oocytes were cultured in a pre-equilibrated culture medium (G1; Vitrolife) at 37°C under a controlled atmosphere of 6% CO2 and 5% O2 in an incubator. The prokaryotic (2PN) cells were observed 18–20 h after ICSI. Cleavage embryos were evaluated 68 ± 1 h after fertilization. Good-quality embryos were defined as embryos with eight blastomeres that were symmetrical and evenly arranged, with less than 10% fragmentation. Two embryos of the best quality were transferred on day 3 (D3), and the supernumerary embryos were subsequently cultured in a pre-equilibrated medium (G2; Vitrolife) in the same incubator under 6% CO2 and 5% O2 until day 5 (D5) or day 6 (D6). If the embryos could not be transferred (e.g., due to ovarian hyperstimulation syndrome), they were cryopreserved on D3 or cultured to D5/D6. These blastocysts were then cryopreserved in liquid N2. The embryos originating from the SERC (+) oocytes were only transferred if there were no other embryos to transfer. Luteal support (intramuscular progesterone 40 mg/bid or intramuscular progesterone 40 mg/d + vaginal progesterone gel 90 mg/d) was started on the day of transplantation.

Blastocysts were observed on D5 (118–120 h) or D6 (142–144 h) after fertilization and scored according to the Gardner scoring system (Gardner et al., 2000). Based on the degree of cavity expansion, blastocysts can be divided into six stages: stage 1, early blastocysts with a blastocoel that is less than half the volume of the embryo; stage 2, blastocysts with a blastocoel that is greater than half the volume of the embryo; stage 3, full blastocysts with a blastocoel that completely fills the embryo; stage 4, blastocysts show full cavity expansion and zona pellucida thinning; stage 5, blastocysts have partial trophoblasts growing from the zona pellucida; and stage 6, blastocysts are completely detached from the zona pellucida. Blastocyst quality was graded according to the quality of the inner cell mass (ICM) and trophectoderm (TE). The ICM and TE were divided into grade A (more cells, tightly packed), grade B (several cells, loosely arranged), and grade C (very few cells). Blastocysts with a grade C ICM were discarded, and blastocysts with ICM (A/B) and TE (A/B/C) were selected for freezing. Embryos with the ICM and TE qualities above grade B (AA, AB, BA, and BB) were defined as good-quality embryos and those identified as BC were defined as poor quality embryos. All available blastocysts formed on D5/D6 were cryopreserved in liquid N2 until the next embryo transfer.



Outcome Parameters

The main outcome of this study was the effect of SERCs on blastocyst quality and speed of blastocyst development (compared by D5 blastocyst formation rate); the clinical and neonatal outcomes were secondary. The outcome parameters were the mature oocyte rate, fertilization rate, D3 good-quality embryo rate, blastocyst formation rate, D5 blastocyst formation rate, good quality blastocyst rate, implantation rate, clinical pregnancy rate, and live birth rate, defined as follows:

Mature oocyte rate (%) = (number of MII oocytes/total oocytes retrieved) × 100; Fertilization rate (%) = (number of fertilized oocytes/number of MII oocytes) × 100; D3 good-quality embryo rate (%) = (number of D3 good-quality embryos/number of cleavage embryos) × 100; Blastocyst formation rate (%) = [number of blastocysts/number of embryos that cultured for blastocysts] × 100; D5 blastocyst formation rate (%) = (number of blastocysts formed on D5/total number of blastocysts) × 100; Good quality blastocyst rate (%) = (total number of good quality blastocysts/total number of blastocysts) × 100; Implantation rate = number of gestational sacs/number of transferred embryos × 100; Clinical pregnancy rate = number of patients with at least one gestational sac (intra or extrauterine)/number of transferred cycles; Live birth rate = number of deliveries/number of transferred cycles.



Statistical Analysis

Statistical analyses were performed using SPSS 22.0 (IBM, Armonk, NY, United States). Data are presented as the mean ± standard deviation, and Student’s parametric t-test or Mann–Whitney non-parametric tests were used to compare the mean values as appropriate. The mature oocyte rate, fertilization rate, D3 good-quality embryo rate, blastocyst formation rate, good-quality blastocyst rate, implantation rate, clinical pregnancy rate, and live birth rate were compared using chi-square or Fisher exact test. A logistic regression model was used to assess the confounder factors that could affect the speed of blastocyst development in SERC (+) cycles. Results with P < 0.05 were considered significant.




RESULTS

A total of 2097 ICSI cycles were included, of which 146 cycles showed at least one oocyte with SERC. As summarized in Table 1, demographic data were not significantly different between the SERC (+) and SERC (–) cycles. However, the ratio of GnRH agonist used in the SERC (+) cycle was significantly greater than that in the SERC (–) cycle (72.6 vs. 58.3%, P = 0.001). Hormone concentrations at the time of HCG administration did not show significant differences. The mature oocyte rate in the SERC (+) cycle group was significantly higher than that in the SERC (–) cycle group (88.4 vs. 86.2%, P = 0.035). On the contrary, the rates of fertilization, good-quality embryos on day 3, blastocyst formation, and good-quality blastocysts, and the speed of blastocyst development did not significantly differ between the SERC (+) and SERC (–) cycle groups. However, the proportion of blastocysts with TE grade A in the SERC (+) cycle group was significantly lower than that in the SERC (–) cycle group (3.9 vs. 7.6%, P = 0.037). In terms of pregnancy outcome, as shown in Table 2, there were no significant differences in the implantation, clinical pregnancy, abortion, or live birth rates between the SERC (+) and SERC (–) cycle groups. Regarding birth, an analysis of obstetric data revealed that the SERC (+) cycle group could achieve the same outcomes as the SERC (–) cycle group. No neonatal malformations were detected in the SERC (+) cycle group (Table 2).


TABLE 1. Patient characteristics in the SERC (+) and SER (–) cycle groups.
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TABLE 2. Embryological, clinical, and neonatal outcomes in the SERC (+) and SER (–) cycle groups.
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The embryological outcomes were compared between SERC (+) oocytes and SERC (–) oocytes within the SERC (+) cycle group. As shown in Table 3, the fertilization rate of SERC (+) oocytes was significantly lower than that of SERC (–) oocytes (73.9 vs. 86.2%, P < 0.05). Although the rates of good-quality embryos on D3 and blastocyst formation were similar, the speed of blastocyst development was significantly lower in the SERC (+) oocyte group than in the SERC (–) oocyte group (44.4 vs. 63.4%, P = 0.02). The proportion of blastocysts with TE grade C was significantly higher in the SERC (+) oocyte group than in the SERC (–) oocyte group (73.3 vs. 55.9%, P = 0.033). After adjusting for age, years of infertility, endometriosis, stimulation protocols (GnRHa), and male infertility, multiple logistic regression analysis revealed that the presence of SERCs in the oocytes significantly affected the speed of blastocyst development (odds ratio [OR], 2.812; 95% CI, 1.257–6.292; P = 0.012) (Table 4). A total of 28 patients had at least one embryo originating from SERC (+) oocytes transferred. Nine patients had all embryos from SERC (+) oocytes transferred; two pregnancies were achieved, resulting in the birth of two healthy infants. Nineteen patients had mixed embryos transferred, leading to eight clinical pregnancies and eight healthy births (one twin pregnancy). Moreover, 86 patients had two embryos transferred, both of which were from SERC (–) oocytes, and 32 patients successfully conceived. Although the live birth rate in the SERC (+) oocyte group was slightly lower than that in the other two groups, the difference was not significant. The neonatal outcomes were similar among the three groups, as shown in Table 5.


TABLE 3. Comparison of embryonic outcomes between SERC (+) and SERC (–) oocytes in the SERC (+) cycle group.
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TABLE 4. Logistic regression analysis of SERC in oocytes that may affect the speed of blastocyst development.
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TABLE 5. Clinical and neonatal outcomes in the transfer cycles with SERC (+) oocytes.
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DISCUSSION

The main purpose of this study was to determine the effect of the presence of SERCs in oocytes on the blastocyst quality and speed of blastocyst development. To the best of our knowledge, we analyzed the relationship between SERCs and the speed of blastocyst development for the first time. Our data showed that the blastocysts derived from SERC (+) oocytes were of a low quality (with TE grade C) and presented a tendency to be formed on D6 after fertilization, than on D5. The present study found there were no significant differences in the fertilization, good-quality embryo frequency, and blastocyst formation rates between the SERC (+) and SERC (–) cycle groups which is consistent with the findings of previous studies (Hattori et al., 2014; Itoi et al., 2017). However, these results were in contrast to some findings. Sá et al. (2011) found that the fertilization, cleavage, and blastocyst formation rates were significantly reduced in the SERC (+) cycle group compared with that in the SERC (–) cycle group. Restelli et al. (2015) found that the fertilization rate in the SERC (+) cycle group was significantly lower than that in the SERC (–) cycle group; however, once the fertilization was completed, the cleavage and implantation rates were similar between the groups. Mateizel et al. (2013) observed a significantly lower blastocyst formation rate in the SERC (+) cycles than in the SERC (–) cycles, and the capacity to develop into good-quality embryos were similar between the SERC (+) oocytes and their sibling SERC (–) oocytes within the SERC (+) cycles which supported the hypothesis that the intrinsic developmental capacity of the entire group of oocytes from SERC (+) cycles, than from SERC (+) oocytes only, was reduced.

Previous investigations concluded that compared with SERC (–) oocytes, SERC (+) oocytes exhibited a poor embryonic development (Ebner et al., 2008; de Almeida Ferreira Braga et al., 2013). In this study, the fertilization rate of SERC (+) oocytes was significantly lower than that of SERC (–) oocytes, but no difference was observed in the blastocyst formation and good-quality blastocyst rates between the groups, which was consistent with the results of Hattori et al. (2014). However, Ebner et al. (2008) found that the fertilization rate (58.9%) and blastulation rate (44.0%) were lower in SERC (+) oocytes than in their unaffected counterparts (77.4 and 87.8%, respectively), with no difference in the quality of blastocysts. In the conventional IVF cycle, the presence of SERCs in oocytes did not affect the fertilization rate or cleavage embryo quality, but resulted in a lower blastocyst formation rate and lower good-quality blastocyst rate than those in the control group (Itoi et al., 2016), similar to the conclusions of de Almeida Ferreira Braga et al. (2013), who found the presence of SERCs affects blastocyst expansion and the quality of the ICM. However, the study did not identify an effect of SERCs on TE grade.

To further analyse the effect of SERCs on blastocyst quality, we attempted to group blastocysts according to the morphology of ICM and TE. As embryos with ICM grade C were discarded because of poor implantation potential, and blastocysts with ICM grade A were few, the comparisons were not based on the ICM grade but based on trophoblast cell morphology. To the best of our knowledge, we found, for the first time, that the rate of blastocysts with TE grade A in the SERC (+) cycle group was lower than that in the SERC (–) cycle group. The proportion of blastocysts with TE grade C was significantly higher in the SERC (+) oocyte group than in the SERC (–) oocyte group. Many studies have confirmed that TE morphology is positively correlated with the embryo implantation rate (Ahlström et al., 2011; Hill et al., 2013). Alfarawati et al. (2011) found that the morphology of trophoblast cells is positively correlated with the incidence of blastocyst aneuploidy. Blastocysts with TE grade C exhibited a 2.5-times higher proportion of aneuploidy than those with TE grade A. Otsuki et al. (2018) found that the error rate in mitosis or meiosis in SERC (+) oocytes was significantly higher than that in SERC (–) oocytes, which suggested that the embryos with failed cleavage are prone to accumulate chromosomal abnormalities, but the mechanism of the frequent failure of cytokinesis in embryos derived from SERC (+) oocytes is still unknown.

To the best of our knowledge, this is the first study to analyse the relationship between SERCs and the speed of blastocyst development. It is well known that some blastocysts are formed on D5, whereas others are formed on D6/D7 (Bourdon et al., 2019). In this study, our results showed that the speed of blastocyst development, shown as the blastocysts formed rate on D5, did not differ between the SERC (+) and SERC (–) cycles but was significantly lower in the SERC (+) oocyte group than in the SERC (–) oocyte group. After adjusting for possible confounding factors, SERCs in the oocytes was still an independent factor to affect the speed of blastocyst development. Numerous studies have confirmed that the implantation, clinical pregnancy, and continuous pregnancy rates of D5 blastocysts are significantly higher than those of D6 blastocysts, suggesting that faster blastocyst development is related to better clinical outcomes (Bourdon et al., 2019). This difference can be explained by the higher rates of aneuploidy and gene abnormalities in blastocysts with delayed development (Taylor et al., 2014; Kaing et al., 2018). It is possible that D5 blastocysts are more likely to be selected for blastocyst transfer among patients who do not undergo preimplantation genetic screening (Minasi et al., 2016). In addition, studies have found that the implantation rate and live birth rate are higher with D5 blastocysts than with D6 blastocysts if only euploid embryos are transferred, they thought that the difference could be attributed not only to the euploid rate, but also to additional factors, including the differences in embryo metabolism or epigenetics (Irani et al., 2018). However, why the SERC (+) oocyte-induced slow blastocyst development is still unknown, which may also be attributed to the abnormal increase in the number of blastocyst chromosomes induced by cleavage failure, metabolic reasons, or other factors. The specific mechanisms still need to be determined.

In this study, we found that there were no significant differences in the clinical and neonatal outcomes between the SERC (+) and SERC (–) cycle group, which was similar to the conclusions of Hattori et al. (2014). In addition, we found that irrespective of whether we transferred embryos from SERC oocytes or not, the neonatal outcomes were similar; this was consistent with the finding of Mateizel et al. (2013). However, some different conclusions suggested that SERC may be associated with poor clinical and neonatal outcomes, as Ebner et al. (2008) suggested that embryos derived from SERC (+) oocytes were more prone to preterm birth and a low birth weight, whereas other studies have found that the proportion of neonatal congenital abnormalities increased after the transfer of embryos derived from SERC (+) oocytes (Otsuki et al., 2004; Akarsu et al., 2009; Sá et al., 2011). A literature review showed that compared with the natural cycle, children born using ART are more likely to have imprinting defects (Manipalviratn et al., 2009), and it is difficult to determine if the imprinting defects are caused by SERCs. Moreover, the differences in findings among the studies may be because of their designs, sample sizes, ovarian stimulation methods, or population variations.

There were some limitations in this study. First, the number of patients who had embryos transferred from SERC (+) oocytes was relatively low, which may have affected the comparisons of the neonatal outcomes. In the future, a multi-center study with a large sample size should be conducted to address this issue. Second, as this was a retrospective study, we could not investigate the chromosomes of the blastocysts to determine their relationship with SERCs and blastocyst quality and speed of blastocyst development. In the future, a study involving the biopsy of blastocysts derived from SERC (+) oocytes should be conducted to address this. This would enable us to analyse whether there is a correlation between SERCs and chromosomal abnormalities of the blastocysts. Blastocysts derived from SERC (+) oocytes that are transplanted after preimplantation genetic testing for aneuploidies may have a better clinical outcome. Third, in our study, not all embryos were cultured up to the blastocyst stage, but the embryos with the best morphology were transferred at the cleavage stage (D3). Therefore, this study does not allow a complete evaluation of the effect of the presence of SERCs on the competence of oocytes to reach the blastocyst stage. It is possible that the more competent embryos were excluded from the analysis. In the future, a prospective, randomized, controlled study should be conducted to address this limitation. Finally, there was no long-term follow-up of the new-borns. As normal development at birth does not guarantee that issues may not occur in the future, a long-term follow-up study of the children from SERC (+) oocytes should be conducted to investigate whether there are abnormalities in any later developmental processes.

In conclusion, although the presence of SERCs does not affect the clinical and neonatal outcomes, it is related to the blastocyst quality and speed of blastocyst development. Most blastocysts derived from SERC (+) oocytes had grade C trophoblast cells. Furthermore, the speed of blastocyst development in SERC (+) oocytes was significantly slower, observed as a higher blastocyst formation rate on D6. However, further studies are required to determine the specific mechanisms underlying this phenomenon.
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The number of mitochondria in the oocyte along with their functions (e.g., energy production, scavenger activity) decline with age progression. Such multifaceted functions support several processes during oocyte maturation, ranging from energy supply to synthesis of the steroid hormones. Hence, it is hardly surprising that their impairment has been reported in both physiological and premature ovarian aging, wherein they are crucial players in the apoptotic processes that arise in aged ovaries. In any form, ovarian aging implies the progressive damage of the mitochondrial structure and activities as regards to ovarian germ and somatic cells. The imbalance in the circulating hormones and peptides (e.g., gonadotropins, estrogens, AMH, activins, and inhibins), active along the pituitary-ovarian axis, represents the biochemical sign of ovarian aging. Despite the progress accomplished in determining the key role of the mitochondria in preserving ovarian follicular number and health, their modulation by the hormonal signalling pathways involved in ovarian aging has been poorly and randomly explored. Yet characterizing this mechanism is pivotal to molecularly define the implication of mitochondrial dysfunction in physiological and premature ovarian aging, respectively. However, it is fairly difficult considering that the pathways associated with ovarian aging might affect mitochondria directly or by altering the activity, stability and localization of proteins controlling mitochondrial dynamics and functions, either unbalancing other cellular mediators, released by the mitochondria, such as non-coding RNAs (ncRNAs). We will focus on the mitochondrial ncRNAs (i.e., mitomiRs and mtlncRNAs), that retranslocate from the mitochondria to the nucleus, as active players in aging and describe their role in the nuclear-mitochondrial crosstalk and its modulation by the pituitary-ovarian hormone dependent pathways. In this review, we will illustrate mitochondria as targets of the signaling pathways dependent on hormones and peptides active along the pituitary/ovarian axis and as transducers, with a particular focus on the molecules retrieved in the mitochondria, mainly ncRNAs. Given their regulatory function in cellular activities we propose them as potential diagnostic markers and/or therapeutic targets. 




Keywords: ncRNA, mitochondria, ovarian aging, estrogens, FSH (follicle stimulating hormone), LncRNA - long noncoding RNA, miRNA - microRNA, MitomiRs



Introduction

The physiological and the premature ovarian aging are often asymptomatic. Both include the decline in the number of the follicles. The number of follicles is established in early life and they mature later in life. Genetic and environmental factors co-contribute to the establishment of the ovarian reserve (OR) and its following decrease, which is promoted by different mechanisms. The imbalance of the hormonal asset, required for the preservation and maturation of the ovarian follicles, is among them and it can lastly lead to their premature aging and/or death (1). Ovarian follicle maturation is a complex process, defined folliculogenesis, organized in different phases to generate a species dependent number of mature oocytes. The oocyte maturation equally involves changes in the ovarian somatic cells, such as Granulosa Cells (GCs) and Theca Cells (TCs), surrounding the oocytes and supporting its maturation. These cells also will undergo an highly differentiation process involving multiple paracrine interactions, important for the maintenance of normal follicular development (2–4).

The decline in the number of follicles throughout the life is known as follicular atresia, consisting in the apoptosis of the oocytes and of the surrounding follicular cells (5). It is not surprising that mitochondria play a central role in follicular atresia, since they are central executors of the apoptosis (6–10). Recently, it has been shown that mitochondrial biogenesis is among the pathways determining the size of the follicular pool which, as said, is established in early life (11, 12). Furthermore, mitochondria are among the determinants of the cytoplasmic quality of the oocytes that, with nuclear integrity, defines the oocyte quality and competence. Indeed, transfer of mitochondria to oocytes prevents their apoptosis (13, 14). Quality of mitochondria in GCs influences the oocyte since these cells supply them with energy substrates (15).

Mitochondrial quantity is generally reduced in physiological aging, decreasing their ability to supply adenosine triphosphate (ATP) along with their mitochondrial reactive oxygen species (ROS)-scavenger activities (16–23). These concepts are widely accepted however the recent genome-wide association studies conducted to identify genomic loci that influence age at menopause do not evidence its association with gene codifying mitochondrial proteins (24). This finding suggests that mitochondrial dysfunction described in ovarian aging might be primarily due to environmental factors. In fact, diet and chemical toxins, capable of reducing OR, impact on processes leading to follicular atrophy such as control of the oxidative stress (OS), inflammation, hormone secretion and, finally, modulation of the cellular content of the non-coding RNAs (ncRNAs) involved in ovarian aging (25–27). These latter modulate ovarian lifespan and health-span in vertebrates, including mammals, regulating signaling pathways playing pivotal role in follicular atresia as PI3K-AKT, mTOR and estrogen signaling pathways, among the others (28, 29).

Here, we will discuss the literature on the role of pituitary-ovarian hormones in regulating ovarian mitochondrial activity and dynamics associated with ovarian aging. Furthermore, we will discuss the role of ncRNAs as executors of such activities pointing out the role of mitochondrial associated miRNAs (mitomiRNAs, mitolncRNAs).



Mitochondrial Dysfunction in the Ovarian Aging

Mitochondria are unique organelles in animal cells since they contain a genome (mtDNA) and the enzymes to duplicate and transcribe it. Since DNA-repairing enzymes are not present in mitochondria, mutations are frequently found in mtDNA. They affects mtDNA replication and transcription and increase with aging (30). Impairment in mitochondrial number and function in oocytes and ovarian somatic cells has been associated with ovarian aging and infertility (31). The increase of mitochondrial number characterizes the oogenesis and stops when oocytes are fully mature. In fact, the number of mitochondria is approximately ten-hundred in the human Primordial Germ Cells (PGCs) and becomes about several hundred-thousand in the mature oocyte (32). This suggests that mitochondria could be targets of the hormonal asset controlling this process, as we will discuss later. Since they do not further replicate during the post-fertilization cleavage process, they are distributed amongst the dividing cells and their number has been proposed as a biomarker of embryo viability (33–35). Mitochondrial dysfunction plays a major role in ovarian aging since this organelle contributes to the energetic needs of the oocyte and protect DNA with its ROS-scavenger activity (36). The ROS are produced in the cells as a result of their metabolic activity, including ATP production. Their increase induces a cascade of events at the level of the mitochondrion that, if left unchecked, will promote mtDNA, mutations and accumulation of misfolded proteins (UPRmt), causing cellular damage and death (37–39). Noteworthy, mitochondrial dysfunction promotes an increased oxidative stress that, in turns, impairs the energy production required to sustain the metabolic needs during oogenesis and follicle maturation (40).

The ability of ovarian cells to neutralize the OS diminishes with age, resulting in a steady decline in oocyte quality (41–43). In humans, increased production of ROS within the ovarian cells correlate with follicular atresia, poor oocyte quality and infertility (44). The aged GCs exhibit an increase of OS that promotes their apoptosis and senescence. Indeed, OS induces shortening of telomeres, a process described in ovarian aging (45, 46). Several studies have been conducted in mice to investigate how changes in the redox state can damage the oocytes and GCs. Gene expression profiling of aged oocytes revealed a down-regulation of mRNAs codifying mitochondrial antioxidant proteins such as peroxiredoxin 3 (PRDX3) and thioredoxin 2 (TXN2), in addition to cytosolic antioxidant proteins (47–49). Their imbalance affects directly mitochondrial activity, including the ovarian steroidogenesis as shown in SOD-2 deficient mice, due to an impairment in the cholesterol transport to mitochondria following the reduction of mitochondrial content of STAR protein (50). The reduction of these “protective proteins” makes the oocytes far more susceptible to damage induced by changes in the oxidative state.

Moreover, the damage of mitochondrial dynamics has been described in women affected from premature and physiological ovarian aging. As we will discuss here, this might result from the imbalance of the hormones active along the pituitary-ovarian axis (51).



Mitochondrion-Nucleus Crosstalk: A Focus on ncRNAs Acting as Anterograde and Retrograde Signals

An extensive bidirectional communication network between mitochondria and the nucleus has been characterized (52). The anterograde (nucleus to- mitochondria) signals have been extensively described whereas more recently the retrograde (mitochondria-to-nucleus) pathway components, including Acetyl coenzyme A (Acetyl-CoA), ROS and ncRNAs, have been described (Figure 1). The retrograde signals, ROS and intracellular calcium (Ca2+) increase or/and reduction of Acetyl-CoA or ATP, disarrange the activity of several cellular signaling pathways impairing the cellular content of Nuclear Respiratory Factor 1 (NRF1), a protein regulating the mitochondrial transcription factor A (TFAM) and, finally, the mitochondrial gene transcription (54, 55). Furthermore, proteins secreted by the mitochondria under stress condition, defined mitokines, might act as retrograde signals (56). Humanin (HN) and fibroblast growth factor 21 (FGF21) are among them (57, 58). Interestingly, mitochondrial HN has been recognized as a protective factor for GCs (59). Indeed, its inactivation through gene targeting modified ovarian organization and promoted the apoptosis of GCs. Such effects were confirmed in vitro in granulosa tumor cell line (KGN) which were more viable, when treated with exogenous humanin. Concordantly, its level in follicular fluids positively correlates with the ovarian reserve (60).




Figure 1 | Mitochondria-nucleus crosstalk, anterograde and retrograde signaling. Gonadotropins and ovarian hormones signaling pathways regulating mitochondrial dynamics and function are reported in the figure underlining the cellular comportment involved. Anterograde and retrograde signals are reported for the mitochondrion-nucleus crosstalk. Anterograde signals (nucleus to mitochondria) include: the nuclear-encoded transcription factors (TFs, TFAM and TFB that bind the mtDNA, nuclear receptors (NRs) and ncRNAs, among the others. Retrograde signals (mitochondria-nucleus) include: Ca2+, ROS, mitomiRs, mitolncRNAs, among the others (53).



Non-coding RNAs control numerous cellular functions by modulating specific signaling pathways, also involved in ovarian aging (26). Several classes of ncRNAs may impact directly and/or indirectly on mitochondrial biology (61). They are considered mediators of the anterograde and retrograde mitochondrion-nucleus crosstalk, controlling several cellular activities at transcriptional and post-transcriptional levels. Mitochondria-localized miRNAs and lncRNAs, termed mitomiRs and mt-lncRNAs respectively, directly regulate mitochondrial gene expression. Their uptake by the mitochondria as well their transcription from mtDNA has been suggested (62). Certainly, it is still ambiguous whether mitochondrial ncRNAs (mt-ncRNAs) are transcribed inside the mitochondria or the nuclei, as result of mitochondrial genes integrated into the nuclear genome (63). The former suggestion is not entirely surprising since mitochondria contain genomes and can produce mitochondrial-specific nucleic acids and proteins. Some studies have indicated the presence of RNA interference components in the mitochondria implying their functional importance (64). MitomiRs are short single stranded RNA molecules with a unique size ~17-25, with no 5’ cap, short 3’ overhangs, and with specific thermodynamic features as opposed to canonical miRNAs. It has been speculated that some of these characteristics might facilitate their entry into mitochondria. However, it is still challenging to accurately characterize the mechanisms determining their localization because of the technical difficulties in separating isolated and uncontaminated organelles.

However, mt-ncRNAs are among the molecules used by mitochondria to communicate with the nucleus to ensure cellular homeostasis since they control rapid cell stress responses, energy balance and apoptosis controlling the cellular content of proteins both at transcriptional and translational levels (65, 66). Although mt-ncRNAs have not been investigated in ovary, we will discuss them here because they modulate mitochondrial processes involved in ovarian aging, such as abundance, metabolism, and scavenger activity (Table 1). For instance, miR-2392, together with Argonaute 2 (Ago2), has been reported to partially inhibit mtDNA transcription in tongue squamous cell carcinoma cells (TSCC), resulting in down-regulation of oxidative phosphorylation and up-regulation of glycolysis (67). At the translational level, it has been shown that miR-181c in concert with Ago2 can repress the translation of the mitochondrial cyclooxygenase (Cox1) mRNA, determining a remodeling of complex IV in cardiac dysfunction (68, 69, 78, 79). Noteworthy, Cox1 transcript is among the transcripts induced during oocyte maturation (80). Similarly, miR-378 can inhibit the mitochondrial expression of Atp6 (71) that modulates mouse follicle development and oocyte maturation as well as aromatase levels (70). Furthermore, miR-378 modulates Cyp450 in non-human primates ovaries (72). Furthermore, miR-378 is included in a network of miRNAs regulating follicular atresia. On the other hand, mitomiRs can enhance mitochondrial translation (81, 82). For example, same miRNA has been suggested to mobilize ND1 and Cox1 mRNAs to mitochondrial ribosomes through Ago2. Furthermore, the growth arrest specific 5 (GAS5) a lncRNA diminished in physiological and environmentally promoted ovarian aging, has been reported as mt-lncRNA and involved in the modulation of mitochondrial tricarboxylic acid flux (26, 83). The results above summarized suggest the role of the mitomiRs in ovarian aging although the mode of action remains largely unexplored and enigmatic.


Table 1 | miRNAs and lncRNAs and their targets for mitochondrial function in ovarian aging.



Additionally, cytoplasmic miRNAs impact a variety of mitochondrial processes, including energy metabolism, fusion and fission. The present work origins from our belief that the impairment of some ncRNAs (miR-143, miR-145, GAS5, etc.) could damage mitochondrial function and dynamics accelerating the ovarian aging (76). For instance, miR-145, shown to be overexpressed in ovaries from middle aged mice as well as in follicular fluids from Diminished Ovarian Reserve (DOR) patients, has been associated with poor mitochondrial function in ovarian cancer cells marked by decreased mtDNA copy numbers, ATP production, membrane potential and, finally, the expression levels of mitochondrial markers (74). In vivo and in vitro studies showed that follicular stimulating hormone (FSH) significantly decreased miR-143 expression, found deregulated in ovarian aging by our and other studies. It has been shown that miR-143 inhibits estradiol production, and proliferation of GCs regulating the cell cycle-related genes expression by targeting KRAS (73). Lastly, it has been reported that its increase promoted mitochondrial damage in myocardial infarction (84). Unfortunately, this has not been verified in the ovarian follicles.

Additionally, lncRNAs have been reported as modulators of mitochondrial function (66, 79). They are ncRNAs, long more than 200 nucleotides, and have a characteristic structure containing domains for RNA, protein and possibly DNA binding. Their structural flexibility and plasticity contribute to the regulation of several cellular processes. LncRNAs have been detected in different cell compartments, including mitochondria (79). Their biological activities depend on their localization in the cell and comprise transcriptional regulation, post-transcriptional activity, metabolic function, and chromosome remodeling. Increasing evidence suggests that lncRNAs can be encoded by nuclear and mitochondrial DNA and some of them have been outlined to regulate mitochondrial biology directly or indirectly (61). The ones retrieved in mitochondria are known as mt-lncRNAs and might work as retrograde signals. For instance, a sense ncRNA (SncmtRNA) and two antisense ncRNAs (ASncmtRNas-1, -2) can be transported in the nucleus from the mitochondria and act as mediator of the crosstalk between these organelles. The mitochondrial transcripts ND5, ND6, and Cyt b are target of three mt-lncRNAs, lncND5, lncND6, and lncCyt b. These last are complementary to their respective mRNAs and the duplex formation increases the mRNAs stability (66, 85). Since ND5, ND6, and Cyt b are components of the NADH-deidrogenase, it is easily conceivable the role that these mt-lncRNAs might have in establishing mitochondrial activity and dynamics. Only one paper explored their function in reproductive tissue using in vitro models. Experiments performed in vitro with culture of GCs in medium supplemented or not with FSH, showed that FSH induced mitochondrial activity, verified by evaluation of membrane potential, ATP content, and of mt-ND6 proteins (86).

Other mt-lncRNAs have been identified as Long Intergenic noncoding RNA predicting CARdiac remodelling (LIPCAR), Mitochondrial D-Loop 1 (MDL1) and Mitochondrial D-Loop 1 antisense (MDL1AS) in tissues other than ovaries (87). The last two have been suggested as executor of mitoepigenetic processes whose dynamic nature has been shown in oocytes and GCs (75). It is well established that mitochondria import various nuclear-encoded lncRNAs. An example is SRA1, a steroid receptor RNA activator, that is downregulated in cumulus cells from old females and upregulated in steroid hormone-responsive tumors, including ovarian cancers. It can recruit co-repressors modulating nuclear receptors activity because of the interaction with SLIRP (SRA stem-loop interacting RNA-binding protein) (88, 89). Interestingly, Slirp-knockout females are sub-fertile whereas males have defects in sperm motility and mitochondrial morphology (88, 89). Another example is the RNA component of the RNA processing endoribonuclease (RMRP) transported by RNA binding proteins such as GRSF1 localized in RNA granules. In spite of the fact that it has not been investigated in follicle maturation and/or aging, it has been shown increased in platin-resistant ovarian cancers (90). In other tissues, it is described as p53 inhibitor (91). Finally, some lncRNAs can affect indirectly mitochondrial biology by modulating mitochondrial key pathways. For instance, GAS5 can induce growth-arrest after inhibition of mTOR, known to regulate mitochondrial function. This suggests its potential ability to impact mTOR activity in the mitochondria. In our study, previously mentioned, we showed downregulation of GAS5 in ovaries from middle aged mice suggesting yet again that mitochondrial dysfunction can promote ovarian aging which is consistent with the derangement of the AKT pathway prediction by the IPA analysis (76). Noteworthy as reported above, GAS5 has been also described as mt-lncRNA that alters tricarboxylic acid cycle disrupting metabolic enzyme tandem association of fumarate hydratase, malate dehydrogenase and citrate synthase (83).



Pituitary Gonadotropins Modulate Ovarian Mitochondrial Morphology, Dynamics, and Steroidogenic Activity

As discussed above, mitochondria play a central role in follicular atresia. It is well established that the oocyte relies largely on mitochondria to acquire competence for fertilization (92, 93). Additionally, early embryonic development depends on their number and quality in the oocytes (94, 95). Furthermore, mitochondria control proliferation, differentiation and activity of GCs along with their apoptosis (96). Therefore, mitochondria might be regarded as targets of the signaling pathways determining the follicle number, quality and surviving, which are adversely affected by aging (51). Pituitary gonadotropins are survival factors for the ovarian follicular cells. Their imbalance characterizes the physiological and premature ovarian aging because they activate survival pathways in the follicle that will determine its growth or death. Although mitochondria are key compartments in this decision, the role of pituitary gonadotropins and of their intracellular mediators in controlling mitochondrial dynamics and activity is largely undefined in ovarian aging.

Follicle stimulating hormone (FSH) is the most efficient gonadotropin in preventing follicular atresia and GCs apoptosis under different conditions, including hypoxic or oxidative stress exposure. Few studies have addressed if FSH could modulate mitochondrial activity and biogenesis through ncRNAs. For instance, it has been reported that FSH modulates the expression of several miRNAs in the ovaries (97). These miRNAs modulate mitochondrial ROS-scavenger activity in other tissues and cell types. An example is miR-143 which has been shown to inhibit mitochondrial activity in human colon cancer cells (HCT116). Particularly, the superoxide dismutase 1 (SOD1) was downregulated by stable expression of miR-143 that increased the ROS production in cells treated with oxaliplatin (98). Noteworthy, miR-143 is negatively regulated by FSH and its increase has been associated with ovarian aging. Taken together, the data suggest that its increase in aged ovaries translates into a less efficient ROS-scavenger activity. No other papers have directly addressed this point, neither characterized other miRNAs nor lncRNAs regulated by FSH and involved in such processes.

Some reports have described the mitochondria as direct targets of FSH under stress conditions. In particular, under hypoxic conditions FSH stimulates the mitochondrial biogenesis in GCs by a process suggestive of its involvement in the degradation of the damaged organelles as well as of their regeneration (99). This finding is in agreement with previously published results obtained in GCs exposed to H2O2 to induce oxidative stress (100). FSH has a major role in preserving mitochondrial integrity under stress conditions in ovary and it is defined as an active factor in reducing mitophagy induced by oxidative stress and in preventing the death of GCs. Such an effect results from the inhibition of the PINK1-Parkin pathway activated under oxidative stress conditions. Indeed, FSH suppresses Pink1, promotes the dissociation of Parkin from mitochondria and, consequently, it increases the resistance of the GCs to oxidative stress. Noteworthy, Pink1 translation is limited by lncH19 resulting in a reduced mitophagy (101). The reduction of lncH19 expression in GCs results in inhibition of proliferation and increased apoptosis of GCs (77).

GCs are the major site of synthesis of steroid hormones that is strictly controlled by FSH. Mitochondria play a critical role in steroid synthesis and FSH modulates this mitochondrial activity (102, 103). Such aspect has been investigated and molecularly characterized in rat primary GCs showing that prohibitin (PHB) was a FSH responsive transcript. The mitochondrial increase of PHB levels correlated with the stimulation of the steroidogenesis, specifically of the estrogens and progesterone. Furthermore, it has been shown that FSH stimulation promoted PHB phosphorylation by the activation of the ERK1/2 pathway (104). PHB also mediated the pro-survival activity of the FSH in GCs regulating the expression of the anti-apoptotic genes (105). Lastly, PHB maintained the mitochondrial morphology, particularly of the cristae by modulating the processing of mitochondrial dynamin like GTPase (OPA1) (106, 107). This role in preserving mitochondrial fusion and cristae morphogenesis has been firstly evidenced in mouse embryonic fibroblasts (MEFs) and, then, in rat immature GCs overexpressing PHB (108–110). Again, the evaluation of the role of the PHB-OPA1 axis in this model points to mitophagy as a target of the FSH signaling pathway. Finally, other reports showed the role of mTOR pathway in FSH-modulated mitophagy during follicular development. The reported data evidenced that FSH treatment increased the levels of hypoxia-inducible factor 1-alpha (HIF-1α) promoting the autophagy. Interestingly, FSH induced autophagy correlated with an incomplete mitophagy process. Indeed, the Authors reported that the FSH-mediated autophagy increased the mitochondrial membrane potential that was abolished in presence of the autophagy inhibitors due to the PINK1-Parkin pathway (111).

Reduced levels of the luteinizing hormone (LH) characterize both physiological and premature ovarian aging (112, 113). Although suggested since 1975, LH role in modulating mitochondrial function and dynamics has been poorly investigated in ovarian aging. At that time, Robinson and co-authors observed that LH, administrated subcutaneously, increased the rates of cholesterol translocation and the rates of ovarian mitochondrial cholesterol side-chain cleavage in immature rats (114). Recently, more insights have been provided in a study assessing the effects of LH in cultured GCs from infertile women having low (L), medium (M), and high (H) LH serum levels during ovarian stimulation. The bioinformatic analyses of the data suggested an impairment of the mitochondrial activity, involving the mitochondrial dehydrogenase, associated with both insufficient (L) and excessive (H) recombinant LH (rLH) treatment. Morphologically GCs from the L and H groups had an increased number of autophagosomes. Furthermore, swollen and rounder mitochondria were detected with excessive rLH whereas reduced levels of LH promoted the appearance of forked mitochondria (115). Another study specifically addressed the point of the regulation of mitochondrial dynamics by LH in the luteal cells. Plewes and co-authors demonstrated that Dynamin-Related Protein 1 (DRP1), a key mediator of mitochondrial fission, is regulated by LH via PKA (116). The LH stimulation decreased the association of DRP1 with the mitochondria indicating that DRP1 was required for optimal LH-induced progesterone biosynthesis. Taken together, these findings place DRP1 as an important target downstream of PKA in steroidogenic luteal cells. LH also is a modulator of the retrograde signaling since it modulates the expression of humanin in luteal cells (117). Although luteal cells do not seem to have a role in ovarian aging, this mechanism has been here discussed since they derive from GCs and TCs. However, it is has been shown that LH acts directly on GCs (118–120).

The discussed data suggest that mitochondria are targets of the main pituitary gonadotropins. FSH-mediated mitophagy, via activation of different pathways, is an important mechanism of FSH mediated follicular growth and development other than survival. However, the relationship between FSH, mitophagy and apoptosis remains elusive in GCs and more studies are needed to evaluate the role of FSH-mediated mitochondrial integrity, mitophagic flux and the survival of fully functional GCs. This is even more needed for LH, since very little mechanistic data are available despite the reorganization of mitochondrial network during the luteal phase (121). Overall, this indicates the LH signaling pathway as a modulator of the mitochondrial steroidogenic activity and dynamics.



Ovarian Steroid Hormones and Peptides Controlling Mitochondrial Dynamics and Activity

The number and maturation of the follicles is strictly controlled by ovarian endocrine hormones (estradiol, progesterone, etc.) and intra-ovarian regulators. While the formers are synthetized by GCs and TCs, the latter include proteins secreted by oocytes (Growth Differentiation Factor 9, GDF9, bone morphogenetic protein 15, BMP15) and somatic cells (Anti-Mullerian Hormone, AMH, inhibins, activins, etc). These lasts are defined “ovarian peptides” and play an important role in ovarian aging so that they are used in evaluation of the ovarian reserve (122–125). As factors controlling the follicular atresia, we looked for reports investigating their role in regulation of mitochondria activity and dynamics (5, 126). We did not retrieve reports describing their direct role either exerted by ncRNAs. In summary, we emphazise the need to direct future research in understanding the mechanisms by which the decline in these “ovarian peptides” promote follicular atresia altering mitochondrial activity (127, 128).

Ovarian somatic cells play a major role in deciding the fate of follicles since serving other molecules essential for their growth and maintenance as estrogens and other steroid hormones. Steroids affect the mitochondrial function directly and/or indirectly: estrogens (E) and testosterone (T) are directly active in the mitochondria. Their receptors (ERs, AR), localized also in the organelle, might directly regulate DNA-encoded mitochondrial proteins (129, 130). They might exert an indirect activity affecting the nuclear transcription of proteins controlling the expression of mtDNA-encoded proteins (131).

Estrogens withdrawal characterizes the physiological and premature ovarian aging. Mitochondria are involved in synthesis of E and are also their targets. Indeed, mitochondrial function including mitochondrial bioenergetics, calcium homeostasis, and ROS-scavenger and their dynamics are regulated by E (38, 131). Indeed, glutathione peroxidase (GPX) and Mn-superoxide dismutase (Mn-SOD) are directly regulated by binding of activated ERα and ERβ to their promoters (132). Despite that, the role of estrogens as modulator of mitochondrial activity and dynamics has been scarcely addressed in ovary. The studies discussed below have been conducted mainly in other tissues and cell types and have been included since they involve molecular players non cell specific. Although some mitochondrial transcripts are directly regulated by estradiol (E2) like E2-ERs complexes (TFAM, ATP5PB, mtATP6, etc.), E2 controls their expression primarily through modulation of NRF1 mRNA, a major transcriptional regulator of mitochondrial biogenesis (133). ERα and Erβ bind to a non-consensus ERE in the 5’ promoter of the human NRF1, regulating its transcription (134). It has been demonstrated that NRF1 plays a critical role in integrating nucleus-mitochondrial interactions by initiating transcription of nuclear-encoded mtDNA-specific transcription factors including TFAM, TFB1M, and TFB2M (135). NRF1 was shown to bind and increase transcription of all ten nuclear-encoded mouse Cox genes (136). Additional target genes of NRF1 include TFAM, TFB1M, TFB2M, SURF1, VDAC, and TOM20 genes (137–140). TFAM, TFB1 and TFB2 increase transcription of mtDNA and increase mitochondrial biogenesis regulating other key transcription factors including NRF2 and PGC-lα. These lasts play master roles in mitobiogenesis, whereas E and ERs are key “directors” for the entire pathway. Alteration of the mitochondrial number compromises cellular metabolism and leads to an uncontrolled ROS production (141). Estradiol up-regulates the cellular levels of antioxidant enzymes (GPX and Mn-SOD). However, the mechanism by which E2 up-regulates those enzymes remains unidentified, but they may have implications for gender differences in lifespan (132). Estrogens withdrawal promotes a ROS scavenger activity reduction and the following ROS increase leads to a Ca2+ overload in the mitochondrial matrix. This last event induces the permeabilization of the inner mitochondrial membrane and the dissipation of the proton electrochemical gradient (ΔΨm) resulting in ATP depletion, further ROS production, and ultimately swelling and rupture of the organelle (142–145). Mitochondrial ERβ functions as a mitochondrial vulnerability factor because it is involved in ΔΨm maintenance, potentially through a mitochondrial transcription dependent mechanism (146). Furthermore, E2 controls mitochondrial dynamics modulating DRP1 phosphorylation via AKT pathways. Additionally, other proteins (MFN1, MFN2, OPA1) involved in control of mitochondrial dynamics are targets of E2 signaling pathways, moving from the membrane bound estrogen receptor (GPER) (147). It has been shown that GPER1 overexpression induces the levels of mitofusion 1 (MFN1), mitofusion 2 (MFN2) and Parkin (PRKN) mRNAs whereas mitochondrial fission 1 (FIS1) mRNA is reduced. Therefore, it controls mitochondrial fission/fusion and mitophagy, that is increased (148). Although E modulates the expression of several ncRNAs we did not retrieve papers highlighting their modulation as a mechanism of estrogen regulation of mitochondrial dynamics and activity.

Androgens are also steroids retrieved in the ovary and their role in follicle maturation and atresia is known since time (149). Their deficiency is likely to have a negative impact on fertility whereas their excess is a hallmark of polycystic ovary syndrome. Androgens contribute to the antral follicle formation (150). The absence of androgen receptor (AR−/−) induces abnormal ovarian function due to the promotion of preantral follicle growth and prevention of follicular atresia (151). The AR signaling modulates transcriptionally the mitochondrial metabolism regulating the mitochondrial pyruvate carrier (MPC). MPC inhibition results into a considerable disruption of the metabolic homeostasis, affecting ATP and antioxidant content (152). NRF1 is also a major mediator of androgen signaling pathway. It has been shown that AR reduction led to a significant decrease in the expression of peroxisome proliferator-activated receptor γ (PPARγ) co-activator 1-β (PGC1-β) and of its downstream genes, including NRF1 and TFAM. Therefore, the mitochondrial biogenesis is affected also by androgens.

In summary, estrogens and androgens protect mitochondria stimulating their ROS-scavenger activity resulting in a reduction of mitochondrial stress and mitochondrial misfolded proteins. The accumulation of the latter in the inner mitochondrial membrane space activates the unfolded protein response (UPRmt), finally initiating the mitochondrial-nuclear retrograde signaling. Noteworthy, mtUPR activates ERα promoting its phosphorylation by AKT whereas E2-ERα modulates mtUPR (54, 153–155).



Conclusion

Despite the well-characterized role of the mitochondria in follicular maturation and atresia, less is known on how their dynamics and activity is modulated by the signaling pathways dependent on pituitary-ovarian axis hormones and how the latter influence the nucleus-mitochondrial crosstalk (Figure 1). The data summarized here suggest pituitary-ovarian hormones as modulator of the anterograde signaling, from nucleus to mitochondria. Among the hormones produced in the ovary, the estrogens are well-characterized regulators of mitochondrial activity and their role have been analyzed also in ovarian aging. Their absence is a marker in the ovarian aging. They are anterograde signals since their classic receptors have been localized in the mitochondria, where they modulate the expression of several genes and control different mitochondrial activity including the mtUPR. Furthermore, they modulate the expression of NRF1 a key anterograde signal. The effects of the other ovarian steroids, such as progesterone and androgens, on ovarian aging have barely been reported. Their ability to control mitochondrial dynamics and activity in ovary has been evidenced in patients suffering from Polycystic Ovary Syndrome (PCOS), whose discussion is behind the scope of this work (156). The follicle is also site of synthesis of the so-called ovarian peptides, key modulators of ovarian aging as AMH, activins and inhibins. To our knowledge no data are available on the modulation of mitochondrial activity and dynamics by their signaling pathways.

Focusing on pituitary gonadotropins, the reported data showed a better characterization of the molecular mechanisms regulating mitochondrial dynamics and activity only for FSH that might act on anterograde signaling modulating the PINK1-Parkin pathway or via modulation of prohibitin level. However, these studies are not numerous. The LH signaling pathway has been far less investigated, and few papers suggested the mitochondrial dynamics is targeted by LH targets in luteal cells. Ovarian and pituitary hormones can regulate nucleus-mitochondria crosstalk also modulating the cellular content of ncRNAs involved in ovarian aging. MiR-143 is an example since it is regulated by FSH.

The molecules involved in the retrograde signaling between the two organelles, different from ATP, Acetyl-CoA and ROS among the others, are almost an unexplored during follicular maturation and atresia. Very few proteins, mitokines (humanin and FGF21), have been described as retrograde signals, which are mainly represented by ncRNAs. Despite that, it has been shown that humanin levels in follicular fluids positively associates with ovarian reserve (60). The role of the ncRNAs associated with the mitochondria (mitomiRNAs and mt-lncRNAs) has been discussed here. Given that this issue is almost unexplored in ovaries, we were surprised to find among them GAS5, a lncRNA that we and other researchers have associated with ovarian aging, which seems to be active as retrograde signal. Our unpublished data evidence that GAS5 and miR-143 have similar regulation in a context of physiological aging in testes, suggesting the need to evaluate their role as modulator of nucleus-mitochondria crosstalk in both gonads. Indeed, an imbalance of the pituitary-testes hormones occurs in physiological aging of spermatozoa and mitochondria play a major role in this process. To our surprise, in testicular somatic and germ cells they have been rarely investigated as targets of these signaling pathways but mainly as biosynthetic sites of androgens.

In conclusion, we believe that more efforts are needed to characterize the mitochondria-nucleus reciprocal crosstalk during follicle maturation and during their physiological and premature aging and how it might be targeted by the hormones active along the pituitary-ovary axis. Furthermore, considering the role that pituitary-testis hormones have on spermatozoa maturation and health.



Perspective

Mitochondria and their crosstalk with the nucleus have been proposed as a therapeutic target for neurological diseases. Considering the role that bidirectional mitochondrial-nuclear crosstalk have in senescence and aging, we suggest it as a potential valid therapeutic target also in ovarian aging (157). Since mitochondria are main executors of the apoptosis and of the depletion mechanisms of OR, the exploitation of the molecular mechanisms underlying their regulation by the signaling pathways dependent on pituitary and ovarian hormones and peptides is needed to identify their mediators that can be targeted to preserve the ovarian health. Among them, ncRNAs, acting as anterograde and retrograde signals in nuclear-mitochondrial crosstalk, could represent an innovative therapeutic approach already suggested for several other diseases. What we consider evident is how far we are from this goal although such mediators, proteins and ncRNAs, might represent “druggable pathways” in ovarian aging.
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We analyzed data from 466 patients with premature ovarian insufficiency (POI) who wished to have a biological child and were followed up while undergoing hormone replacement (HR) therapy with or without ovarian stimulation (OS) between April 2014 and December 2020. OS was conducted in 6891 cycles in 429 patients (Group OS), whereas only HR (Group HR) was conducted in 1117 cycles in 37 patients. The follicle growth rate was 48.3% (207/429) per patient in Group OS and 5.4% (2/37) in Group HR (p<0.01). There were 51 live births (LBs) in 50 patients during follow-up. In Group OS, the LB rate was 5.8% (47/807) in cycles where in vitro fertilization (IVF) and embryo transfer were attempted (Group IVF), and 1.3% (3/236) in cycles where intrauterine insemination/timed intercourse was attempted (p<0.01). No pregnancies occurred in Group HR. Among the patients in Group IVF, the LB rate was significantly higher in patients aged <35 years at the initiation of follow-up than in patients who started at later ages (p<0.01). Among the cases who achieved an LB, 39 were patients with idiopathic POI (Group IVF-1, n=297) and seven were patients who had undergone surgical treatment for benign ovarian tumors (Group IVF-2, n=50); however, no LBs occurred in patients who had undergone treatment for malignancy (n=17), and only one in patients with chromosomal abnormalities (n=22). The LB rate per case in the patients in Group IVF-1 and those aged <35 years at the start of follow-up (Group IVF-1-a) was 24.1% (26/108), which was higher than those of the other age groups. The LB rate per case in the patients in Group IVF-1-a with <4 years of amenorrhea was 37.3% (19/51), and that in the patients in Group IVF-2 with <4 years of amenorrhea was 21.2% (7/33). These results suggest that infertility treatment is possible in some patients with POI, especially those that can be classified in Group IVF-1-a and Group IVF-2 with <4 years of amenorrhea. Therefore, OS combined with HR therapy should be considered for such patients before attempts at oocyte donation.
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Introduction

The incidence of premature ovarian insufficiency (POI), which refers to natural menopause before the age of 40 years, was originally reported to be 1% by Coulam (1). A recent national register study in Sweden reported that the incidence of idiopathic POI was 1.8%, and a meta-analysis reported that the global incidence was 3.7% (2, 3). Thus, POI is a somewhat common condition that may have ethnic, regional, and historical differences in terms of its incidence. Patients with POI could be infertile starting years before the onset of amenorrhea.

With the increasing trends of late marriages and childbearing in developed countries, the accumulated incidence of POI has increased among women who wish to conceive. In a study of 358 patients with idiopathic POI, the spontaneous remission of ovarian function, as indicated by the resumption of menstrual cycles and/or a decrease in follicle-stimulating hormone (FSH) levels to the normal range, occurred in 24% of all cases, and the spontaneous pregnancy rate in these patients after diagnosis was 4.4% (4). Furthermore, in observational studies of patients with POI who had received estrogen replacement therapy, the pregnancy rate was 4.8% (5). Attempts at ovulation induction in infertile patients with POI yielded an overall pregnancy rate of 6.3%, and controlled studies using a gonadotropin-releasing hormone agonist (GnRH-a) failed to show any difference in pregnancy rates compared with placebo (5–7). Therefore, after a diagnosis of POI, the spontaneous pregnancy rate is low and fertility treatment is considered to have little value. As a result, oocyte donation (OD) is considered to be the most reasonable treatment option for infertility in patients with POI (5, 8, 9). However, one study published in 1990 on ovulation induction with estrogen replacement and human menopausal gonadotropin (hMG) administration in patients with >12 months of amenorrhea reported a pregnancy rate per patient of 20% (19/91) (10). In the same study, it was reported that hMG stimulation with a GnRH-a (leuprolide acetate) without estrogen replacement therapy failed to produce any pregnancies in nine consecutive patients. Also, another study published in 2007 on patients with POI with >6 months of amenorrhea reported that hMG stimulation under estrogen replacement resulted in follicle growth and clinical pregnancy (CP) in 36% (9/25) and 16% (4/25) of the cases respectively, while no follicle growth was observed in patients to whom hMG was given without estrogen replacement (11). Therefore, ovarian stimulation (OS) by a short protocol of recombinant follicle-stimulating hormone (recFSH) and hMG (recFSH/hMG) combined with GnRH-a under estrogen replacement may be effective as infertility treatment in some patients with POI. However, to our knowledge, no large-scale retrospective cohort studies have been conducted on pregnancy and LB rates among patients with POI who wish to have their own biological child during long-term follow-up on hormone replacement (HR) therapy with and without OS with recFSH/hMG and GnRH-a. Given this background, the present study aimed to investigate CP and LB rates in 466 patients with POI who wished to conceive while under HR therapy with or without OS with recFSH/hMG and a GnRH-a.



Materials and Methods


Patients

This retrospective cohort study included 466 patients with POI who wished to conceive with their own gametes or receive oocyte cryopreservation for fertility preservation. Data were collected from patients who were first seen for infertility treatment at Rose Ladies Clinic in Tokyo, Japan from April 2014 to December 2017 and diagnosed as POI according to the European Society of Human Reproduction and Embryology (ESHRE) guidelines (12). Clinical data were collected until December 2020. The mean age ± standard error (SE) of the patients at the initiation of follow-up was 35.8 ± 0.2 years (median, 36.0; range, 22–46). The mean ± SE duration of amenorrhea of these patients at the initiation of follow-up was 6.0 ± 0.2 years (4.4; 0.3–26), and the mean ± SE duration of follow-up was 3.1 ± 0.1 years (3.1; 0.2–6.7). Of these 466 patients, 171 (36.7%, Group a) initiated the follow-up at our facility at <35 years of age, whereas 195 (41.8%, Group b) initiated the follow-up between 35–39 years of age and 100 (21.5%, Group c) initiated the follow-up at ≥40 years of age. Whether the patients were treated with recFSH/hMG stimulation under HR therapy or followed up with HR only depended on individual requests. According to the presence or absence of possible iatrogenic causes and chromosomal abnormalities, the patients were classified into the following four groups: patients with idiopathic POI (Group 1, n=360), patients after surgery for a benign ovarian tumor (Group 2, n=54), patients after treatment of malignancy (Group 3, n=22), and patients with chromosomal abnormalities (Group 4, n=30). Of the 466 patients, 429 underwent OS under HR therapy and 37 were observed with HR therapy only (Group HR). OS was conducted in 6891 cycles in 429 patients (Group OS), and HR only in 1117 cycles in 37 patients (Group HR). Among the patients in Group OS and Group HR, the mean age and duration of amenorrhea at the initiation of follow-up at our facility were 35.8 ± 0.2 and 6.0 ± 0.3 years and 35.4 ± 0.9 and 6.8 ± 0.9 years, respectively (n.s.). Among the 6891 cycles in 429 patients in Group OS, oocyte retrieval (OR) was attempted in 807 cycles in 201 patients (Group IVF), while intrauterine insemination (IUI)/timed intercourse (TI) was performed in 236 cycles in 68 patients (62 cases overlapped in both groups). The study protocol was approved by the Biomedical Ethics Committee of the Rose Ladies Clinic (RLC-19) and registered in the University Hospital Medical Association Network (UMIN 000040360).



Inclusion and Exclusion Criteria

We retrospectively analyzed data on patients with POI who met the criteria of the ESHRE guidelines. The inclusion criteria were as follows: 1) patients with serum FSH >25 mIU/mL with hypogonadism defined as serum estradiol (E2) levels <20 pg/mL on at least two different occasions at least 4 weeks apart; 2) patients without spontaneous menstruation for >4 months based on self-reports; 3) patients whose last menstrual period occurred when they were <40 years of age; and 4) patients who wished to conceive using their own or cryopreserved oocytes. Patients we could not follow for more than one complete treatment cycle were excluded from the analysis.



Hormone Replacement (HR) Therapy

After measuring circulating luteinizing hormone (LH), FSH, and E2 levels without any HR for at least 4 weeks, patients started taking daily oral conjugated estrogen (Premarin®; Pfizer, New York, NY, USA) at an initial dose of 0.625–1.875 mg (depending on body weight). We adjusted the dosage by measuring serum E2 levels to maintain 50–80 pg/mL. In cycles without OS, serum E2 levels were measured at the 7th to 14th day of the cycle before initiating the administration of medroxyprogesterone acetate (Provera®; Pfizer, Tokyo, Japan). When serum E2 levels exceeded 80–100 pg/mL, transvaginal ultrasonography was performed to confirm follicle development. When the follicle structure was observed on ultrasonography, we either observed spontaneous follicle growth or attempted OS with hMG (Folyrmon-P; Fuji Pharma Co., Ltd., Tokyo, Japan) or recFSH with or without a GnRH-a [cetrorelix acetate (Cetrotide®; Nippon Kagaku, Tokyo, Japan)] depending on serum LH and FSH levels. When follicles with a diameter >16–18 mm were observed, in vitro fertilization (IVF) combined with embryo transfer (ET) was attempted. When patients without any indications other than POI preferred to receive IUI/TI for financial reasons or because of their work schedule, IUI/TI was performed or instructed. When follicle development was not observed by day 14 of the cycle, medroxyprogesterone acetate (Provera®; Pfizer) 10–15 mg/day was administered for 10 days to induce withdrawal bleeding and start the next treatment cycle.



Ovarian Stimulation (OS) Protocol

On days 3–5, after confirming that serum FSH and LH levels had decreased to within normal ranges (<11 mIU/mL), hMG (Folyrmon-P; Fuji Pharma Co., Ltd.) or recFSH (Gonal-f; Merck Seono Japan, Tokyo, Japan) administration was initiated with a starting dose of 225–450 IU/day (depending on body weight) together with GnRH-a [buserelin acetate (Buserelin); Fuji Pharma Co., Ltd.] at a starting dose of 450–1200 μg/day (depending on gonadotropin levels). Patients were seen at weekly intervals and serum E2, LH, and FSH levels were measured until signs of follicle growth were detected by serum E2 level and transvaginal ultrasound monitoring. We attempted to keep serum FSH levels >30 mIU/mL and LH levels <5 mIU/mL by adjusting the dosages of GnRH-a and recFSH/hMG. recFSH/hMG was discontinued when a dominant follicle >16 mm in diameter developed, serum E2 levels reached >150 pg/mL above basal levels at the start of the stimulation cycle, and oocyte maturation was triggered by 10,000 IU of human chorionic gonadotropin (hCG) administration (Gonadotropin; Aska Pharmaceutical Co., Ltd., Tokyo, Japan). OR was performed at 34–36 h after hCG injection. When patients did not desire to undergo IVF because of the above-mentioned reasons, IUI was performed at 24 h after hCG injection or TI was instructed. When signs of follicle growth were not seen after 4 weeks of treatment, recFSH/hMG administration was discontinued and medroxyprogesterone acetate (Provera®; Pfizer) 5–10 mg/day (depending on body weight and estrogen dosage) was administered for 10 days.



In Vitro Fertilization (IVF)

When a mature oocyte was obtained during OR, conventional IVF or intracytoplasmic sperm injection (ICSI) was performed. ICSI was performed in cases with 1) no or poor fertilization in the previous cycles, 2) less than 0.8×106 spermatozoa after preparation, and 3) sperm morphology <5% normal. Oocytes were retrieved by transvaginal ultrasound-guided aspiration at 36 h after hCG injection. Oocytes were cultured in ORIGIO Sequential Fert (CooperSurgical, Inc., Trumbull, CT, USA) in 6% CO2, 5% O2, and 89% N2 at 37°C until conventional IVF or ICSI. Oocytes were inseminated or injected with sperm using the standard ICSI technique at 3–5 h after OR. Oocytes were observed at 16–18 h after IVF or ICSI. Normal fertilization was confirmed by the presence of two pronuclei and extraction of the second polar body. Fertilized oocytes were cultured for 24 h in ORIGIO Sequential Cleav™ (CooperSurgical, Inc.) in 6% CO2, 5% O2, and 89% N2 at 37°C. The embryo grade was evaluated based on Veeck’s criteria (13). A good quality embryo was defined as one that had reached four cells and had <20% of its volume filled with fragment; these embryos were cryopreserved for later ET. When embryos did not fulfill the above criteria at day 2, we extended the culture until day 5. When these embryos were developed to the blastocyst stage and the blastocyst grade was evaluated according to Gardner’s criteria, only high-quality (AA, AB, BA, BB) and moderate-quality (AC, CA, BC, CB) blastocysts were cryopreserved. In most treatment cycles, OR was performed after more than a few weeks of OS and the endometrial condition was not ready for ET, so we employed a “freeze-all” strategy.



Semen Evaluation and Preparation

Semen samples were collected via masturbation after 3–5 days of sexual abstinence and were liquefied for at least 30 min at room temperature. Sperm concentration and motility were assessed by microscopy using a Makler® counting chamber (Sefi Medical Instruments, Haifa, Israel) according to World Health Organization criteria (14). The sperm preparation method for conventional IVF or ICSI was performed by a combination of density gradient centrifugation and the swim-up method as described below. Sperm samples were layered onto ORIGIO Gradient 90 (CooperSurgical, Inc.) and centrifuged at 500×g for 18 min. The supernatant and gradient medium just above the sperm pellet were removed and discarded. Then, the sperm pellet was washed by centrifugation at 200×g for 5 min in ORIGIO Sperm Wash (CooperSurgical, Inc.). The supernatant was then removed, and 0.5 mL sperm wash medium was gently layered on top of the sperm pellet to allow motile sperm to swim up. The tube was inclined at approximately 45° and incubated at room temperature for 15 min. After incubation, the supernatant was aspirated and transferred to a sterile tube. The sperm concentration and motility of the sperm suspension were then estimated. Finally, the sperm sample was stored at room temperature until conventional IVF or ICSI.



Embryo Cryopreservation and Thawing

Embryo cryopreservation and thawing were performed using Cryotop methods, as described elsewhere (15). Embryo quality was assessed on day 2 according to Veeck’s criteria (13). High-grade embryos, which were defined as Grades 1–3 and those containing 4–6 blastomeres, were selected for vitrification. When the culture was extended to the blastocyst stage, high-quality (AA, AB, BA, BB) and moderate-quality (AC, CA, BC, CB) blastocysts according to Gardner’s criteria were cryopreserved. These embryos were then equilibrated in Equilibrium Solution (Kitazato Corp., Tokyo, Japan) at room temperature for 10 min. After equilibration, the embryos were transferred into Vitrification Solution (Kitazato Corp.), and then onto a Cryotop strip (Kitazato Corp.) with minimal Vitrification Solution and immediately submerged in liquid nitrogen. The vitrification step was completed within 1 min. Cryotop (Thawing Media; Kitazato Corp.) was subsequently capped with a straw and stored in storage tanks until thawing was complete.



Embryo Transfer (ET)

Embryos were thawed on the day of ET. The vitrified embryo was warmed in Thawing Solution (Thawing Media; Kitazato Corp.) at 37°C for 1 min. After thawing, the embryo was placed into Diluent Solution (Thawing Media; Kitazato Corp.) for 3 min at room temperature to dilute the cryoprotectant, followed by stepwise washing in Washing Solution (Thawing Media; Kitazato Corp.) as follows: the first wash was performed for 5 min at room temperature, followed by a second wash for 1 min at room temperature. Embryos were then placed in Embryo Glue (Vitrolife AB; Västra Frölunda, Sweden) and cultured in a CO2 incubator at 37°C under 6% CO2 and 5% O2 until ET. Due to undetectable E2 levels in these patients, ET was performed under HR therapy using transdermal E2 (Estrana tape®; Hisamitsu Pharmaceutical, Tokyo, Japan) at a starting dose of 1.44 mg/48 h. The dose of transdermal E2 was increased every 48 h until serum E2 levels were >350 pg/mL and the endometrial thickness as measured by ultrasound was >12 mm. ET was then performed.



Pregnancy Outcome Measures

The CP rate was determined by dividing the number of cycles or patients in which or whom a gestational sac was observed by ultrasound by the total number of cycles or patients in a certain group of patients. The miscarriage rate was calculated by dividing the total number of pregnancies by the number of pregnancies that did not show a fetal heartbeat on ultrasound or pregnancies in which the fetal heartbeat initially observed on ultrasound disappeared with symptoms associated with a miscarriage.



Hormone Measurements

Serum anti-Müllerian hormone (AMH) concentrations in samples were measured in duplicate using the Anti-Mullerian Hormone Gen II enzyme linked immunosorbent assay kit (BECKMAN COULTER, Fullerton, CA, USA). The range of the assay was 0.14–21.0 ng/mL. The intra- and inter-assay coefficients for AMH determination were 12.3% and 14.2%, respectively. Serum FSH concentrations were measured by immune-enzymatic assay using ST AIA-PACK FSH (TOSOH AIA, Inc., Toyama, Japan). The range of the assay was 1.0–200 mIU/mL. The intra- and inter-assay coefficients were both <15%. Serum LH concentrations were measured by immune-enzymatic assay using ST AIA-PACK LH II (TOSOH AIA, Inc.). The range of the assay was 0.2–200 mIU/mL. The intra- and inter-assay coefficients were both <15%. Serum E2 concentrations were measured by enzyme immunoassay using ST AIA-PACK iE2 (TOSOH AIA, Inc.). The range of the assay was 20–3,000 pg/mL. The intra- and inter-assay coefficients were both <15%. Serum progesterone concentrations were measured by enzyme immunoassay using ST AIA-PACK PROG III (TOSOH AIA, Inc.). The range of the assay was 0.1–40 ng/mL. The intra- and inter-assay coefficients were both <15%.



Statistical Analysis

Data were expressed as mean ± standard error (SE). Differences in rates and parametric data were compared using the chi-squared test, Mann–Whitney U test, or z-test. P-values <0.05 were considered statistically significant.




Results

A total of 466 patients with POI who we first saw at our clinic between April 2014 and December 2017 were retrospectively analyzed until December 2020 under estrogen and progestin replacement therapy with or without repeated OS, as described above. OS was conducted in 6891 cycles in 429 patients (Group OS), whereas HR only (Group HR) was conducted in 1117 cycles in 37 patients. The overall CP and LB rates in these patients during the observation period were 14.2% (66/466) and 10.7% (50/466), respectively. In Group OS, follicle growth sufficient for OR or IUI/TI was obtained in 48.3% (207/429) of the patients and 15.1% (1043/6891) of the cycles, whereas in Group HR, the rates were 5.4% (2/37) and 0.2% (2/1117), respectively (p<0.01) (Table 1). When the patients in Group OS were classified into three groups by age at initiation of follow-up (a: <35, b: 35–39, c: ≥40 years), the follicle growth, CP, and LB rates per case in each group were as follows: Group a: 51.6% (81/157), 26.8% (42/157), and 21.0% (33/157); Group b: 49.7% (91/183), 12.0% (22/183), and 8.7% (16/183); and Group c: 39.3% (35/89), 2.2% (2/89), and 1.1% (1/89), respectively. The rate of follicle growth sufficient for attempting OR or IUI/TI per case was similar in all three age groups, but the CP and LB rates were significantly higher in Group a and decreased significantly in patients in the older age groups (p<0.01) (Table 2). Among the 429 patients in Group OS, 423 wished to have IVF-ET (Group IVF, n=423). In 62 patients in Group IVF who did not have indications of IVF-ET other than POI, IUI/TI was performed instead of OR at least once when desired because of financial or social circumstances. Six patients wished to have only IUI/TI from the start of follow-up. Thus, IUI/TI was performed in 236 cycles in 68 patients. We excluded three pregnancies resulting from IUI/TI from CP and LB rates in Group IVF. In Group IVF, OR was attempted in 807 cycles in 201 patients and 583 mature metaphase II (MII) oocytes were obtained. In cycles where IVF was attempted, the CP and LB rates per cycle, except for those in patients who wished to have oocyte cryopreservation (n=24, 49 cycles) and those who had cryopreserved embryos but had not undergone ET (n=13, 58 cycles), were 11.3% (79/700) and 6.9% (48/700), respectively, which were significantly higher than those in cycles where IUI/TI was attempted [1.3% (3/236) and 1.3% (3/236), respectively; p<0.01] (Table 3). No pregnancies occurred in Group HR.


Table 1 | Follicle growth rate of patients in Groups OS and HR among patients with POI.




Table 2 | Follicle growth, clinical pregnancy, and live birth rates in Group OS classified by age at initiation of follow-up.




Table 3 | Clinical pregnancy and live birth rates in cycles in which either IVF or IUI/TI was attempted in patients in Group OS.



Among the 583 MII oocytes retrieved, 33 in 24 patients were cryopreserved for future IVF. IVF/ICSI was attempted with 550 oocytes. The overall embryo cryopreservation rate was 59.3% (326/550). The average number of OS cycles in Group IVF was 9.2 ± 0.3 (range, 1–34). When the patients in Group IVF were classified into three groups according to the age at which they started follow-up, namely, a, b, and c, as described above, the CP and LB rates were significantly higher in Group IVF-a [28.9% (39/136) and 22.0% (30/136)] than in Group IVF-b [13.3% (22/165) and 9.7% (16/165)] or Group IVF-c [2.4% (2/85) and 1.2% (1/85)], respectively (p<0.01) (Table 4). The patients in Group IVF (n=423), except for those who wished to have oocyte cryopreservation (n=24) and those who obtained embryos by IVF but still had not attempted ET by December 2020 (n=13), were divided into four groups based on possible etiological factors, as described above: 297 patients in Group IVF-1, 50 in Group IVF-2, 17 in Group IVF-3, and 22 in Group IVF-4. The CP and LB rates in the patients in these four groups were as follows: Group IVF-1, 17.8% (53/297) and 13.1% (39/297); Group IVF-2, 16.0% (8/50) and 14.0% (7/50); Group IVF-3, 0% and 0%; and Group IVF-4, 9.1% (2/22) and 4.5% (1/22), respectively. Among the 47 LBs among the patients who underwent IVF-ET, 39 were in Group IVF-1, 7 in Group IVF-2, none in Group IVF-3, and only 1 in Group IVF-4 (Table 5). One patient in Group IVF-1 achieved two LBs during follow-up. When we divided the patients in Group IVF-1 (idiopathic POI) who had completed IVF-ET (n=297) into three age groups as described above (a: <35, b: 35–39, c: ≥40 years), the CP and LB rates in Group IVF-1-a were 31.5% (34/108) and 24.1.4% (26/108), respectively, and decreased significantly in patients who were aged ≥35 years at the initiation of follow-up (Table 6). Furthermore, the CP and LB rates per case in the patients in Group IVF-1-a with amenorrhea for <4 years at the first visit to our facility were 49.0% (25/51) and 37.3% (19/51), respectively, and decreased significantly as the duration of amenorrhea at the first visit to our facility increased to 4–8, 8–11, and ≥12 years. Two patients with 8–11 years of amenorrhea achieved an LB, but no pregnancies occurred in patients with ≥12 years of amenorrhea at the initiation of follow-up (Table 7). Figure 1 shows the LB rates in Groups IVF-1 and IVF-1-a, and in patients in Group IVF-1-a with <4 years of amenorrhea (p<0.01). The CP and LB rates per case in patients in Group IVF-2 with <4 years of amenorrhea at the initiation of follow-up were 24.2% (8/33) and 21.2% (7/33), respectively. No pregnancies occurred in patients in Group IVF-2 with ≥4 years of amenorrhea (Table 8). Patient No. 4 achieved two LBs during the follow-up period. A list of patients who achieved an LB is shown in Table 9. The mean ± SE duration of amenorrhea at the initiation of follow-up of those 50 patients was 2.8 ± 0.4 (median, 1.7; range, 0.3–9.2). Among these 50 patients, the patient with the longest duration of amenorrhea at the initiation of follow-up was the one in Group 1 with 9.2 years. The mean number of OS cycles until the embryos which achieved pregnancies were obtained or conception by IUI/TI was 4.4 ± 0.4 (median, 3.5; range, 1.0–15.0). The mean ± SE duration of amenorrhea in patients who eventually achieved an LB in Group 1 was significantly longer than that in patients in Group 2 (3.0 ± 0.4 vs. 1.2 ± 0.5, respectively; p<0.05). A patient with a chromosomal abnormality who carried a Robertsonian translocation [45, XX,der (4,21) (q10;q10)] eventually achieved an LB after obtaining five frozen embryos and conceiving at the third ET.


Table 4 | Clinical pregnancy and live birth rates per case in patients in Group IVF.




Table 5 | Clinical pregnancy and live birth rates per case in patients in Group IVF categorized into four groups by possible etiological factors.




Table 6 | Clinical pregnancy and live birth rates in patients in Group IVF-1 classified into three groups by age at initiation of follow-up.




Table 7 | Clinical pregnancy and live birth rates in patients in Group IVF-1-a with different durations of amenorrhea at the initiation of follow-up.






Figure 1 | Live birth (LB) rate among patients with idiopathic premature ovarian insufficiency (POI) (A) LB rate among patients with idiopathic POI who underwent ovarian stimulation with human menopausal gonadotropin (hMG)/recombinant follicle-stimulating hormone (recFSH) with GnRH-a under hormone replacement (OS) and in vitro fertilization (IVF-ET). (B) LB rate among patients with idiopathic POI who underwent OS and IVF-ET aged <35 years at the start of follow-up. (C) LB rate among patients with idiopathic POI who underwent OS and IVF-ET aged <35 years at the start of follow-up with <4 years of amenorrhea.




Table 8 | Clinical pregnancy and live birth rates in patients in Group IVF-2 with different durations of amenorrhea at the initiation of follow-up.




Table 9 | List of patients.



Serum AMH levels at the initiation of follow-up among the patients in the present study are shown in Figure 2. AMH levels were below the detectable limit of the assay in 70.7% of the patients who conceived and 74.5% of the patients who did not (n.s.). No significant difference was found in AMH levels between the two groups.




Figure 2 | Serum anti-Müllerian hormone (AMH) distribution among the patients in the present study (A) In patients who did not conceive (74.5% of the patients’ levels were below the detection limit), only the levels of samples in which AMH was measurable are plotted. (B) In patients who achieved a live birth (70.7% of the patients’ levels were below the detection limit), only the levels of samples in which AMH was measurable are plotted.





Discussion

In their mixed retrospective and prospective study on 358 patients with POI, Bidet et al. reported that spontaneous remission occurred in 24% of the cases (4). Our data showed that 48.3% of the cases in whom OS was repeated showed follicle growth sufficient for OR or IUI/TI, while 5.4% of the cases followed only with HR showed follicle growth by the same definition. Follicle growth was observed in 15.1% of all cycles in which OS was performed, compared with only 0.2% of the cycles in patients followed with HR only. This finding suggested that OS under HR is effective for stimulating follicle growth in at least some patients with POI.

No pregnancies occurred in patients who were followed with HR only. The combined spontaneous pregnancy rate per patient from the six studies cited in the review by van Kasteren et al. (5) was 4.8% among 558 patients (27/558) who were observed for 0.5–10 years only with HR (16–21). In addition, there has been report of spontaneous pregnancy in patients with POI after 10 years of amenorrhea (22). The pace of ovarian reserve decline may vary among patients with POI depending on the etiology and genetic differences (23–25). Therefore, the spontaneous pregnancy rate may have increased if we had followed the patients for a longer period, even those with only HR.

Infertility treatment is generally considered to be ineffective in patients with POI. Among the reports on pregnancies in patients with POI, most were under estrogen replacement, suggesting a positive effect of estrogen on follicle growth by lowering gonadotropin levels through a negative feedback loop (26–35). Furthermore, in studies of attempted ovulation induction in patients with POI, successful ovulation and pregnancy by hMG stimulation were obtained mainly in cases under estrogen replacement (10, 11, 36–39). In a study in which ovulation induction was attempted by hMG combined with GnRH-a without estrogen replacement, the pregnancy rates were 0% and 3.4% in patients with >3 months or >6 months of amenorrhea, respectively (36, 40).

Taken together, these results suggest that follicle growth was induced in patients in whom gonadotropin levels were suppressed under certain threshold levels with estrogen replacement, which has also been shown to enhance FSH signaling in granulosa cells. This hypothesis was supported by animal studies that demonstrated that E2 enhances FSH binding to its receptors (41, 42). GnRH-a administration alone was reported to cause sporadic spontaneous ovulation in a patient with POI (43, 44). GnRH-a administration may also prevent the premature LH surge that interferes with full follicle maturation. Premature luteinization may be induced by decreased negative feedback as a consequence of poor follicle reserve and increased LH levels in patients with POI attempting ovulation induction (45). In the present study, we attempted to suppress serum LH levels to the normal range during the early follicular phase of the ovulatory cycle by controlling estrogen and GnRH-a dosages during OS to prevent sporadic LH spikes while raising FSH levels >30 mIU/mL by exogenous gonadotropins.

However, to our knowledge, no large-scale cohort studies reporting LB rates in patients with POI who wish to conceive using their own eggs have been conducted. In the present study, we investigated the LB rate in patients with POI during long-term follow-up under HR therapy with or without OS. The ESHRE guidelines cite the reports by Tartagni et al. (11) and Badawy et al. (40) and state that further randomized controlled trials are needed to confirm the potential beneficial effects of gonadotrophin suppression (using either estrogen or GnRH-a), with pregnancy as the main outcome measure. In the present large-scale retrospective analysis, we partially revealed the effects of gonadotropin suppression with GnRH-a under HR with hMG stimulation on the live birth rate in some patients with POI. There were 51 LBs in 50 patients during the follow-up period. All of the LBs occurred in cases in whom ovulation induction was attempted by hMG/recFSH with GnRH-a. In previous studies in which ovulation induction was attempted by recFSH/hMG with GnRH-a, the duration of administration was either 10 days, 3 weeks, or 10 days, and repeated four times at most (7, 10, 40). In the present study, we performed recFSH/hMG stimulation (225–375 IU/day) with GnRH-a under estrogen replacement continuously for 4 weeks, even if no follicle growth was observed in cycles that were repeated as consecutively as possible if circumstances allowed. Because it takes >3 months for secondary or early antral follicles to grow to the preovulatory stage, the findings of the present study suggest that OS under HR continues to support follicle growth through 4-week cycles until being sufficient for IVF-ET or IUI/TI (46, 47). Thus, OS may be beneficial for infertility treatment in patients with POI by supporting follicle growth over a longer duration than that reported in previous studies (10, 36).

In the present study, although the reason for this difference was unclear, the LB rate was significantly higher in cycles in which IVF-ET was attempted than in cycles in which IUI/TI was attempted. We employed a “freeze-all” strategy and transferred embryos in later cycles when the endometrial condition was optimized by exogenous E2 administration and the serum E2 levels were increased to >350 pg/mL, which may have contributed to the higher CL and LB rates in the IVF cycles. We conducted a “freeze-all” strategy to accumulate as many embryos as possible before initiating ET because the ovarian reserve of patients with POI may continue to decrease, even during the follow-up period, and the duration of potential follicle growth by OS could be limited. The timing of starting ET was determined by considering the response to OS, patient age, and the number of cryopreserved embryos in each patient.

In many cases of POI in whom we attempted IVF-ET in the past, extending culture to the blastocyst stage resulted in attrition of embryos that otherwise might support viable pregnancies following cleavage-stage transfer (48). We chose to freeze all embryos at the four-to-six-cell stage for future ET to E2-primed endometrium. Thus, by utilizing IVF-ET, we aimed to increase the LB rate in patients with POI.

In the present study, we demonstrated for the first time an age difference in CP and LB rates in response to infertility treatment in patients with POI (5, 49). In the patients in Group OS, the overall CL and LB rates were higher in those aged <35 years at the initiation of follow-up and deteriorated in patients who started the follow-up at age ≥35 years, while the follicle growth rate did not significantly differ among the three age groups. Thus, independent of the ovarian reserve, which is diminished by etiological factors, the quality of oocytes deteriorates as patients with POI age (Table 2). It is presumed that the quality of oocytes is generally preserved in patients with POI.

We also demonstrated in the present study that, among the patients with POI with different etiological factors, the patients in Groups 1 and 2 had a greater chance of responding to OS (Table 5). It is understandable that the patients in Groups 3 (after treatment for malignancy) and 4 (chromosomal abnormalities) suffered heavier damage to their ovarian reserves. We demonstrated that patients in Group IVF-1 achieved an LB at the rate of 13.1% (39/297) per patient, which was higher than that of 4.2% (15/358) among 358 patients with idiopathic POI without OS reported by Bidet et al. (4) (p<0.01) (Table 5). We further confirmed that the LB rate increased to 24.1% (26/108, p<0.01) in patients in Group IVF-1-a and to 37.3% in patients in Group IVF-1-a who had a duration of amenorrhea <4 years (19/51, p<0.01) (Fig. 1). It is presumed that most of the patients in Group 1 had a genetic basis as an etiology, which caused ovarian dysfunction at various levels of severity with a variety of time courses. There are about 50 genes in which mutations are known to be causative of POI. These genes may account for only a small proportion of patients, and the majority of such patients do not have a genetic diagnosis (23, 50). Interestingly, in the present study, some patients in Group IVF-1 with ≥8 years of amenorrhea underwent OR, and some even achieved an LB. These patients may have certain genetic characteristics that may be predictable by genetic diagnosis in the future. Improved understanding of the genetic causes of POI should lead to better indications for prognosis and fertility potential in patients with POI (23).

The relatively high abortion rates of 21.4% even among the patients in our study aged <35 years and 23.5% (8/34) among those in Group IVF-1-a are in accordance with the rate of about 20% reported in the systematic review by van Kasteren et al. (5); this result should be further confirmed in a future study (Tables 2, 6).

It has been reported that 10.0%–12.5% of patients with POI have chromosomal abnormalities (25, 51–54). Most of the chromosomal abnormalities in patients with POI are aneuploidy or structural abnormalities involving the X chromosome (55). Robertsonian translocation occurs at the rate of 1/1000 and is known to be associated with an increased prevalence of miscarriage, but ovarian function has been thought to be preserved. We and another group have previously reported data suggesting an increased prevalence of this chromosomal abnormality among patients with POI (25, 51). As suggested in the previous data, Robertsonian translocation may present with different degrees of ovarian dysfunction besides recurrent pregnancy loss, as previously suggested (56).

Our present result that serum AMH measurement did not predict the LB rate by OS in patients with POI as accurately as etiological factors, age, and duration of amenorrhea at initiation of follow-up, at least with the assay we used, is not in accordance with the predictability of AMH values in terms of the number of residual follicles by histological examination in patients with idiopathic POI reported by Meduri et al. (57). Although the reason for this discrepancy is unclear, some cases in their report had AMH levels >1 ng/mL; no such cases were observed in the present cohort. In addition, they did not mention the duration of amenorrhea among their patients. Therefore, this difference may be explained by differences in the patient population, or, as they mentioned in their report, by defects in antral follicle development in patients with POI, even those with measurable serum AMH levels (57).

The present data also revealed that 48.3% of our patients with POI showed follicle maturation sufficient for OR or IUI/TI (Table 1). Thus, these patients may retain a certain follicle reserve size to respond to OS, which suggests that the recently developed in vitro activation of primordial follicles may facilitate further follicle growth in such patients. We are currently conducting a clinical trial utilizing this approach (58–60).

With the development of genetic diagnoses and more sensitive markers of preantral/small antral preantral follicles, OS as described in this study may be performed more effectively and inexpensively in the future.



Conclusion

The results of this study suggest that infertility treatment is possible in some patients with POI, especially in patients in Groups IVF-1-a and 2 with <4 years of amenorrhea. In such patients, OS under HR should be considered before attempting OD.
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Unlike poor ovarian response, despite being predicted to be normal responders based on their ovarian reserve markers, many patients respond suboptimally to ovarian stimulation. Although we can improve the number of retrieved oocytes by increasing the recombinant FSH dose and adding LH, the effect of suboptimal ovarian response on cumulative live birth rate (CLBR) and offspring safety is unclear. This study focuses on the unexpected suboptimal response during ovulation induction, and its causes and outcomes are analysed for the first time with a large amount of data used to compare the cumulative pregnancy rate (CPR), CLBR and offspring safety of patients with one complete ART cycle with all embryos used. Our analysis included 5218 patients treated with the GnRH agonist long protocol for their first IVF–embryo transfer (ET) cycles. Patients were divided into two groups according to whether the ovarian response was suboptimal. Propensity score matching (PSM) was utilized for sampling at up to 1:1 nearest-neighbour matching with caliper 0.05 to balance the baseline and improve comparability between the groups. Results showed that age, BMI and basal FSH were independent risk factors for slow response; the initial dosage of Gn, FSH on the first day of Gn, and LH on the first day of Gn were independent protective factors for suboptimal response. Suboptimal responders were also more likely to have irregular menses. Regarding the clinical pregnancy rate of the fresh IVF/ICSI-ET cycles, the adjusted results of the two groups were not significantly different. There was no difference in the CPR, CLBR, or offspring safety-related data, such as gestational age, preterm delivery rate, birthweight, birth-height and Apgar Scores between the two groups after PSM. Age-related changes in the number of oocytes retrieved from women aged 20–40 years old between the two groups were different, indicating that suboptimal response in elderly patients suggests a decline in ovarian reserve. Although we can now improve the outcomes of suboptimal responders, it increases the cost to the patients and the time to live birth, which requires further attention.
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Introduction

In assisted reproductive medicine, the standard gonadotropin-releasing hormone agonist (GnRH-a) downregulation regimen is the most commonly used regimen for controlled ovulation induction in young women with normal gonadotropin releasing hormone (GnRH) levels (1). In this protocol, endogenous hormones are suppressed and recombinant FSH (rFSH) is used to achieve multiple follicular growth (2). Optimization of the ovarian response to controlled ovarian stimulation (COS) in the in vitro fertilization (IVF) protocol remains an important topic of debate. Not every woman undergoing COS has the same degree of ovarian response, and some need increased hormone stimulation for follicular development to continue and reach completion (3).

Ovarian resistance to Gn stimulation remains a largely underemphasized issue in the field of reproductive medicine. In COS, there is also a unique type of patient with a slow ovarian response. In this patient, follicle recruitment and hormone levels are normal at the beginning of fixed dose treatment on the first day of the cycle; however, when the same dose was continued, the serum level and follicle size did not significantly increase (4). While there is consensus on the definition of poor ovarian response based on the number of oocytes retrieved following the ovarian stimulation, there is no precise definition of suboptimal ovarian response during ovulation induction in assisted reproductive technology (ART). Previous research has defined suboptimal ovarian response as serum E2 levels <658.8 pmol/L on the sixth to eighth day of stimulation with ultrasound evidence of at least six follicles ranging from 6 to 10 mm but with no follicle with a mean diameter ≥10 mm. Normal response was defined as ultrasound evidence of at least six follicles ranging from 6 to 10 mm with at least one follicle with a mean diameter ≥10 mm (5). According to the literature, 15% of patients show a suboptimal response and require increased or prolonged FSH stimulation to continue follicular growth, which leads to substantial economic losses and time costs. Clinically, suboptimal response is often ignored. If not handled properly, a suboptimal response can easily turn into a poor response and can even result in cycle cancellation (6).

Even patients with a predicted normal response can have a suboptimal response. There have been few studies in which data from complete cycles have been used to compare the live birth rate or cumulative live birth rate (CLBR) (7) of patients with unexpected suboptimal response versus normal response. This study focused on the unexpected suboptimal response during ovulation induction, and its causes and outcomes are analysed, for the first time with a large amount of data used to compare the cumulative pregnancy rate (CPR), CLBR and offspring safety of patients with one complete ART cycle with all embryos used.



Materials and Methods


Patients

This retrospective, single-centre, cohort study included ART treatment cycles carried out at the Reproduction Center of the Third Affiliated Hospital of Zhengzhou University between January 2015 and October 2019 in GnRH agonist downregulated stimulation protocols. The study was approved by the institutional review board of the Third Affiliated Hospital of Zhengzhou University.

Among the candidates undergoing a GnRH agonist long protocol for the first-time IVF–embryo transfer (IVF–ET) or intracytoplasmic sperm injection (ICSI) cycles, only those aged 20–40 years with an antral follicle count ≥5-7, AMH≥0.5-1.1mg/L(7.85–10 pmol/L), basal FSH concentration (on day 3 of a spontaneous menstrual cycle) <10 IU/L, hysteroscopic evidence of a normal uterine cavity and no ovarian stimulation over the previous 6 months, presence of both ovaries, and normal karyotypes in both partners were included (8). All patients were treated with a conventional starting Gn dose of 150–225 IU recombinant FSH (rFSH) in a fixed GnRH agonist protocol. The following exclusion criteria were used: body mass index [BMI=weight (kg)/height (m2)] <18.0 or BMI>28, polycystic ovarian syndrome (PCOS), endometriosis, chromosomal abnormalities, endocrinological and/or autoimmune disorders, or presence of only one ovary.



Ovarian Stimulation Protocol (GnRH-Agonist Long Protocol)

All patients underwent a GnRH agonist long protocol with the GnRH agonist triptorelin (Diphereline, 3.75 mg GnRH-a, IPSEN, France) on the second day of the menstrual cycle, and Gn stimulation was initiated after standard downregulation (9). Suboptimal response was defined as serum E2 levels <658.8 pmol/L on the sixth to eighth day of stimulation with ultrasound evidence of at least six follicles ranging from 6 to 10 mm but with no follicle with a mean diameter ≥10 mm. For patients with suboptimal response, follicular stimulation was continued using 75–150 IU of recombinant luteinizing hormone (LH) (Luveris, Serono) in addition to an increasing dose of rFSH, which has been shown to achieve pregnancy and implantation rates similar to those of patients with normal response (10). Normal response was defined as ultrasound evidence of at least six follicles ranging between 6 and 10 mm with at least one follicle with a mean diameter ≥10 mm. If at least three follicles were > 18 mm in diameter, human chorionic gonadotropin (hCG, Merck Serono, Italy) was administered as the trigger. Transvaginal oocyte retrieval was performed 36 h later, and ET was performed on day 3 after oocyte retrieval. For frozen embryo transfers (FETs), embryos that were not suitable for cryopreservation on day 3 were cultured until days 5 or 6 and vitrified if they reached the blastocyst stage. Luteal-phase support with vaginal combined oral progesterone was started three days before FET.



Outcome Measures of CLBR

The primary outcome was the number of cumulative live births per ovum pick-up (OPU), which was defined as the first live-born baby at ≥28 weeks of gestation resulting from a completed ART cycle, including all fresh ETs and FETs resulting from the associated ovarian stimulation. If a live birth occurred, the patients achieved the outcome regardless of subsequent cycles. According to this definition, multiple deliveries or multiple live births from the same pregnancy were considered one live birth. CLBRs were calculated as the proportion of cycles in which the first live birth was achieved (11).



Statistical Analysis and Sample Size

Statistical analysis was performed using SPSS software (version 17.0 for Windows; SPSS Inc., Chicago, IL, USA). If continuous variables were normally distributed, they were presented as mean value ± standard deviation (SD). If continuous data were not normally distributed, median [range] were presented. Categorical data are described by number of cases, including numerator/denominator and percentages. A value of p<0.05 was considered significant. Continuous variables are calculated via dependent-sample t tests or Mann-Whitney U test, as appropriate. Categorical variables are analysed via chi-square or Fisher exact test, as appropriate. A multivariable logistic regression analysis was used to evaluate the relative prognostic significance of age, BMI, AMH, basal FSH, initial dosage of Gn, and total dosage of Gn used in relation to the clinical pregnancy rate and abortion rate. Interactions between independent covariates were adjusted.

PSM was utilized for sampling at up to 1:1 nearest-neighbour matching with caliper (0.05) to balance the baseline and improve the comparability between groups. The PSM allowed each patient who underwent suboptimal response to be matched to normal response patient with similar characteristics, which included age, BMI, AMH, basal FSH, initial dosage of Gn, total dosage of Gn used. A total of 649 participants (after PSM) would provide 95% power to detect no difference in CLBR, assuming a standard deviation of 2 and an alpha of 0.05.




Results


The Risks of Suboptimal Response

Prior to matching, 676 patients with suboptimal response and 4,542 patients with normal response were available for analysis (Figure 1). After PSM, a total of 649 patients with suboptimal response were successfully matched to 649 patients with normal response (Table 1).




Figure 1 | Flowchart of the included population.




Table 1 | Comparison of baseline characteristics patients before and after PSM.



Table 1 presents the patient characteristics before and after matching. There were no differences in basal LH, basal E2, AMH or TSH between the two groups, but the age, BMI and basal FSH of the unexpected suboptimal response group were higher (Table 1). Compared with the normal response group, initial dosage of Gn was lower (171.34 ± 30.71, 190 ± 32.33, p=0.001), and the total Gn dose (3,058.30 ± 1,152.53 vs. 2300± 961.06, p=0.001) and days of ovulation (16.45 ± 2.710 vs. 13.04± 1.983, p=0.000) were higher in the unexpected suboptimal response group (Table 1). After PSM, there were no difference in age, BMI and basal FSH, initial dosage of Gn and total dosage of Gn used.

Table 2 presents Multivariate logistic regression analysis of slow ovarian response, and it showed that age, BMI and basal FSH were independent risk factors for slow response and the initial dosage of Gn, FSH on the first day of Gn, and LH on the first day of Gn were independent protective factors for suboptimal response.


Table 2 | Multivariable logistic regression of suboptimal ovarian response (before PSM).





The Difference of Serum LH Levels

LH, FSH and E2 levels on the first day and LH and E2 levels on the 8th day of Gn in the suboptimal response group were significantly lower than those in the normal response group (Table 1). But on the day of hCG injection, there was no significant difference in the LH level between the two groups (Figure 2).




Figure 2 | LH levels on the first day of Gn, the 8th day of Gn and the day of hCG injection in the suboptimal response group and normal response group. *means P < 0.05, NS means no statistical significance.





About IVF/ICSI Outcomes

The number of oocytes retrieved in the fresh cycles was significantly higher in the normal ovarian response group (13.41 ± 6.629 vs. 15.36± 6.658, p=0.000), but other results such as the good-quality embryo rate, the blastocyst rate, the pregnancy rate, or the early abortion rate showed no difference (Table 3). And all of these showed no difference after PSM. Regarding CPR in the fresh IVF/ICSI cycles, the adjusted results did not show any significant difference (Table 4). Regarding the PSM results, there was no difference in CPR, CLBR, or offspring safety related data such as gestational age, preterm delivery rate, birthweight, birth-height and Apgar Scores between the two groups (Table 5). However, a suboptimal response increases increased the cost and the time to live birth (Tables 1 and 5).


Table 3 | Comparison of laboratory index and IVF/ICSI outcomes of patients before and after PSM.




Table 4 | Logistic and multivariate regression analysis before PSM (adjusted for age, BMI, AMH, basal FSH, initial dosage of Gn, total dosage of Gn used).




Table 5 | Stratified analysis of CLBR after PSM (adjusted for age, BMI, AMH, basal FSH, initial dosage of Gn, total dosage of Gn used).



Figure 3 shows the trend of the number of oocytes retrieved with age. Age-related changes in the number of oocytes retrieved from women aged 20–40 years between the two groups were different (Figure 3). When the patient age was above than 28 years, the number of oocytes retrieved declined at different rates.




Figure 3 | Age-related changes in the treatment outcomes of women aged 20–40 years in the normal ovarian response group and suboptimal ovarian response group.






Discussion

An appropriate ovarian response to controlled ovarian hyperstimulation (COH) is extremely important for the success of IVF (12, 13). Previous studies have suggested that obesity, advanced age, LH deficiency and decreased ovarian reserve are risk factors for slow ovarian response (14). However, a specific subgroup of patients who are supposed to be normal responders based on their ovarian reserve may respond suboptimally, manifesting as an “unexpected suboptimal response” during COH.

There is consensus that age, BMI and AMH directly influence the Gn dose and the pregnancy outcome of IVF (15, 16). During the process of FSH-mediated stimulation of follicular growth, the serum FSH concentration needs to pass the “threshold” to initiate multi-follicular development. This “threshold” effect is weakened in obese patients, resulting in the need for additional doses of FSH to stimulate follicular growth. Therefore, in this study, older women, obese women and those with a low ovarian reserve were excluded, and the population with a normal ovarian reserve and the expectation of a normal ovarian response were specifically selected to explore the risk factors for unexpected suboptimal response. Our results showed that there were no differences in basal endocrine and metabolic levels between the two groups, but the age, BMI, and basal FSH of the unexpected suboptimal response group were still higher. The multivariate logistic regression analysis of slow ovarian response showed that age, BMI and basal FSH were independent risk factors for slow response. Interestingly, we found that the oligomenorrhea rate was significantly higher in the unexpected suboptimal response group.

Treatment with Gn agonists is a current method used for infertility treatment. Gn agonists can significantly suppress pituitary function, but in some patients, this will result in excessive suppression, which significantly reduces LH levels and induces a slow ovarian response (17). Our research shows that LH, FSH and E2 levels on the first day and LH and E2 levels on the 8th day of Gn treatment were significantly lower in the suboptimal response group than in the normal response group. On the day of hCG injection, there was no significant difference in the LH level between the two groups. The issue of LH supplementation in ART cycles has been a matter of debate for years, but it still needs to be clarified. Some hold that LH has no role or might even negatively impact the IVF cycle by inducing early luteinization (18), while others hold that administration of 75–150 IU of LH does not induce early luteinization (19, 20). Regarding the suboptimal response, we continued follicular stimulation using 75–150 IU of recombinant LH in addition to increasing doses of rFSH. But our results showed that the ET cancellation rate due to increased progesterone was identical in the suboptimal response group as that in the normal response group, without inducing early luteinization.

Our study also suggested that the initial dose of Gn in the suboptimal ovarian response group was lower than that in the normal group. Some studies suggest that this is the main cause of suboptimal response in patients for whom a normal response would otherwise be expected with a long-agonist regimen (21). After controlling for confounding endocrine disorders and ovarian reserve, identifying the factors that cause a suboptimal response is often a challenge for a clinician when counselling patients. A suboptimal response means higher total Gn, a longer ovulation time and a higher cost. A previous retrospective cohort study demonstrated that an increase in the average daily dose of Gn was the only variable significantly associated with a higher oocyte yield in women with normal ovarian reserve undergoing two IVF cycles (22). Daily dosages of FSH in the range of 150–225 IU create maximal stimulation in patients with low, normal and high responders, Increasing FSH to a dosage of 300 IU will not create more oocytes (23, 24). Poor response is indisputably recognized as problematic, as the far below-average prognosis for a live birth, especially among older women, sheds doubt on the added value of ART (25), where in producing oocyte numbers in the range of 4–9 is optimal. However, unlike these populations, the pregnancy outcome of patients with a suboptimal response can be made to be the same as that of the normal population by increasing the dose of rFSH and LH (19). Our study also suggested that even through the number of oocytes retrieved in the fresh cycles was significantly higher in the normal ovarian response group than in the suboptimal ovarian response group, there was no difference in the good-quality embryo rate, the blastocyst rate, the pregnancy rate, or the early abortion rate. Multivariate logistic regression analysis showed that suboptimal ovarian response did not affect clinical pregnancy rate and abortion rate adjusted for age, BMI, AMH, basal FSH, initial dosage of Gn, and total dosage of Gn used.

To exclude the effects of age on ovarian reactivity, the number of oocytes retrieved was calculated for different age subgroups within the two groups. Results showed that the age-related changes in the number of oocytes retrieved from women aged 20–40 years between the two groups were different. Specifically, above 28 years of age, the number of oocytes retrieved declined at different rates between the two groups. This suggests that with increasing age, among older women, patients with normal ovarian response had a significant advantage in terms of their ovarian reserve over patients with suboptimal ovarian response. Does this suggest that ovarian reserve declines more quickly in patients with suboptimal ovarian response?

The primary goal of ART is to provide effective and safe personalized solutions to help infertile couples achieve a live birth. This objective should be attained with the mindset of securing the shortest time to live birth while avoiding negative consequences for the mother and new-born. One of the major strengths of our retrospective longitudinal study is that after PSM, we had a large homogeneous group of women who had the same age, BMI, and AMH level and the same initial dose of Gn. With the PSM results, there was no difference in the CPR or CLBR between the two groups. This suggests that the occurrence of a suboptimal ovarian response increases only the time of ovulation promotion but does not affect the outcome in terms of pregnancy achievement. To investigate suboptimal response affects offspring safety, we compared relevant data. There was no difference in gestational age, preterm delivery rate, birthweight, birth-height and Apgar Scores between the two groups after PSM. But suboptimal response still increases the cost to the patient and the time to live birth.

However, caution is needed owing to limitations that do exist and need to be highlighted. First, the retrospective study design is per its definition associated with inherent biases that may affect our results. Finally, although the number of oocytes was found to increase in the normal response group compared with the unexpected suboptimal response group, our design could not allow for evaluation of the effect on cumulative live birth rates from fresh ETs. Although we can now improve the outcomes of suboptimal responders, it increases the cost to the patient and the time to live birth. Especially in older women, does suboptimal response suggest faster decline in ovarian function? These still requires us to explore the causes in different populations.
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Objective

We explored the gut microbiome and serum metabolome alterations in patients with premature ovarian insufficiency (POI) and the effects of hormone replacement therapy (HRT) with the aim to unravel the pathological mechanism underlying POI.



Methods

Fecal and serum samples obtained from healthy females (HC, n = 10) and patients with POI treated with (n = 10) or without (n = 10) HRT were analyzed using 16S rRNA gene sequencing and untargeted metabolomics analysis, respectively. Peripheral blood samples were collected to detect serum hormone and cytokine levels. Spearman’s rank correlation was used to evaluate correlations between sex hormones and cytokines and between the gut microbiota and serum metabolites. To further confirm the correlation between Eggerthella and ovarian fibrosis, the mice were inoculated with Eggerthella lenta (E. lenta) through oral gavage.



Results

The abundance of genus Eggerthella significantly increased in the fecal samples of patients with POI compared to that observed in the samples of HCs. This increase was reversed in patients with POI treated with HRT. Patients with POI showed significantly altered serum metabolic signatures and increased serum TGF-β1 levels; this increase was reversed by HRT. The abundance of Eggerthella was positively correlated with altered metabolic signatures, which were, in turn, positively correlated with serum TGF-β1 levels in all subjects. Estrogen ameliorated ovarian fibrosis induced by E. lenta in mice.



Conclusions

The interactions between the gut microbiota, serum metabolites, and serum TGF-β1 in patients with POI may play a critical role in the development of POI. HRT not only closely mimicked normal ovarian hormone production in patients with POI but also attenuated gut microbiota dysbiosis and imbalance in the levels of serum metabolites and TGF-β1, which are reportedly associated with fibrosis. The findings of this study may pave the way for the development of preventive and curative therapies for patients with POI.
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Graphical Abstract | Jiang et al. report that the abundance of Eggerthella significantly increased in fecal samples of patients with premature ovarian insufficiency. Moreover, circulating metabolites and TGF-β1 levels were elevated in these patients. These alterations were all reversed by HRT. The abundance of Eggerthella was positively correlated with the increased circulating metabolites, which were, in turn, positively correlated with the serum levels of TGF-β1, a profibrotic factor. * indicates positive correlations, *P<0.05.




1 Introduction

Premature ovarian insufficiency (POI) refers to ovarian functional decline before 40 years of age characterized by abnormal menstruation (amenorrhea or too frequent menses), elevated levels of follicle-stimulating hormone (FSH) (>25 U/L), and low serum levels of estradiol (E2) (1). POI has a variety of etiologies, including genetic, autoimmune, iatrogenic, surgical, and spontaneous manifestations associated with chemotherapy or radiotherapy. The underlying cause of POI in approximately 90% of patients with 46, XX normal karyotype who are younger than 40 years remains unelucidated (2).

Several studies have reported alterations in the gut microbiota of patients with ovarian dysfunction, especially in patients with polycystic ovary syndrome (PCOS) (3, 4). The gut microbiota may also affect metabolite levels in various metabolic pathways in patients with PCOS, especially in lipid metabolism, which, in turn, may further aggravate the imbalance of the intestinal microbiota (5). However, only one recent report identified altered microbial profiles in the gut microbiome of patients with POI. A reduction in the abundance of Phylum Firmicutes, genera Bulleidia and Faecalibacterium and increased abundance of phylum Bacteroidetes, genera Butyricimonas, Dorea, Lachnobacterium, and Sutterella was observed in females with POI compared to that in healthy controls (6). Therefore, the relationship between POI and the intestinal microbiota remains to be examined.

A recent meta-analysis revealed a correlation between POI and increased risk of type 2 diabetes mellitus (T2DM) (7). Accumulating evidence suggests that the gut microbiota is involved in the pathological development of insulin resistance, and therefore, contributes to the development of type 2 diabetes mellitus by affecting the levels of important metabolites (8, 9). In addition, a recent study revealed that the abundance of multiple metabolites, especially lipids, glycerophospholipids, steroids, and amino acids, was altered remarkably in ovarian tissues after the development of POI in mice and was reversed by the injection of the human umbilical cord mesenchymal stem cells (10). However, whether changes in the gut microbiota profile of patients with POI would lead to an imbalance in serum metabolites and subsequently induce menopausal symptoms and other health risks remains to be elucidated.

Further, the estrogen-gut microbiome axis has a critical impact on the overall health of menopausal females in animal models and humans (11, 12). Intestinal epithelial estrogen receptor beta impacts the gut microbiota diversity in mice (13). Ovariectomy and E2 administration significantly changed the composition of gut microbiota and the abundance of microbial short-chain fatty acids, thereby impacting the overall health in a menopausal rat model (14). A randomized controlled study revealed that hormone replacement therapy (HRT) also significantly reduced the amount of atherogenic lipids in postmenopausal females (15). In fact, appropriate HRT, which replaces premenopausal ovarian sex hormone levels, is essential to improve the quality of life and lower associated health risks in patients with POI. HRT can reduce menopausal symptoms and fracture risk, protect against the early progression of cardiovascular diseases, and improve the emotional health and cognitive function of patients (2). Therefore, we hypothesized that HRT may exert therapeutic effects by altering the gut microbiota and circulating metabolite profiles.

This study aimed to examine the alterations in the intestinal microbiota and serum metabolites in patients with POI and the mechanisms underlying improvements mediated in the menopausal symptoms and other health risks associated with POI by HRT in patients with POI with (n = 10) and without (n = 10) HRT by comparison with healthy females (HCs, n = 10). We aimed to conduct a 16S rRNA gene sequencing analysis of fecal samples and untargeted metabolomics analysis of serum samples and analyze the correlations between the gut microbiota and serum metabolites and among serum metabolites, serum sex hormones, and cytokines (Figure 1).




Figure 1 | Schematic diagram of the experimental protocol involved in the collection of blood and fecal samples from the participants.





2 Materials and Methods


2.1 Study Subjects

All participants (HCs, n = 10; patients with POI, n = 10; patients with POI treated with HRT, n = 10) were recruited at the Department of Obstetrics and Gynecology of Sir Run Run Shaw Hospital, Zhejiang University School of Medicine. All subjects provided written informed consent for sample collection and analyses. The study and all experimental procedures were approved by the ethics committee of Sir Run Run Shaw Hospital, Zhejiang University School of Medicine (approved code: keyan20211108-32).

Patients with POI were diagnosed based on the following criteria: oligo/amenorrhea for at least 4 months, and an elevated serum FSH level > 25 IU/L detected at two intervals more than four weeks apart before the age of 40 years (16). All Patients with POI had 46, XX karyotype, not attributed to known etiology, such as genetic abnormalities, autoimmune diseases, pelvic surgery, and chemo/radiotherapy treatment. The patients had no family history of POI (17). The healthy control donors were age-matched females (<40 years) who had regular menstrual cycles, normal levels of FSH (<10 IU/L), and normal levels of estrogen and progesterone. The exclusion criteria included any infected diseases, malignant tumors, intestinal diseases, obesity or other metabolism-related diseases, drug or alcohol use, and antibiotics, probiotics, or prebiotics use in the past three months. All participants in the HRT group received periodic sequential regimens and were treated for more than one year. During the first 11 days of the cycle, 17β-estradiol (2 mg) was administrated orally daily, followed by 7 days of withdrawal, and dydrogesterone (10 mg) was administered daily for 10 consecutive days. In addition, the height and bodyweight of the participants were measured, and the body mass index (kg m−2) was calculated.



2.2 16S rRNA Gene Sequencing

Genomic DNA extraction and library construction were performed at Shenzhen BGI Technology following a previously reported protocol (18).


2.2.1 Genomic DNA Extraction

Briefly, fresh fecal samples were collected in the morning before breakfast from each participant within one week after the end of menstruation. For participants in menopause, no time limit was set for collection. The middle section of the formed feces was excavated with a disposable sterile feces collector. The samples were rapidly frozen with liquid nitrogen for 5 min and stored at -80°C until microbial DNA extraction. The microbial community DNA was extracted using MagPure Stool DNA KF kit B (Magen, China) following the manufacturer’s instructions.



2.2.2 Library Construction

The variable regions V4 of bacterial 16S rRNA gene were amplified using degenerate PCR primers, 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′), and the PCR cycling conditions were set as follows: 95°C for 3 min, followed by 30 cycles at 95°C for 45 s, 56°C for 45 s, 72°C for 45 s, and a final extension at 72°C for 10 min. The validated libraries were subjected to sequencing on the Illumina HiSeq 2500 platform (BGI, Shenzhen, China) following the standard pipelines of Illumina, thereby generating 2 × 250 bp paired-end reads.



2.2.3 Sequencing and Bioinformatics Analysis

Sequencing and bioinformatics analysis were conducted as reported previously (19). Clustering analysis was conducted using QIIME (version 1.8.0) based on UPGMA. KEGG functional predictions were generated using the PICRUSt software. Bar plots and operational taxonomic unit (OTU) accumulation curves were plotted using the R package version 3.4.1 and version 3.1.1, respectively. Partial least-squares discrimination analysis (PLS-DA) was performed using the R package mixOmics. OTU rank curves were plotted using the R package version 3.1.1. A GraPhlan map of the species composition was generated using GraPhlAn. Significant genera or functions were determined using the Wilcoxon test or Kruskal test in R (version 3.4.1).




2.3 Untargeted Metabolomics Analysis of Serum

Metabolite extraction and liquid chromatography-mass spectrometry (LC-MS) were performed at Shanghai Applied Protein Technology following a previously reported protocol (20).


2.3.1 Metabolite Extractions

Briefly, peripheral blood samples were collected in the morning before breakfast from the elbow of the participant using a disposable vacuum blood collector. The samples were then centrifuged at 3,000 × g for 10 min, and the supernatants were transferred to clean tubes. Then, 400 μL of cold extraction solvent methanol/acetonitrile/water (2:2:1, v/v/v) was added to 100 mg of serum sample and adequately vortexed to extract metabolites from serum samples. After vortexing, the samples were incubated on ice for 20 min and then centrifuged at 14,000 × g for 20 min at 4°C. The supernatant was collected and dried in a vacuum centrifuge at 4°C. The samples were re-dissolved in 100 μL of acetonitrile/water (1:1, v/v) solvent and transferred to LC vials for LC-MS analysis.



2.3.2 LC-MS Analysis

Metabolite extracts were analyzed using a quadrupole time-of-flight MS (Sciex TripleTOF 6600) coupled to hydrophilic interaction chromatography via electrospray ionization for untargeted metabolomics of polar metabolites. LC separation was performed on an ACQUIY UPLC BEH Amide column (2.1 mm × 100 mm, 1.7 μm particle size) (Waters, Ireland) using a gradient of solvent A (25 mM ammonium acetate and 25 mM ammonium hydroxide in water) and solvent B (acetonitrile). MS was operated in both negative ion and positive ionization mode. The ESI source conditions were set as follows: Ion Source Gas1 as 60, Ion Source Gas 2 as 60, curtain gas as 30, source temperature of 600°C, IonSpray Voltage Floating (ISVF) ± 5500 V. In auto MS/MS acquisition, the instrument was set to acquire over the m/z range of 25–1000 Da, and the accumulation time for product ion scan was set at 0.05 s/spectra. The product ion scan was acquired using information-dependent acquisition (IDA) with high sensitivity mode.



2.3.3 Data Analysis

Data analysis was performed as previously reported (21). After the data was preprocessed using Pareto-scaling, multidimensional statistical analysis, orthogonal partial least-squares discriminant analysis (OPLS-DA) was performed. The first principal component of the variable importance in the projection (VIP) was obtained from OPLS-DA to refine this analysis. The fold-change value of each metabolite was calculated by comparing the mean value between HCs and POI, POI and HRT, and HCs and HRT. The differential metabolites were further identified and validated using three databases, including Kyoto Encyclopedia of Genes and Genomes (KEGG)1, Human Metabolome Database, and Bovine Metabolome Database. The KEGG library was applied to the enrichment analysis of the KEGG metabolic pathway based on the differential metabolites. Hierarchical clustering was also performed as previously reported (22).




2.4 Detection of Serum Sex Hormones

Serum levels of FSH, E2, and progesterone were assessed using a competitive immunoassay. Peripheral blood samples were centrifuged at 3,000 × g for 10 min, and the supernatants were transferred to clean tubes. The assay was conducted using a Beckman Coulter Dx l800 system (174399; Beckman Coulter) strictly according to the manufacturer’s instructions.



2.5 Enzyme-Linked Immunosorbent Assay (ELISA) of Serum Cytokines

The blood samples were centrifuged at 3,000 rpm for 15 min at 4°C and stored at –80°C for subsequent serum determinations. The levels of IFN-γ (88-7316; Invitrogen), IL-6 (88-7066; Invitrogen), IL-17a (88-7117; Invitrogen), TGF-β1 (88-50390; Affymetrix eBioscience), IL-1β (1110122; Dakewe Biotech, Shenzhen, China), and TNF-α (1117202; Dakewe Biotech) were determined using the indicated ELISA kits following manufacturer’s instructions.



2.6 Animal Experiments

Female C57BL/6 (8-weeks old) mice were purchased from the Hangzhou Ziyuan Laboratory Animal Technology Co. Ltd. All mice were maintained under specific-pathogen-free conditions. All experimental procedures involving animals were conducted in accordance with the Guide for the Care and Use of Laboratory Animals (China), and the protocols were approved by the Animal Research Ethics Committee of Sir Run Run Shaw Hospital of Zhejiang University. The mice were free to drink water containing antibiotics for four days before E. lenta transplantation. The E. lenta group was administrated E. lenta (ATCC 25559) suspension at a dose of 2 × 108 colony-forming units per 0.2 ml suspended in sterile anaerobic phosphate-buffered saline (PBS) orally twice per week for three weeks. Oral gavage of the same dose of heat-killed E. lenta was administered as the control. Seven days after E. lenta transplantation, mice received an intraperitoneal injection of PBS or E2 (100 μg/kg) daily for two weeks. Then, the mice were anesthetized and euthanized. The ovaries were processed for immunohistochemistry staining with TGF-β1 (ab215715, Abcam), α-SMA (ab124964, Abcam), and Collagen I (ab34710, Abcam) following the manufacturer’s instructions.



2.7 Statistical Analysis

For the 16S rRNA gene sequencing analysis, the beta diversity was estimated using QIIME (v1.8.0) at the OTU level, and the P-value was calculated using the Kruskal-Wallis multi-group comparison test. The nonparametric factorial Kruskal-Wallis rank-sum test was used to identify significantly different genera among different groups. P < 0.05 was considered statistically significant.

For the untargeted metabolomics analysis, significance was determined using an unpaired Student’s t-test. VIP value > 1 and P < 0.05 were considered statistically significant. KEGG pathway annotation was performed as previously reported (23). Fisher’s Exact Test was used to analyze and calculate the significance level of the enrichment pathway.

Data on the serum hormone and cytokine levels were statistically analyzed using Prism 6.0 (GraphPad version 6). All data are presented as the mean ± SEM. The means of two groups were compared using the student’s t-test and those of multiple groups were compared using a one-way analysis of variance. P < 0.05 was considered significant. Spearman’s rank correlation was used to calculate the correlation between microbiota genera and metabolite levels, microbiota genera and serum hormone and cytokine level, metabolite levels, and serum hormone and cytokine levels.




3 Results


3.1 HRT Reverses Serum Hormone and Profibrotic Factor Levels in Patients With POI

We collected the serum samples from patients and detected the levels of serum sex hormones and cytokines (Table 1). Serum E2 and progesterone levels were significantly reduced in patients with POI compared to HCs, but these were reversed by HRT (Figure 2A). Serum FSH level was significantly increased in patients with POI compared to those in HCs; however, this increase was not reversed by HRT (Figure 2A). Serum levels (pg/mL) of the cytokines IFN-γ, IL-6, IL-17a, IL-1β, and TNF-α were not significantly affected by POI, except for TGF-β1 (ng/mL), whose level was significantly increased in patients with POI compared to that in HCs. This increase was reversed by HRT (Figure 2B). These data indicated that HRT may ameliorate the reduction in E2 and progesterone levels but does not affect high FSH levels in patients with POI and suppress fibrosis in patients with POI.


Table 1 | Characteristics of the sample donors.






Figure 2 | Serum hormone and cytokine levels in the three study groups. (A) Serum levels of E2, progesterone, and FSH in the three study groups. (B) Serum cytokine levels in the three study groups were compared using one-way analysis of variance with GraphPad Prism 6. Data are represented as mean ± SEM. n = 10 in each group, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, NS, not significant.





3.2 HRT Partially Attenuates Gut Microbial Dysbiosis in Patients With POI

As shown in Figure 3A, the OTU accumulation curve reflected the impact of the number of samples on genus diversity; flattening of the curve indicated a sufficient sampling quantity. The OTU richness of a sample is reflected by the length observed along the horizontal axis of the OTU rank curve; the wider the curve, the richer the OTU composition of the sample. The uniformity of OTUs in a sample is reflected by the shape of the curve along the vertical axis; the flatter the curve, the more uniform the species composition of the sample. No significant differences were observed in OTU richness and uniformity among the three study groups (Figure 3B). Furthermore, PLS-DA suggested that the overall gut microbiota composition differed among the three study groups (Figure 3C). The dominant phyla in the samples of the three groups were Bacteroidetes, Firmicutes, Fusobacteria, and Proteobacteria (Figure 3D). The β-diversity of the gut microbiota was decreased in patients with POI; this reduction was reversed by HRT (Figure 3E).




Figure 3 | Alterations in gut microbial profiles in POI patients with or without HRT. (A) Operational taxonomic unit (OTU) accumulation curve. The horizontal coordinate represents the number of samples, and the vertical coordinate represents the number of OTUs (i.e., the number of genera detected). (B) OTU rank curve of each sample (blue: HCs; orange: POI patients; green: POI patients treated with HRT). The abscissa indicates the order of OTU abundance, and the ordinate indicates OTU abundance. (C) Partial least squares discriminant analysis (PLS-DA) of data obtained from the three groups showed grouped discrimination. (D) Evolutionary clade tree constructed based on the phylum, class, order, family, and genus (the 50 most abundant were selected). The clade tree was constructed from inside to outside, with each circle representing a level in the order phylum, class, order, family, and genus. Different phyla are colored differently, and the higher the number of nodes in the branching tree, the higher the abundance of the genus. The outer rings indicate abundance maps, and each ring represents a group of samples (one sample), and each group of samples corresponds to a color, the shade of which varies with the abundance of the genus. (E) Box plot of differences in beta diversity of the gut microbiota among the three study groups (n = 10/group). (F) Sankeyplot of highly abundant genera in the three study groups (sorted by the total mean abundance of each group). (G) Wilcoxon test of genus differences between healthy control and POI groups. A bar chart of the relative abundances in each group is shown on the left. The middle panel shows the log2 value of the average relative abundance ratio of the same species in the two groups. The panel on the right shows p values and false discovery rate values obtained by the Wilcoxon test, *P < 0.05. (H) Wilcoxon test of differences in the genus Eggerthella among the three groups, *P < 0.05.



By analyzing the degree of similarity in bacterial taxonomy, we compared the abundance of gut microbiota at the genus level among the three groups. The top 10 abundant gut microbiota at the genus level among the three groups are shown in Figure 3F; however, no significant differences were observed at the genus level among the three groups (Figure 3F). The abundance of Eggerthella and Staphylococcus were increased, whereas that of Comamonas and Barnesiella was significantly decreased in patients with POI compared to that in HCs (P < 0.05) (Figure 3G). However, only the increase in the abundance of Eggerthella was significantly reversed by HRT (Figure 3H). These data indicated that the gut microbiota is dysbiotic in patients with POI, and HRT partially attenuates the gut microbiota dysbiosis in patients with POI.



3.3 HRT Reverses Serum Metabolite Alterations in Patients With POI

To investigate potential associations between the gut microbiota and circulating metabolites in patients with POI, we profiled serum metabolites using a non-targeted metabolomics approach. Among all metabolites identified, lipids and lipid-like molecules were the most abundant, accounting for 37.572% of the total metabolites, followed by organic acids and derivatives, organoheterocyclic compounds, undefined compounds, benzenoids, organic oxygen compounds, phenylpropanoids and polyketides, and organic nitrogen compounds (Figure 4A). The distribution of the metabolites identified in the three groups is shown in a Venn diagram (Figure 4B). The supervised orthogonal projections to latent structures-discriminant analysis (OPLS-DA) score plots showed a clear separation between the HC and POI groups and between the POI and HRT groups (Figure 4C). The relative abundances of 33 significantly different metabolites (VIP value > 1 and P < 0.05) among the three groups, including 13 lipid and lipid-like molecules, nine organic acids and derivatives, two organoheterocyclic compounds, two organic oxygen compounds, two undefined compounds, and one organic nitrogen compound are shown in Figure 4D. The figure shows that the abundance of these circulating metabolites was substantially higher in patients with POI than that in the HC and HRT groups. These differential metabolites were further evaluated using the KEGG pathway analysis. The KEGG pathway analysis showed that the most enriched metabolites were ATP-binding cassette (ABC) transporters (Figure 4E) comprising nine metabolites (Figure 4F). The abundance of these nine metabolites was significantly increased in patients with POI. However, this increase was reversed by HRT (Figure 4F), suggesting that HRT reversed the alterations in serum metabolic profile in patients with POI.




Figure 4 | HRT reverses the metabolic alterations in the serum of patients with POI. (A) Subclass pie chart of the metabolites identified. (B) Venn diagram of metabolites identified in the sera obtained from the healthy controls, POI, and HRT groups. (C) Orthogonal prediction analysis of the underlying structure (by OPLS-DA) in positive mode to exclude the orthogonal variables irrelevant to the categorical variables in the metabolites. The horizontal coordinate represents the predicted score of the first principal component, and the vertical coordinate represents the score of the orthogonal principal component. (D) Heat map of hierarchical clustering analysis of the samples of the three groups. (E) Bubble diagram of KEGG enrichment analysis. (F) Heatmap of enriched metabolites involved in the pathway associated with ABC transporters.





3.4 Circulating Metabolites Are Correlated With the Gut Microbiota and Serum Factors

The correlations among 33 differential serum metabolites and 23 gut microbial genera among the three groups were analyzed (Figure 5A). We found that the abundance of Eggerthella was positively correlated with the serum levels of uridine, vitamin K1, 1,2-dipalmitoleoyl-sn-glycero-3-phosphocholine, L-palmitoylcarnitine, 3-hydroxystanozolol glucuronide, and 1,2-dilauroyl-sn-glycero-3-phosphatidylcholine (P < 0.01); and malonyl-l-carnitine, D-erythro-sphingosine-1-phosphate, N-desmethylulipristal acetate, 1-o-hexadecyl-2-o-(n-methylcarbamoyl)-sn-glyceryl-3-phosphorylcholine, N-palmitoyl-d-erythro-dihydroceramide-1-phosphate, 1-monolinoleoyl-rac-glycerol, and glutamic acid (P < 0.05) (Figure 5A). Among the metabolites that were significantly positively correlated with Eggerthella, except uridine, which was undefined, and glutamic acid, which is an organic acid, the other 10 metabolites were lipids and lipid-like molecules (Figure 5A). The abundance of Eggerthella was not significantly correlated with the serum levels of E2, progesterone, FSH, and TGF-β1 (Figure 5B).




Figure 5 | Associations between serum hormone and TGF-β1 levels, gut microbial species, and circulating metabolites. (A) Spearman’s rank correlations between 23 gut microbial species and 33 serum metabolites in healthy controls (n = 10), premature ovarian insufficiency (n = 10), and hormone replacement therapy (n = 10) groups. (B) Spearman’s rank correlations between 23 gut microbial species and serum estradiol (E2), progesterone, follicle-stimulating hormone (FSH), and TGF-β1 levels in the three study groups. (C) Spearman’s rank correlations between 33 serum metabolites and serum E2, progesterone, FSH, and TGF-β1 levels in the three study groups. Red indicates positive correlations between the bacterial genera and the metabolites, and blue indicates negative correlations between the bacterial genera and metabolites. *P<0.05, **P<0.01.



Most of the 33 significantly different metabolites among the three groups were correlated positively with serum TGF-β1 levels and negatively correlated with serum E2 levels (Figure 5C). Among the metabolites that were significantly positively correlated with Eggerthella, 1-monolinoleoyl-rac-glycerol and glutamic acid were positively correlated with serum TGF-β1 levels (P < 0.01). Uridine, vitamin K1, malonyl-l-carnitine, D-erythro-sphingosine-1-phosphate, 1,2-dipalmitoleoyl-sn-glycero-3-phosphocholine, 1,2-dilauroyl-sn-glycero-3-phosphatidylcholine, and 3-hydroxystanozolol glucuronide were all positively correlated with serum TGF-β1 levels (P < 0.05), and the latter three metabolites were negatively correlated with serum E2 levels (P < 0.05) (Figure 5C). In addition, 6-ketoprostaglandin e1, choline, D-fructose, hypoxanthine, L-palmitoylcarnitine (P < 0.01), 1-o-hexadecyl-2-o-(n-methylcarbamoyl)-sn-glyceryl-3-phosphorylcholine, calciferol, perifosine, pheniramine, and taurine (P < 0.05) were positively correlated with serum TGF-β1 levels (Figure 5C).



3.5 Estrogen Ameliorated Ovarian Fibrosis Induced by Eggerthella lenta in Mice

To further investigate the correlation between Eggerthella and ovarian fibrosis, mice were inoculated with E. lenta, the type species of genus Eggerthella, using oral gavage (Figure 6A). Compared with mice transplanted with sterile PBS, mice transplanted with E. lenta suspension demonstrated a significant increase in the expression of TGF-β1, α-SMA, and collagen I in the ovarian tissue, especially in the stroma and theca cells (Figures 6B, C), indicating increased levels of ovarian fibrosis. To confirm whether HRT ameliorated ovarian fibrosis induced by E. lenta, after inoculation with E. lenta, the mice were injected with or without E2 intraperitoneally daily. Compared with mice transplanted with E. lenta but without E2 supplementation, the expression of TGF-β1, α-SMA, and collagen I in the ovarian tissue reduced approximately to normal levels in the mice transplanted with E. lenta and supplemented with E2 (Figures 6B, C). These data reveal that estrogen ameliorated ovarian fibrosis induced by E. lenta in mice.




Figure 6 | Estrogen ameliorated ovarian fibrosis induced by Eggerthella lenta in mice. (A) Schematic diagram of the animal experimental protocol. (B) The expression of TGF-β1, α-SMA, and collagen I in mice ovarian tissues was detected using immunohistochemistry. Data are representative images obtained upon examination of mice in the control, E. lenta, and E. lenta + E2 group. (C) Staining intensity of TGF-β1, α-SMA, and collagen I expression analyzed via H-SCORE analysis and compared using one-way analysis of variance (ANOVA), followed by Newman-Keuls multiple comparison test using GraphPad Prism 7 (n = 6); scale bar = 100 μm; mean ± SEM, (*P < 0.05, **P < 0.01, NS, not significant).






4 Discussion

This study demonstrated different abundances of Eggerthella in the gut and different serum levels of metabolites and TGF-β1 in patients with POI, and these alterations were reversed by HRT. Correlations among the altered factors were analyzed. The results demonstrated that serum metabolites, especially lipids and lipid-like molecules, were positively correlated with TGF-β1 levels and Eggerthella.

Eggerthella are anaerobic, nonsporulating, gram-positive bacteria of the family Coriobacteriaceae. This genus has been underrecognized for a long time, and their pathogenicity is poorly characterized (24). Vieira-Silva et al. (25) recently reported that Eggerthella may be associated with systemic inflammation. Abnormally-elevated abundance of Eggerthella induced the production of serum uremic toxins, including p-cresol sulfate, phenylacetylglycine, phenyl sulfate, indoxyl sulfate, creatinine, and urea, thereby aggravating renal fibrosis and promoting renal disease development (26). Increased abundance of Eggerthella has also been found in patients with sarcopenic cirrhosis and was correlated with the level of fibroblast growth factor 21 in cirrhosis patients (27). Autoimmune POI is characterized by ovarian fibrosis, which is caused by proinflammatory immune cell infiltration (28). The abundance of Eggerthella in the stool of patients with POI and its involvement in the development of POI remained unexamined in previous studies. This study revealed that the abundance of Eggerthella was increased in patients with POI, and this increase was reversed by HRT, suggesting that Eggerthella may be involved in the development of POI. Moreover, our findings indicate that HRT not only closely mimics the normal ovarian hormone production in patients with POI but also attenuates gut microbial dysbiosis, which is reportedly associated with fibrosis.

Among the 33 differentially expressed serum metabolites, Eggerthella abundance was primarily positively correlated with lipids and lipid-like molecules. The abundance of Eggerthella is increased in patients with Rett syndrome, and it induces alterations in short-chain fatty acids profiles (29). Colonization of Eggerthella in patients with coronary artery disease resulted in increased circulating cholesterol levels (30). The alteration of lipid metabolites in POI with respect to Eggerthella is unclear. Nevertheless, abnormalities in lipid metabolism and glucose metabolism and a reduction in kidney function have been reported in females with POI (31, 32). As mentioned earlier, an association between POI and increased risk of T2DM has also been recognized (7). These findings suggest that POI is not just a local lesion of the ovary but a systemic abnormality affecting multiple factors ranging from the gut microbiota to circulating lipid metabolites, which can be improved by HRT.

Different metabolites involved in the ABC transporter pathway were identified and enriched in the sera of patients with POI. In humans, ABC transporters represent the largest family of transmembrane proteins, which demonstrate crucial functions in cell homeostasis, including mitochondrial iron homeostasis, cholesterol metabolism, immunity, and drug response (33). Dysfunction of these transporters is reportedly associated with cystic fibrosis (33, 34). This study indicated that HRT may attenuate abnormalities in the blood metabolite profile of patients with POI, particularly abnormal levels of ABC transporters, which have been associated with cystic fibrosis.

TGF-β1 is a master regulator of extracellular matrix accumulation and, consequently, a potential key driver of fibrosis, which found to strongly promote fibronectin and collagen production (35–37). TGF-β1 is also a suppressor of excessive inflammation (38), however, we found that serum TGF-β1 was increased in POI patient without HRT, instead of decreased, and other inflammatory cytokines were not change statistically. An increased serum TGF-β1 level suggests a higher level of fibrosis in patients with POI; this increase is attenuated by HRT. We also found that the serum TGF-β1 level was positively correlated with circulating metabolites, which were also largely positively correlated with intestinal Eggerthella. These data suggest that HRT downregulates the expression of TGF-β1.

Nevertheless, this study has some limitations. The sample size of each group was too small. Although some intestinal genera and serum metabolites demonstrated changes with respect to abundance, these changes were not statistically significant. For example, the abundance of Prevotella 9 was decreased and that of Bacteroides was increased in patients with POI; these increases were reversed by HRT (Figure 3F). However, these alterations were not statistically significant (P > 0.05), which may become significant after increasing the sample size. Larger sample size may help us discover more potential POI-related intestinal genera. Hence, further studies with larger sample sizes are needed in the future. In our study, animal experiments confirmed the correlation between intestinal E. lenta and ovarian fibrosis, but the serum metabolites were not detected simultaneously due to limitations in time and experimental conditions. The specific mechanism underlying the induction of ovarian fibrosis by E. lenta needs to be elucidated in the future.

In summary, our study revealed alterations in the gut microbiota, circulating metabolites, and serum cytokine profiles in patients with POI, and these alterations could be reversed by HRT. We also observed positive correlations between the gut microbiota and circulating metabolites and between circulating metabolites and TGF-β1 levels. Interactions between the gut microbiota, serum metabolites, and serum cytokines in patients with POI may play a critical role in the development of POI. This knowledge may pave the way for the development of preventive and curative therapies for patients with POI.
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Background

The efficacy of Kuntai capsule combined with letrozole (LE) in improving ovarian function of polycystic ovary syndrome (PCOS) has been evaluated before, but there is still a lack of evidence-based support for the regulation of sex hormone levels. In recent years, new randomized clinical trials (RCTs) have been reported on the effect of combined therapy on regulating sex hormone levels.



Objective

We aimed to systematically evaluate the efficacy of Kuntai capsule combined with LE in the treatment of PCOS.



Methods

A search across the China Biomedical Literature Database (CBM), China National Knowledge Infrastructure (CNKI), China Science and Technology Journal Database (VIP), Wanfang database, PubMed, Web of Science, The Cochrane Library, and Embase was conducted on Kuntai capsule combined with LE in the treatment of PCOS. The time of the self-built database was up to April 30, 2021. RCTs of LE in the control group and LE combined with Kuntai capsule in the experimental group were selected. RevMan5.3 software was used for data analysis.



Results

A total of 17 studies were gathered, which included 1,684 patients. The meta-analysis results showed that the total effective rate of the combined group was 93.36% and that of the LE group was 78.15%. The improvement in the ovulation rate, pregnancy rate, number of mature follicles, endometrial thickness, cervical mucus score, and serum follicle stimulating hormone (FSH), luteinizing hormone (LH), and prolactin (PRL) in the combined group was consistent with the results of a previous meta-analysis and was better than that in the LE group (p < 0.05). In addition, the combination group was better than the LE group in regulating the levels of estradiol (E2) and testosterone (T) (p < 0.05). There were no adverse drug reactions in the two groups during treatment.



Conclusion

As a type of pure traditional Chinese medicine preparation, Kuntai capsule combined with LE had a better effect than LE alone in the treatment of PCOS, with advantages mainly reflected in enhancing ovarian function and regulating the levels of sex hormones in vivo, among others, but the value of combined therapy still needs to be verified by more high-quality RCTs.
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1 Introduction

Kuntai capsule is the first Chinese patent medicine approved for the treatment of ovarian function decline (1). Kuntai capsule can improve the ovarian function in polycystic ovary syndrome (PCOS), and its efficacy is mainly manifested in improving the ovulation rate, pregnancy rate, number of mature follicles, endometrial thickness, cervical mucus score, etc. (2) Kuntai capsule uses the theory of traditional Chinese medicine to open up the cell vein, promote blood circulation, remove stasis, replenish blood, and clear collaterals so as to effectively improve endometrial blood flow and improve ovarian and uterine hormone secretion. The pharmacological action of letrozole (LE) is to reduce estrogen production by inhibiting aromatase. In premenopausal women, inhibition of estrogen synthesis leads to increased gonadotropin [luteinizing hormone (LH) and follicle stimulating hormone (FSH)] levels, which stimulate follicular growth, leading to ovulation (3–5). However, a large number of clinical application studies have found that, due to the short half-life of the drug, its effect continues to decrease when the estrogen level decreases in the late follicular development, and the dominant follicle may not be discharged. Various studies have shown that the success rate of LE for ovulation induction is about 70%–84%, but the pregnancy rate is only 20%–27% (6). Whether the combination of Kuntai capsule and LE can exhibit a synergistic effect needs support from large-sample evidence-based medical validation. By looking for evidence-based medical proof and combining expert clinical drug use experience, expert consensus can finally be reached, and guidelines will be formed and issued for clinical frontline doctors in the use of Kuntai capsule combined with LE. This is of great significance for reducing clinical risks and improving clinical efficacy. In this paper, randomized clinical trials related to the combined intervention of two drugs on PCOS were screened from multiple databases, aiming to evaluate the clinical value of Kuntai capsule combined with LE in the intervention of PCOS and to provide new evidence for further research on the synergistic and antagonistic effects of Kuntai capsule combined with LE in clinical applications.



2 Materials and Methods


2.1 Retrieval Strategy

Multiple Chinese and English databases were searched using a computer, including PubMed, Web of Science, EMBASE, Cochrane Library, China Biomedical Literature Database (CBM), China National Knowledge Infrastructure (CNKI), Wanfang Database, and China Science and Technology Journal Database (VIP). The last time all databases were searched was updated to April 1, 2021. English search adopted medical subject headings (MeSH) term and free word database and applied the following terms: “Polycystic ovary syndrome”, “Kuntai Capsule”, and “Letrozole”. The Chinese search criteria were as follows: “duonangluanchaozonghezheng”, “kuntaijiaonang”, and “laiquzuo”.



2.2 Inclusion Criteria

	Participants: participants meet the clear diagnostic criteria for PCOS (e.g., the Rotterdam Diagnostic Criteria in 2003 or the diagnostic criteria issued and implemented by the Ministry of Health of China in 2011);

	Intervention: Kuntai capsule combined with LE;

	Comparison: LE alone;

	Outcomes: change in the ovulation rate, pregnancy rate, total effective rate, number of mature follicles, endometrial thickness, cervical mucus score, FSH, LH, prolactin (PRL), estradiol (E2), and testosterone (T) after the treatment;

	Study design: randomized clinical trial (RCT); and

	Language: English or Chinese studies.





2.3 Exclusion Criteria

	Non-RCT articles, review articles, animal experiments, etc.;

	The research content does not conform to the theme; and

	The subjects had other diseases and medications that might affect the statistical results.





2.4 Literature Screening, Data Extraction, and Quality Assessment

Literature screening, data extraction, and quality assessment were carried out independently by two researchers back to back, and the final results were cross-checked.

If there was any disagreement, two people discussed it; if no agreement could be reached, a third party made the decision. All search results retrieved from each database were imported into the EndNote literature management software. Firstly, duplicate studies were eliminated, and then the title and abstract were read for preliminary screening. Finally, the full text was read and a final decision was made according to the inclusion and exclusion criteria. Excel tables were established for data extraction, including the first author and year of publication, sample size, age, course of the disease or years of infertility, intervention measures, course of treatment, and outcome indicators. The modified Jadad scale was used for quality assessment. Studies scored 4–7 were classified as high-quality studies, while those with scores 1–3 were considered as low-quality studies.



2.5 Statistical Methods

The outcome index data of the included studies were input into RevMan 5.3 software for heterogeneity test and meta-analysis. Among them, the odds ratio (OR) was used for the statistical analysis of counting indicators; standardized mean difference (SMD) was used for the statistical analysis of quantitative indicators. The 95% confidence intervals (CIs) were calculated for both types of data. The heterogeneity of each outcome index was tested using the Q series and I2 methods. When the heterogeneity was small (p > 0.1, I2 < 50%), the fixed effects model was used for analysis. When the heterogeneity was large (p ≤ 0.1, I2 ≥ 50%), the random effects model was used for analysis.



2.6 Prognostic Criteria

	Cure: menstruation and sex hormone levels return to normal;

	Significant effect: normal menstrual period, sparse menstrual volume, and acne and sebum overflow symptoms were significantly improved;

	Effective: sparse menstrual volume, acne and sebum overflow symptoms have been partially improved;

	Ineffective: patients with amenorrhea, acne, and sebum overflow symptoms show no significant improvement or even aggravation;



	




3 Results


3.1 Literature Retrieval Results

Through the databases, 73 studies in Chinese and 0 study in English were retrieved. Among them, 49 were duplicate studies and 24 were obtained after deletion. By reading the abstracts, 1 study that was not consistent with the research content and 2 studies that were not RCTs were excluded. After reading the full texts, 2 articles not consistent with the research content and 2 articles that were not RCTs were excluded. Finally, all the remaining 17 studies (7–23) were included in the meta-analysis, with publication years from 2016 to 2020, including 1,684 patients. The basic characteristics of the included studies are shown in Table 1. The study selection was summarized in a PRISMA flow diagram (Figure 1).


Table 1 | Basic features of the included studies.






Figure 1 | Flow diagram of the study selection process.





3.2 Ovulation Rate and Cycle Pregnancy Rate


3.2.1 Ovulation Rate

Ovulation rate was reported in 5 studies (9, 13, 14, 18, 21), with 209 cases in both the combined group and the LE group, and there was no heterogeneity between the studies (p = 0.95, I2 = 0%). The fixed effects model was selected for meta-analysis, and the results showed that the difference between the two groups was statistically significant (OR = 3.36, 95%CI = 1.90–5.94, p < 0.0001). It showed that the combination therapy can improve the ovulation rate of patients. The forest diagram is shown in Figure 2.




Figure 2 | Meta-analysis of the effect of Kuntai capsule combined with letrozole on the ovulation rate in polycystic ovary syndrome (PCOS).





3.2.2 Pregnancy Rate

Pregnancy rate was reported in 9 studies (9, 13, 14, 16–19, 21, 22), which included 483 patients and 188 pregnancies in the combination group, with a pregnancy rate of 38.92%. Of the 476 patients in LE group, 112 were pregnant, and the pregnancy rate in the LE group was 23.53%. There was no heterogeneity between the studies (p = 0.80, I2 = 0%). The fixed effects model was selected for meta-analysis, and the results showed that the differences between the two groups were significant (OR = 2.33, 95%CI = 1.72–3.15, p < 0.00001). The pregnancy rate of the combined group was higher than that of the LE group, indicating that the combined use of Kuntai capsule can increase the pregnancy rate. The forest map is shown in Figure 3.




Figure 3 | Meta-analysis of the effect of Kuntai capsule combined with letrozole on the pregnancy rate in polycystic ovary syndrome (PCOS).





3.2.3 Total Effective Rate

Total effective rate was reported in 6 studies (7, 10, 12, 14, 15, 19), including 271 cases in the combined group and 253 cases which were effective. The total effective rate was 93.36% in the combined group. Of the 270 cases in LE group, 211 were effective. The total effective rate in the LE group was 78.15%. There was no heterogeneity among studies (p = 0.96, I2 = 0%). The fixed effects model was selected for meta-analysis, and the results showed that the total response rate for Kuntai capsule combined with LE in the treatment of PCOS increased with statistical significance compared with that for letrozole alone (OR = 4.04, 95%CI = 2.29–7.12, p < 0.00001). The forest map is shown in Figure 4.




Figure 4 | Meta-analysis of the effect of Kuntai capsule combined with letrozole on the total effective rate in polycystic ovary syndrome (PCOS).






3.3 Indicators Related to Follicular Maturation

The observed data of ovulation after treatment included the number of mature follicles, endometrial thickness on ovulation day, and the cervical mucus score, which showed high heterogeneity (I2 = 93%). After sensitivity analysis, the heterogeneity was reduced after one study was removed, but it still existed. The heterogeneity test results of the last three indicators indicated that there was heterogeneity among the indicators, and so the random effects model was selected for meta-analysis. The results showed that the number of mature follicles, endometrial thickness on ovulation day, and the cervical mucus scores of the combined group were better than those of the LE group. The results of the indicators related to follicular maturation are shown in Table 2.


Table 2 | Results of indicators related to follicular maturation.





3.4 Serum Sex Hormone Levels


3.4.1 Follicle Stimulating Hormone

The time of venous blood collection measured by FSH ranged from 2 to 4 days from the beginning of the menstrual cycle. The results of the heterogeneity test suggested that there was heterogeneity in the FSH levels between studies, so the random effects model was selected for meta-analysis. The results showed that there was a significant difference in the FSH levels between the two groups (p < 0.05), as shown in Figure 5.




Figure 5 | Meta-analysis of the effect of Kuntai capsule combined with letrozole on serum follicle stimulating hormone (FSH) in polycystic ovary syndrome (PCOS) treatment.





3.4.2 Luteinizing Hormone

The time of venous blood collection measured by LH ranged from 2 to 4 days from the beginning of the menstrual cycle. The results of the heterogeneity test suggested that there was heterogeneity in the LH levels between studies, so the random effects model was selected for meta-analysis. The results showed significant differences between the two groups (p < 0.05), as shown in Figure 6.




Figure 6 | Meta-analysis of the effect of Kuntai capsule combined with letrozole on luteinizing hormone (LH) in polycystic ovary syndrome (PCOS).





3.4.3 Prolactin

The time of venous blood collection measured by PRL ranged from 2 to 4 days from the beginning of the menstrual cycle. The heterogeneity test results suggested that the PRL levels were heterogeneous between studies, so the random effects model was selected for meta-analysis. The results showed that PRL was significantly different between the two groups (p < 0.05), as shown in Figure 7.




Figure 7 | Meta-analysis of the effect of Kuntai capsule combined with letrozole on prolactin (PRL) in the treatment of polycystic ovary syndrome (PCOS).





3.4.4 Estradiol

The time of venous blood collection measured by E2 ranged from 2 to 4 days from the beginning of the menstrual cycle. The heterogeneity test results suggested heterogeneity of the E2 levels between studies, so the random effects model was selected for meta-analysis. The results showed significant differences in E2 levels between the two groups (p < 0.05), as shown in Figure 8.




Figure 8 | Meta-analysis of the effect of Kuntai capsule combined with letrozole on estradiol (E2) in polycystic ovary syndrome (PCOS) treatment.





3.4.5 Testosterone

The time of venous blood collection measured by T ranged from 2 to 4 days from the beginning of the menstrual cycle. The heterogeneity test results suggested heterogeneity in the T levels between studies, so the random effects model was selected for meta-analysis. The results showed significant differences in T levels between the two groups (p < 0.05), as shown in Figure 9.




Figure 9 | Meta-analysis of the effect of Kuntai capsule combined with letrozole on testosterone (T) in the treatment of polycystic ovary syndrome (PCOS).





3.4.6 Progesterone

The time of venous blood collection measured by P ranged from 2 to 4 days from the beginning of the menstrual cycle. The heterogeneity test results suggested heterogeneity in the P levels between studies, so the random effects model was selected for meta-analysis. The results showed no significant difference in the levels of P between the two groups (p > 0.05), as shown in Figure 10.




Figure 10 | Meta-analysis of the effect of Kuntai capsule combined with letrozole on progesterone (P) in polycystic ovary syndrome (PCOS) treatment.







4 Discussion


4.1 Innovations and Limitations of This Study

In this study, 17 RCTs (7–23) on Kuntai capsule combined with LE in the treatment of PCOS were included. All the included studies were originally published in Chinese; therefore, this meta-analysis assists in allowing the information from these studies to reach a broader range of readers by summarizing the major findings in English. The meta-analysis results showed that the total effective rate, ovulation rate, and pregnancy rate in the combined group were higher than those in the LE group, and the number of mature follicles, endometrial thickness, and the cervical mucus scores were better than those in the LE group. Meanwhile, the levels of FSH, LH, PRL, E2, and T decreased in the combined group, but there was no significant difference in the p-values. Kuntai capsule, as a new preparation, has a certain role in improving the ovarian microenvironment, which can strengthen the function of the ovary, promote ovulation, and improve the pregnancy rate, and has plant estrogen-like effects, which can effectively adjust the sex hormone levels in the body, improve the blood flow state and receptive endometrium, promote endometrial hyperplasia, and provide a higher possibility for embryo implantation. Compared with other traditional biological indicators, the anti-Müllerian hormone (AMH) has several obvious advantages in the evaluation of ovarian reserve. As the most accurate biomarker of ovarian aging, AMH can reflect the decline trend of ovarian reserve with age earlier, and its level is not affected by the menstrual cycle, hormonal contraceptives, and pregnancy (24). None of the 17 included studies detected AMH indicators. In future clinical trials, more attention should be paid to the regulation of Kuntai capsule combined with LE on AMH.



4.2 Comparison Between Previous Studies and This Study

A meta-analysis on the efficacy and feasibility of Chinese patent medicine combined with LE in the treatment of female ovulation disorders has recently been published in Front. Pharmacol. (https://doi.org/10.3389/fphar.2021.722122) (25). This paper analyzed the advantages and disadvantages of six kinds of Chinese patent medicines in the treatment of ovulation disorders, namely, Kuntai capsules, Fuke Zaizao capsules, Fufang Xuanju capsules, Fuke Yangying capsules, Bailing capsules, and Dingkun Dan. This study has a number of strengths. We aimed to reach expert consensus by seeking evidence-based medical proof and combining experts’ clinical experience in drug use to form and issue guidelines for clinical frontline doctors on the use of proprietary Chinese medicines. It is of great significance to reduce clinical risks and improve clinical efficacy. This study also has limitations. Firstly, the number of articles about Kuntai capsule was the largest among the included studies, but there were no special and detailed analyses on its efficacy. In addition to the study of Kuntai capsule, the remaining five proprietary Chinese medicines were included in very few studies. Therefore, the evidence for conclusions based on network meta-analysis is low. Secondly, only three outcome measures were considered, namely, ovulation rate, pregnancy rate, and endometrial thickness on the day the follicles matured. The studies did not mention the regulatory effect of LE combined with Kuntai capsule on various hormone levels.

Clinical studies on interventions using Kuntai capsule combined with LE for PCOS are gradually increasing. A total of 13 RCTs were published before 2019 (26), and 4 additional RCTs (7–10) were published in 2020, an increase of 30.77%, indicating that Kuntai capsule combined with LE has gradually become a hotspot of clinical research in recent years. A previous meta-analysis (26) systematically evaluated the efficacy of a two-drug intervention for PCOS, but due to the number of cases and the quality of the study, there may be a risk of bias. In addition, a previous meta-analysis (26) focused more on the efficacy of the combination of the two drugs in improving ovarian function (ovulation rate, pregnancy rate, number of mature follicles, endometrial thickness, and cervical mucus score), but did not carry out detailed analysis on the efficacy in regulating sex hormone levels. In 2020, there were 379 new cases included in 4 RCTS (7–10), an increase of 29.04% compared with that in previous meta-analysis (6) (1,305 cases). All 4 studies (7–10) mentioned random method (random number table method), and 3 of them (7–9) analyzed the comparability of baseline data. Three studies (7–9) carried out detailed analysis on the changes of sex hormone levels before and after intervention, with complete outcome data. A previous study (26) found that there was no significant difference in the efficacy of LE alone in regulating P, E2, and T between the two drugs combined with LE (p > 0.05). However, this study found that Kuntai capsule combined with LE also had significant effects on regulating the levels of E2 and T (p < 0.05), indicating that the combination of the two drugs had a synergistic effect on regulating the levels of sex hormones. During the treatment period, no adverse reactions such as nausea, vomiting, dizziness, headache, breast pain, and skin allergy occurred in the combination and the LE group, indicating that the combination of the two drugs did not produce significant antagonistic effects and did not increase the incidence of adverse reactions. The newly included literature provides higher quality evidence to support the efficacy of the two-drug therapy in PCOS intervention.



4.3 Possible Pharmacological Effects of Kuntai Capsule and Letrozole on Ovulation Induction

PCOS is an endocrine disorder syndrome with the coexistence of reproductive dysfunction and abnormal glucose metabolism (27). The pathological physiological manifestations of the disease are mainly on the regulation of the hypothalamus–pituitary–ovarian axis dysfunction and the gonadotropin-releasing hormone secretion of the hypothalamus, which can lead to the secretion of PRL, FSH, and LH by the pituitary gland, thus increasing ovarian secretion of T and estrogen and inhibiting the development of follicles, eventually causing follicular atresia, being unable to escape from the ovaries. This leads to secondary amenorrhea and infertility. In addition, due to the lack of periodic progesterone secretion of PCOS, the endometrium is stimulated by pure estrogen for a long time, and endometrial dysplasia is prone to occur, which is not conducive to the implantation of fertilized eggs. Therefore, the key to the treatment of PCOS is to effectively regulate the hormone levels of patients, restore their ovulation function, and enhance the receptivity of the endometrium. For patients with fertility needs, modern medicine usually adopts symptomatic treatment by inducing ovulation. According to traditional Chinese medicine, the etiology and pathogenesis of PCOS are closely related to kidney deficiency, liver stagnation, spleen deficiency, cuspidor, and blood stasis. The formulation of Kuntai capsule was adapted from the “Treatise on Typhoid and Miscellaneous Diseases” by Zhang Zhongjing (28), which included six traditional Chinese medicines: Radix Scutellariae, Rehmannia glutinosa, Coptis Rhizoma, Paeonia lactiflora, Donkey Jiao, and Poria cocos. The king medicine, cooked Dihuang, can produce lean pulp, nourish the yin and kidney, and nourish the blood. Rhizoma coptidis and Paeonia lactiflora  play the role of soothing liver and stopping spasmolysis, clearing heat and dampness; donkey-hide gelatin and cooked rehmannia glutinosa have a synergistic effect on nourishing Yin and blood. The adjuvant Astragalus dispels heat and reduces fire, and Poria cocos invigorates the spleen and tranquilizes the mind. The combination of various drugs can nourish the yin, clear heat, calm the mind and eliminate irritability, help in the communication between the heart and kidney, regulate yin and yang, and cure both symptoms and root causes (29).

As a pure Chinese medicine preparation, Kuntai capsule combined with LE can adjust the hormone levels, improve ovarian function, increase the ovulation rate, confer good cervical mucus characteristics of sperm, which is conducive to the thickening of the cervix and endometrium, create favorable conditions for embryo implantation, and improve the infertility pregnancy rate of patients with PCOS (30). In order to provide more reliable and rigorous evidence-based support for the combined clinical use of the two drugs, higher quality, large sample size, and multicenter clinical trials are needed for verification, and the follow-up time should be extended to increase the recording of pregnancy outcomes. Therefore, long-term analysis and evaluation of Kuntai capsule combined with LE in the treatment of PCOS are needed.
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Background

Previous studies have described the effects of different drugs in preventing ovarian hyperstimulation syndrome (OHSS). However, the efficacies of those drugs in preventing OHSS remain inconclusive.



Methods

We searched the PubMed, Web of Science, Embase, and Cochrane Central Register of Controlled Trials (CENTRAL) databases. A network meta-analysis of randomized controlled trials (RCTs) was performed up to August 2021. We investigated the following drugs in our study: aspirin, albumin, metformin, calcium, cabergoline, quinagolide, letrozole, hydroxyethyl starch (HES), and glucocorticoids. The primary outcome was the incidence rate of moderate-to-severe OHSS, with the results presented as risk ratios (RRs) with 95% confidence intervals (CIs).



Results

The incidence of moderate-to-severe OHSS was significantly reduced by calcium administration (risk ratios [RR] 0.14, 95% confidence interval [CI]: 0.04, 0.46) (grade: high), HES (RR 0.25, 95% CI 0.07, 0.73) (grade: high), and cabergoline (RR 0.43, 95% CI 0.24, 0.71) (grade: moderate). The surface under the cumulative ranking curve (SUCRA) indicated that calcium (SUCRA, 92.4%) was the most effective intervention for preventing moderate-to-severe OHSS. These drugs were safe and did not affect clinical pregnancy, miscarriage, or live birth rates.



Conclusion

Calcium, HES, and cabergoline could effectively and safely prevent moderate-to-severe OHSS, with calcium as the most effective intervention.





Keywords: ovarian hyperstimulation syndrome, various drugs, controlled ovulation stimulation, network meta-analysis, OHSS



Introduction

Ovarian hyperstimulation syndrome (OHSS) is a common complication of controlled ovulation stimulation (COS). A review reported that the incidence of OHSS was 6%–11% for in vitro fertilisation or intracytoplasmic sperm injection (IVF/ICSI) (1). To date, several risk factors have been reported for OHSS including high serum anti-Mullerian hormone levels (> 3.4 ng/mL), high peak estradiol (E2) (> 3500 pg/mL), multiple follicle development (> 25), and a high number of retrieved oocytes (> 24) (2). Women with polycystic ovarian syndrome (PCOS) are at higher risks of developing OHSS during COS. In addition, our previous studies have shown that the incidence of OHSS is related to temperature and is higher in extreme climates (summer and winter) (3). Mild OHSS is characterised by slightly enlarged ovaries. Moderate OHSS is characterised by abdominal distension, nausea, vomiting, and diarrhoea. Pleural fluid, ascites, abnormal kidney function, and coagulation abnormalities, which could be life threatening, can be observed in severe OHSS patients (4). Furthermore, OHSS increases the cycle cancellation rate and financial burden, which prolongs the treatment time. Therefore, OHSS prevention is a key clinical concern.

Currently, several approaches have been used to prevent OHSS, such as using gonadotropin-releasing hormone (GnRH) antagonist protocols for COS, replacing the human chorionic gonadotropin (HCG) with GnRH-agonist for trigger, and replacing the fresh embryo transfers to whole embryo cryopreservation (2). Previous studies have described the effects of numerous drugs in preventing OHSS, including calcium (5–9), glucocorticoids (10–12), hydroxyethyl starch (HES) (13, 14), albumin (13, 15–23), aspirin (24, 25), cabergoline (6–9, 12, 15, 22, 23, 26–32), letrozole (24, 33), metformin (34–43), and quinagolide (31, 44). However, the efficacies of these drugs in preventing OHSS remain controversial or inconclusive.

Given the lack of direct comparisons among studies, the optimal drugs for preventing OHSS remain unclear. In this network meta-analysis, we present direct and indirect evidence regarding multiple drug comparisons (45). Furthermore, we considered the efficacy and safety of different drugs in preventing OHSS during COS. The aim of this study was to investigate drugs that can prevent OHSS and to compare the efficacy of different interventions to provide clinical guidance for women at high-risk of OHSS.



Methods


Inclusion and Exclusion Criteria

Our study population was at high risk of OHSS based on any of the following conditions: ≥ 20 retrieved oocytes, E2 > 3000 pg/mL on HCG day, ≥18 follicles on HCG day, and polycystic ovary syndrome (PCOS) or polycystic ovary (9, 18, 34, 38). We included the following drugs in our study: aspirin, albumin, metformin, calcium, cabergoline, quinagolide, letrozole, HES, glucocorticoids, bromocriptine, and progesterone. Placebo, blank group, or other drugs were used as controls. We excluded studies if treatment was performed using the same medicine, with only the dose and duration of use differing between groups. Moreover, we excluded studies that combined two or more drugs. The outcomes included the incidence rate of moderate-to-severe OHSS, clinical pregnancy rate, miscarriage rate, and live birth rate. We only included RCTs regarding the prevention of OHSS during IVF/ICSI, and excluded retrospective studies, reviews, case reports, conference papers, meta-analyses, duplicate published studies, studies lacking the required outcome indicators and incomplete data regarding outcome indicators, studies lacking the appropriate design, and studies with poor quality assessment. Since this study was a network meta-analysis, formal ethical approval was not required.



Search Strategy and Screening

This study was performed according to the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) (46). We searched for eligible RCTs in the PubMed, EMBASE, Web of Science, and Cochrane Library databases published from database establishment to 22 August 2021. The search strategy and adjustment to the syntax for the databases are presented in Supplemental 1. Additionally, we searched for relevant articles in the references. Two researchers independently screened the articles (D. W. and H. S.), with disagreements being resolved by a third researcher (T. Y.).



Data Extraction and Efficacy Measures

We designed a special table for this analysis after a thorough assessment of all studies. We extracted the following data: first author (year), country, demographic characteristics (inclusion criteria for patients, diagnostic criteria for OHSS, age, body mass index [BMI]), sample size, COS protocol, details regarding drug use, number of moderate-to-severe OHSS, number of clinical pregnancies, number of miscarriages, number of live births, risk bias, and randomisation method. Additionally, we contacted the authors via calls or emails to obtain original data.



Primary and Secondary Outcomes

The primary outcome was the incidence rate of moderate-to-severe OHSS. Moderate-to-severe OHSS is mainly characterised by abdominal distension, nausea, vomiting, diarrhoea, hydrothorax, blood clotting disorders, and abnormal kidney function (4). Secondary outcomes included the clinical pregnancy rate, miscarriage rate, and live birth rate.



Risk-of-Bias Assessment

The risk of bias was assessed based on the Cochrane Collaboration Handbook for Quality Assessment (47). The tools used to evaluate the risk of bias included the following factors: allocation concealment, random sequence generation, blinding of participants and personnel, blinding of outcome assessment, selective reporting, incomplete outcome data, and other sources of bias. Each iteration was assessed; additionally, the risk of bias was classified as low, high, or unclear. Since this was a meta-analysis, formal ethical approval was not required.



Quality of Evidence

This meta-analysis assessed the quality of evidence-based on the Grading of Recommendations Assessment, Development, and Evaluation (GRADE) Working Group (48). The risk of bias, inconsistency (heterogeneity), imprecision, indirectness, and publication bias for pairwise comparisons were assessed. The quality of evidence was ranked as high (high confidence in the evidence), moderate (moderate confidence), low (some confidence), and very low (little confidence).



Statistical Analysis

In this network-meta analysis, analyses were performed using the Bayesian theory. We used the following analytics and graphing software: R (version 4.1.1), Stata (version 14.0, Stata Corp LP, 4905 Lakeway Drive, College Station, TX, USA), and JAGS (version 4.3.0). Furthermore, we used the gemtc package (49). The network meta-analysis was performed a priori using a Markov chain Monte Carlo method. Moreover, we used a generalised linear model with four chains, performing 50,000 iterations followed by 10,000 adjustments. Inconsistency was assessed using the node split method, with the results being analysed and ranked using the consistency and non-consistency models if the difference was insignificant and significant (p > 0.05), respectively (50). The study outcomes were binary variables; furthermore, the results were expressed as risk ratios (RR) with 95% confidence intervals (CI). Statistical significance was set at P < 0.05. Among-study heterogeneity was assessed using the I2 test (0%–30%, mild heterogeneity; 30%–60%, moderate heterogeneity; > 60%, substantial heterogeneity). Fixed-effects and random-effects models were used when heterogeneity was absent and present, respectively. In the case of a closed loop, the heterogeneity results were expressed as RR and its 95% CI, with 1 (RR) and P > 0.05 representing no heterogeneity; otherwise, heterogeneity was present. Forest and league plots were used to present the results of pairwise comparisons in the network meta-analysis. To determine the ranking of drug efficacy, we used Bayesian analysis to obtain the surface under the cumulative ranking curve (SUCRA) (45, 51). The effectiveness of each intervention is presented as a percentage, which allows identification of the best intervention. The SUCRA value is directly proportional to the effectiveness of the intervention (51, 52). Publication bias was assessed using a comparison-adjusted funnel plot.




Results


Literature Search Results

A preliminary search of multiple databases yielded 259 articles. After browsing the titles and abstracts, 82 studies were included. After a full-text review, 40 articles (n = 5849) were included. Figure 1 shows the flow chart. The included studies were presented in Supplemental 2.




Figure 1 | Flow chart.





Characteristics of Included Studies

We did not analyse the effect of bromocriptine and progesterone on OHSS since they were not assessed in the included RCTs. Therefore, nine interventions were analysed, including aspirin, letrozole, cabergoline, albumin, HES, metformin, calcium, glucocorticoids, and quinagolide. Thirteen RCTs included women with PCOS. The included RCTs used various criteria for classifying OHSS (Supplemental Table 1); The definitions for moderate-to-severe OHSS were similar (Supplemental 3.1). Most RCTs used Golan’s criteria for OHSS classification (4). Only 31 studies (n = 4964) with clear OHSS classification criteria and distinct reporting of moderate-to-severe OHSS were included in the analysis of the preventative effects of drugs on moderate-to-severe OHSS. The remaining nine RCTs were only analysed for safety outcomes (7, 22, 35, 36, 38–41, 43). Supplemental Table 1 presents the characteristics of the study population. The effects of eight drugs on clinical pregnancy were analysed in 29 RCTs (n = 3965). Cabergoline was the most frequently studied drug, followed by albumin and metformin. There were no significant differences of baseline characteristics (Supplemental Table 1).



Quality of Evidence

Table 1 shows the GRADE assessment of interventions for preventing moderate-to-severe OHSS. Nearly half of the evidence was moderate, with little evidence being low.


Table 1 | Quality of evidence for moderate-to-severe OHSS.





Primary Outcome Measure

Supplemental 3.2 shows a network plot for preventing moderate-to-severe OHSS. Most studies on the preventative effects of drugs on moderate-to-severe OHSS directly compared interventions with blank/placebo groups. One study directly compared aspirin and letrozole (24), while two studies directly compared cabergoline and albumin (15, 22). Another study directly compared cabergoline and HES (22), while two studies directly compared cabergoline and calcium (6, 8). Additionally, one study directly compared cabergoline and glucocorticoids (12), while two studies directly compared HES and albumin (13, 22), and another study directly compared cabergoline and quinagolide (31). Calcium (RR 0.14, 95% CI 0.04, 0.46) (grade: high), HES (RR 0.25, 95% CI 0.07, 0.73) (grade: high), and cabergoline (RR 0.43, 95% CI 0.24, 0.71) (grade: moderate) significantly prevented moderate-to-severe OHSS compared with placebo or blank control. Contrastingly, letrozole (grade: moderate), aspirin (grade: low), albumin (grade: moderate), metformin (grade: high), glucocorticoids (grade: moderate), and quinagolide (grade: high) could not prevent moderate-to-severe OHSS (P > 0.05). Figure 2A shows the forest plot.




Figure 2 | (A) The forest plot for incidence rate of moderate-to-severe OHSS. (B) The forest plot for clinical pregnancy rate. (C) The forest plot for miscarriage rate. (D) The forest plot for live birth rate.



According to the SUCRA results, the rankings in terms of effectiveness in preventing moderate-to-severe OHSS were as follows: calcium (SUCRA, 92.4%), HES (SUCRA, 78.6%), letrozole (SUCRA, 61.3%), metformin (SUCRA, 58.8%), cabergoline (SUCRA, 57.4%), quinagolide (SUCRA, 55.7%), albumin (SUCRA, 41.2%), aspirin (SUCRA, 23.0%), and glucocorticoids (SUCRA, 18.9%) (Figure 3). The league plot showed that calcium was significantly more effective in preventing OHSS than aspirin and albumin (grade: moderate, moderate, respectively). There was no significant difference among the remaining drugs (Figure 4). Node splitting revealed inconsistencies in the direct and indirect comparisons between the quinagolide and placebo/blank control groups. As shown in Supplemental 3.3, there were no significant inconsistencies between the remaining individual comparisons. There were heterogeneities of 64.7% (I2.pair) and 67.3% (I2.cons), which represented substantial heterogeneity. The forest plots of each drug were shown in Supplemental 3.4.




Figure 3 | The ranking of interventions for primary outcomes: the incidence rate of moderate-to-severe OHSS. The surface under the cumulative ranking curve values for calcium, hydroxyethyl starch (HES), letrozole, metformin, cabergoline, quinagolide, albumin, aspirin, glucocorticoids and placebo/blank was 92.4, 78.6, 61.3, 58.8, 57.4, 55.7, 41.2 23.0, 18.9 and 12.7%, respectively.






Figure 4 | Results of network meta-analysis for moderate-to-severe OHSS. Results are shown as RR (95%CI), representing column-defining treatment versus row-defining treatment. HES, Hydroxyethyl starch. Statistically significant results are shown in blue.





Secondary Outcome Measures


Clinical Pregnancy Rate

A total of 29 RCTs (n = 3965) were included. The league plot showed that none of the eight drugs affected the clinical pregnancy rate. Albumin significantly reduced clinical pregnancy rates compared with metformin (RR 0.77, 95% CI 0.60, 0.99). There were no significant differences in the other between-drug comparisons (Supplemental 3.5). Figure 2B shows the forest plot. There were heterogeneities of 0% (I2.pair) and 0% (I2.cons), which indicated no heterogeneity.



Miscarriage Rate

A total of 18 RCTs (n = 2816) were included. The league plot showed that none of the four drugs (cabergoline, albumin, metformin, and calcium) affected the miscarriage rate. There were no significant differences in the between-drug comparisons (Supplemental 3.6). Figure 2C shows the forest plot. The heterogeneities were 0% (I2.pair) and 0% (I2.cons), which represented no heterogeneity.



Live Birth Rate

A total of 17 RCTs (n = 2616) were included. The league plot showed that none of the four drugs (cabergoline, albumin, metformin, and calcium) affected the live birth rate. There were no significant differences in the between-drug comparisons (Supplemental 3.7). Figure 2D shows the forest plot. The heterogeneities were 35.0% (I2.pair) and 22.6% (I2.cons), which represented mild heterogeneity.




Risk of Bias

A few studies did not report allocation concealment and whether double blinding was used; therefore, they were judged as having an unclear risk. The plot of the risk of bias is shown in Supplemental 3.8. Supplemental 3.9 shows a comparison-adjusted funnel plot for the prevention of moderate-to-severe OHSS. Funnel plots for clinical pregnancies, miscarriages, and live births are shown in Supplemental 3.10-12. All funnel plots showed good symmetry, with none having publication bias.




Discussion

There remains inconclusive evidence regarding the best intervention for preventing OHSS given the lack of head-to-head studies for different interventions. This network meta-analysis included 40 RCTs assessing the effectiveness and safety of nine drugs for the prevention of moderate-to-severe OHSS. We found that calcium, HES, and cabergoline significantly reduced the incidence of moderate-to-severe OHSS (grade: high, high, and moderate, respectively). These drugs did not significantly affect the clinical pregnancy rates.

Our network meta-analysis showed that intravenous or oral calcium significantly prevented moderate-to-severe OHSS and was safe for patients. The SUCRA ranking showed that calcium was the most effective intervention for preventing OHSS. One RCT concluded that 200 mL saline containing 10 mL of 10% calcium gluconate for three consecutive days after oocyte retrieval significantly prevented OHSS compared to the placebo group (5). Intravenous or oral calcium was significantly more effective than cabergoline in preventing OHSS (6, 7). Vascular endothelial growth factor (VEGF) is a crucial factor in OHSS development and is associated with follicular growth, luteal function, angiogenesis, and vascular endothelial stimulation (2). The possible underlying mechanism of calcium preventing OHSS could be by inhibiting cyclic adenosine monophosphate-stimulated renin secretion, which reduces the production of angiotensin-converting enzyme II (53–55). This subsequently reduces VEGF expression in human luteinized granulosa cells (53–55).

This network meta-analysis showed that HES significantly prevented moderate-to-severe OHSS and demonstrated good safety. However, HES is less effective than calcium. A previous meta-analysis showed that administering 1000 ml of 6% HES on the day of oocyte retrieval effectively prevented OHSS (56). HES could prevent OHSS due to its large molecular mass of approximately 200,000kDa (14). HES increases the intravascular volume and osmotic pressure as well as reduces blood viscosity (14). Furthermore, HES inhibits platelet aggregation and reduces blood coagulation, which ultimately prevents OHSS development (14).

This network meta-analysis showed that oral administration of 0.5 mg cabergoline for 8 consecutive days starting from the HCG triggering day was safe and effective in preventing moderate-to-severe OHSS. Consistent with previous meta-analyses, cabergoline prevented moderate-to-severe OHSS and did not affect the clinical pregnancy rates, miscarriage rates, live birth rates, or multiple birth rates (57). Cabergoline is a dopamine receptor agonist that selectively binds to dopamine receptors to promote endocytosis of VEGF receptors (58). It blocks VEGF binding, interferes with the VEGF/VEGFR-2 pathway, reduces neovascularization, and decreases vessel permeability, which ultimately prevents OHSS development (58). However, subgroup analysis revealed that cabergoline did not prevent OHSS in women with PCOS. Few studies have investigated OHSS prevention using cabergoline in women with PCOS. Moreover, we found that quinagolide, another dopamine agonist, did not prevent moderate-to-severe OHSS.

Our analysis showed that metformin did not prevent OHSS. Currently, the efficacy of metformin in preventing OHSS remains controversial. The results of this RCT are consistent with our results (37). However, other studies suggest that metformin can prevent OHSS in patients with PCOS (41, 42). Metformin may prevent OHSS by reducing the levels of VEGF, insulin, and E2 on the HCG triggering day (59).

This network meta-analysis showed that letrozole did not prevent OHSS development. The effect of letrozole in preventing OHSS remains unclear. Letrozole is a third-generation aromatase inhibitor used to treat oestrogen receptor-positive breast cancer and as a first-line ovulation induction agent in assisted reproductive technology (60). Mai et al. concluded that using 5.0 mg letrozole daily for 5 days was superior to aspirin in preventing OHSS (24). However, another study showed that using 5.0 mg letrozole daily for 5 days from the day of oocyte retrieval did not prevent OHSS (61). One study compared the use of 7.5 mg and 5.0 mg letrozole daily for preventing moderate-to-severe OHSS (33). They found that 7.5 mg, but not 5.0 mg, per day effectively prevented OHSS (33). However, these findings should be interpreted with caution given the small number of studies and the wide CIs of the results.

Our analysis showed that aspirin did not prevent OHSS or PCOS, which is consistent with the findings of Namavar et al. (25). Consistent with a previous meta-analysis, albumin did not prevent OHSS (62). There are inconsistent reports regarding the role of glucocorticoids in preventing OHSS (10, 11, 63). Our analysis showed that glucocorticoids did not prevent OHSS. However, Revelli et al. found that acetylsalicylic acid combined with glucocorticoids could prevent severe OHSS and increase the number of oocytes retrieved (63).

This network meta-analysis has several advantages. It analysed the effects of nine drugs on the prevention of OHSS, clarified that three drugs (calcium, HES, and cabergoline) were able to prevent OHSS, and to the best of our knowledge, is the first of its kind to compare the effectiveness of different drugs. The effects of eight drugs (except letrozole) on clinical pregnancy rates were also analysed. It was conducted in strict accordance with the recommendations of the Cochrane Handbook and PRISMA statement. Furthermore, we conducted a comprehensive search of different databases to extract all relevant RCTs. However, this study has several limitations. First, there were missing direct comparative results between some interventions, which could have led to bias in the study results even though consistency models were used for fitting. Given the large number of studies that did not report the BMI, we could not conduct subgroup analysis based on the BMI. The SUCRA curve was used to estimate the ranking of effectiveness between the different interventions; however, it has limitations and the results should be interpreted with caution. The included RCTs reported few miscarriages and live births.



Conclusions

In conclusion, calcium, HES, and cabergoline are safe and effective in preventing moderate-to-severe OHSS. SUCRA showed that calcium is the most effective intervention for preventing moderate-to-severe OHSS. Given the limitations of this study, the aforementioned conclusions should be validated by large-scale multi-centre RCTs. Determining the effectiveness of various drugs for OHSS prevention could facilitate the establishment of the best protocol for OHSS prevention.
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The mean age of women seeking infertility treatment has gradually increased over recent years. This has coincided with the emergence of in vitro maturation (IVM), a method used in assisted reproductive technology for patients with special requirements. However, when compared with conventional in vitro fertilization, IVM is associated with poor embryonic development potential and low live birth rates, thus limiting the widespread application of this technique. In this study, we performed RNA-sequencing transcriptomic assays and identified a total of 2,627 significant differentially expressed genes (DEGs) between IVM oocytes and in vivo matured oocytes from mice of advanced reproductive age. Next, Kyoto Encyclopedia of Genes and Genomes pathway analysis was used to identify the potential functions of the DEGs. The most significantly enriched pathway was oxidative phosphorylation (OXPHOS). In addition, we constructed a protein-protein interaction network to identify key genes and determined that most of the hub genes were mtDNA-encoded subunits of respiratory chain complex I. Antioxidant supplementation lead to an increase in ATP production and reduced the gene expression profile of the OXPHOS pathway in the IVM group. Moreover, alternative splicing (AS) events were identified during in vivo or in vitro oocyte maturation; data showed that skipped exons were the most frequent type of AS event. A number of genes associated with the OXPHOS pathway exhibited alterations in AS events, including Ndufa7, Ndufs7, Cox6a2, Ndufs5, Ndufb1, and Uqcrh. Furthermore, the process of IVO promoted the skipping of exon 2 in Ndufa7 and exon 3 in Ndufs7 compared with the IVM oocytes, as determined by semi−quantitative RT−PCR. Collectively, these findings provide potential new therapeutic targets for improving IVM of aged women who undergo infertility treatment.
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Introduction

Global fertility has declined significantly over recent years and this has led to infertility becoming the third most prevalent disease after tumors and cardiovascular disease (1). The decline in fertility caused by advanced maternal age (≥ 35 years) has led to a significant increase in the incidence of infertility. Assisted reproductive technology (ART) offers a significant hope of pregnancy to women who are suffering from infertility. Notably, the mean age of women undergoing ART treatment has gradually increased (2, 3). In vitro maturation (IVM) of oocytes has emerged as an important ART procedure involving the in vitro culture and offers an alternative option for women with polycystic ovary syndrome (4). IVM can also prevent ovarian hyperstimulation syndrome during ovarian stimulation (5), can be of benefit to poor responders (6), and can help preserve fertility in patients being treated for cancer (7). However, previous studies have reported that maternal aging is associated with reduced IVM success rates and adverse events (8, 9). IVM is an alternative option for ovarian tissue cryopreservation (OTC); however, the success rates for IVM can be very low when used to mature oocytes retrieved from females of advanced age during OTC (10). Therefore, there is an urgent need to identify the molecular mechanisms underlying IVM so that this technique can be become a driving force for the implementation of ART technology.

The process of mitochondrial oxidative phosphorylation (OXPHOS) is a major metabolic pathway associated with ATP generation and involves five major membrane complexes (11). The OXPHOS system is the major source of reactive oxygen species (ROS) in mitochondria (12). Previous studies have revealed that the production of ROS via mitochondrial metabolism was higher in IVM oocytes than in vivo matured (IVO) oocytes (13, 14). This difference may be attributed to a number of environmental factors, including light exposure and the presence of antioxidants in the follicular fluid (15–17). In a previous study, Sanfins et al. reported that the fertilization rate was lower, and embryo development was delayed, in IVM oocytes than in IVO oocytes; these authors also reported a difference between these two types of oocytes with regards to cytoskeleton organization and nuclear lamina integrity (18, 19). Previous research identified several differentially expressed genes (DEGs) between IVM and IVO oocytes and demonstrated that the GATA-1/CREB1/WNT pathway is associated with the quality of human oocytes (20) and detected the cellular metabolism and genetic alterations in mouse oocytes (21). Furthermore, in our previous study, we investigated dynamic changes of gene expression between human IVM and IVO oocytes using single-cell transcriptome sequencing analysis. We found, for the first time, that metabolic function was impaired in human oocytes maintained in the in vitro environment (22). Our present study demonstrates, for the first time, the existence of altered alternative splicing (AS) events in the mitochondrial OXPHOS pathway between IVM and IVO oocytes from mice of advanced reproductive age.

Precursor mRNA refers to the process in which exons and introns are either excluded or included in gene expression, thus generating multiple different mature mRNAs and resulting in increased protein diversity (23, 24). A previous study revealed that approximately 95% of multi-exonic genes undergo AS regulation in humans, as determined by high-throughput sequencing technology (25). This regulatory system can be commonly categorized into five canonical patterns including skipped exon (SE), mutually exclusive exon (MXE), retained intron (RI), alternative 3´ and 5´ splice site (A3SS and A5SS) that are associated with the regulation of cell lineage differentiation, subcellular localization, tumor progression, and germ cell development (26–29). Furthermore, numerous reports have indicated that the aberrant pre-mRNA splicing of functional genes is involved in abnormal spermatogenesis and male infertility (30, 31). In mammalian oocytes, conserved stage-specific transcript variants indicate that alternative pre-mRNA splicing plays a crucial role in the accurate control of the maternal transcriptome (32, 33). For example, ESRP1 is involved in the AS programming of oocyte mRNA processing and the ESRP1 deletion-induced pre-mRNA splicing changes in spindle organization-related genes that lead to female infertility (34). Depletion of the nuclear m6A reader YTHDC1 causes extensive alternative polyadenylation and the 3′-UTR length is altered in oocytes, thus resulting in female sterility (35). Previous work in our group demonstrated that AS events are important regulatory mechanisms associated with the failure of maturation in human oocytes (36). However, our understanding of the differential expression of pre-mRNA splicing during the maturation of mammalian oocytes remains largely obscure.

In the present study, we used mice of advanced reproductive age as oocyte donors and identified differences in gene regulation during oocyte maturation when comparing IVO and IVM oocytes. Next, we investigated the molecular mechanisms underlying these changes at the level of the transcriptome. We performed KEGG pathway enrichment analysis and found that mitochondrial OXPHOS was significantly enriched. We also constructed an interaction network for the DEGs to investigate interacting partners and identified differential AS events among the DEGs that implied the potential physiological regulatory mechanisms may account for the inadequacies of oocytes derived by IVM. This research provides new insights into the outcomes of ART for women of advanced age with deficits in oocyte quality. Furthermore, we identified potential therapeutic biomarkers for clinical diagnosis that can be applied during the development of IVM oocytes.



Materials and Methods


Mice

All animal procedures were approved by the Institutional Animal Care and Use Committee of Peking University. Female Institute of Cancer Research (ICR) mice at the age of 42-45 weeks (reproductively old mice) were purchased from Charles River Laboratories (Beijing, China) and were maintained in accordance with the National Institutes of Health Guidelines for the Use of Laboratory Animals. ICR mice were housed in ideal conditions at 20-23°C under a 12-h light/dark cycle with free access to water and food.



Oocyte Collection and Culture

Germinal vesicle (GV)-intact oocytes were obtained as described previously (37). In brief, female ICR mice were intraperitoneally injected with 5 IU of pregnant mare’s serum gonadotropin (PMSG). Forty-six hours later, the animals were euthanized by cervical dislocation and the ovaries were harvested and transferred to a cell-culture dish containing pre-warmed M2 medium (Sigma, M7167). Cumulus-oocyte complexes were obtained from antral ovarian follicles by manual rupture. Then, denuded GV oocytes were obtained by removing cumulus cells with a narrow-bore glass pipette and gentle washing. For IVM, oocytes were cultured in M16 medium (Sigma, M7292) under paraffin oil for 12 h at 37°C in a 5% CO2 incubator. For melatonin treatment, oocytes were cultured in M16 medium at a final concentration of 1 μM melatonin (Sigma, M5250) in accordance with previous studies (38, 39). For IVO, mice injected with PMSG were further injected with 5 IU of human chorionic gonadotropin (hCG) 46 h later. Ovulated MII oocytes were collected from the oviduct ampullae of mice 14 h after hCG injection and cumulus cells were dispersed by brief exposure to M2 medium containing 1 mg/ml of hyaluronidase (Sigma, H3506).



Library Preparation and Illumina NovaSeq 6000 Sequencing

Total RNA was extracted from 20 MII oocytes after IVM and IVO from three mice of advanced reproductive age reproductively (these were regarded as one group). Three biological replicates obtained via both IVM and IVO were used to construct a eukaryotic micro-library. Specifically, we used a SMART-Seq v4 Ultra Low Input RNA Kit (Takara Bio) to obtain full-length cDNA in accordance with the manufacturer’s instructions. cDNA synthesis and amplification were validated by an Agilent 2100 Bioanalyzer (Agilent Technologies) and a High Sensitivity DNA Kit (Agilent Technologies) in accordance with the manufacturer’s instructions. Then, the Nextera XT DNA Library Preparation Kit (Illumina) was used to construct a library that was suitable for sequencing. Finally, a paired-end RNA-seq library was performed on the Illumina NovaSeq 6000 system (2 × 150bp read length).



DEG Identification and Functional Enrichment Analysis

SeqPrep (https://github.com/jstjohn/SeqPrep) and Sickle (https://github.com/najoshi/sickle) software packages were used to filter the raw paired-end reads with default parameters. The clean reads were then aligned to the mouse reference genome (GRCm39) using the Hisat2 mapping tool (40). The fragments per kilobase per million reads (FPKM) method was then used to calculate gene expression levels; gene abundance was determined by utilizing the RSEM software workflow (41). The analysis of DEGs between the IVM and IVO groups was performed with the R statistical package DESeq2 (42) using |log2FC| ≥ 1 and adjusted P-value < 0.05 as thresholds for significance. KEGG pathway enrichment analyses of the identified DEGs were carried out using KOBAS software (43) which incorporates information from the KEGG database (https://www.genome.jp/kegg/).



The Identification of Alternative Splice Events

All alternative splice (AS) events in the IVM and IVO groups were detected by the replicate multivariate analysis of transcript splicing (rMATS) statistical method (44). Only isoforms that were similar to the reference or consisted of novel splice junctions were considered, and splicing differences were detected in five major forms (exon inclusion, exclusion, alternative 5′, 3′, and intron retention events).



RNA Extraction, qRT-PCR, and RT-PCR Analysis

Total RNA was extracted from 100 matured oocytes from twelve mice of advanced reproductive age using an RNeasy Micro Kit (Qiagen, 74034) in each group. cDNA was synthesized using the PrimeScript RT Master Mix Kit (Takara, RR036A) and qRT-PCR was performed using the PowerUp SYBR Green Master Mix (Thermo Fisher Scientific, A25742) and the QuantStudio 3 Real-Time PCR System (Applied Biosystems, USA). Relative mRNA levels were normalized to Gapdh as a control standard and calculated using the 2-△△CT method. Semi-quantitative RT-PCR was performed using Premix Taq (Takara, RR901A) and specific primers were designed to flank the constitutively expressed exons of differentially spliced genes. PSI values were calculated using the ratio of the band intensity of the exon inclusion divided by the sum of the exon-included and exon-excluded bands, as described previously (45, 46). Primer sequences are given in Table S1.



Detection of Intracellular ROS Levels

For intracellular ROS detection, oocytes were incubated in M2 medium supplemented with 5 μM CM-H2DCFDA (Invitrogen, C6827) at 37°C for 30 min in a 5% CO2 atmosphere and a dark environment. Then, the oocytes were washed three times with pre-warmed M2 medium. Then, oocytes from the IVM and IVO groups were placed on glass-bottomed culture dishes and examined with a confocal laser scanning microscope (Carl Zeiss 710, Germany).



Determination of Adenosine 5′-Triphosphate Content

Adenosine 5′-triphosphate (ATP) content in a pool of 20 oocytes was measured with a bioluminescent somatic cell assay kit (Sigma, USA) as described previously (47, 48). A five-point standard curve (0, 0.1, 0.5, 1.0, 10, and 50 pmol of ATP) was generated in each assay, and ATP levels were calculated by using a formula derived from the linear regression of the standard curve.



Statistical Analysis

Data are expressed as mean ± standard error of the mean (SEM) from three independent experiments and statistical analyses were performed with GraphPad Prism 5 software (San Diego, CA, USA) and the Student’s t-test between the IVM and IVO groups. P < 0.05 was considered as statistically significant (*P < 0.05, **P < 0.01, and ***P < 0.001).




Results


Sequencing Data Summary

As shown in Figure 1A, we used ICR mice at the age of 42-45 weeks (a reproductive advanced age) that were near to the end of their reproductive lifespan and exhibited a decline in oocyte quality, as described in previous studies (49). These mice are commonly regarded as a natural aging model and were used as donors for IVM and IVO oocytes so that we could carry out RNA sequencing. First, we used cDNA to generate libraries for IVM and IVO oocytes, which were then sequenced by the Illumina NovaSeq 6000 platform (three biological replicates per group). Gene expression distribution statistics showed that the six groups of IVM and IVO oocytes from mice of advanced reproductive age presented with similar gene expression distributions (Figure 1B). A heatmap for the Pearson’s correlation coefficient indicated that the experiment was reliable, as determined by the fragments per kilobase million (FPKM) value calculated for each sample (Figure 1C). A total of 10,777 expressed genes were identified across all six samples, as shown on the UpSet plot (Figure 1D). When comparing the IVM and IVO groups, we identified 2,627 DEGs based on specific criteria (|log2FC| ≥ 1 and an adjusted P-value < 0.05). Of these, 2,254 genes were down-regulated, and 373 genes were up-regulated in IVO oocytes from mice of advanced reproductive age when compared with IVM oocytes (Figure 1E). A list of the DEGs is given in Supplementary Excel S1. Furthermore, principal components analysis (PCA) revealed that the DEG clusters of oocytes obtained from mice of advanced reproductive age in the IVO and IVM groups were separated (Figure 1F), thus implying that the different culture procedures had a substantial effect on transcriptomic profiles. In addition, we generated a heatmap of DEGs for the IVO and IVM groups using cluster analysis and the FPKM values (Figure 1G).




Figure 1 | DEG analysis between IVO and IVM groups. (A) A schematic showing experimental design and time points. (B) Gene expression density distribution in the IVO and IVM groups. (C) Correlation analysis between the IVM and IVO groups. The degree of correlation is represented by different colors. (D) An UpSet plot summarizing the genes detected in the six groups. (E) A stacked column showing the numbers of DEGs in the IVO group compared with the IVM group. (F) PCA of gene expression profiles in oocytes between the IVM group (blue dots) and the IVO group (yellow triangles). (G) Heatmap showing DEGs; the red rows represent high expression levels and blue rows represent low expression levels. Each column represents an independent sample.





Functional Analysis of the DEGs

We mapped the DEGs from mice oocytes of an advanced reproductive age in the IVO and IVM groups to the KEGG pathways database terms in order to interpret the biological consequences of differential expression. KEGG enrichment analysis revealed significant enrichment in terms of OXPHOS pathways (map00190; 59 DEGs; P-adjusted = 2.03 × 10-6), non-alcoholic fatty liver disease (NAFLD) (map04932; 49 DEGs; P-adjusted = 3.11 × 10-5), Huntington’s disease (HD) (map05016; 76 DEGs; P-adjusted = 2.34 × 10-4), and Parkinson disease (PD) (map05012; 54 DEGs; P-adjusted = 6.48 × 10-4) (Figure 2A and Supplementary Excel S2). A KEGG enrichment chord plot, featuring the top four terms (the OXPHOS, NAFLD, HD, and PD pathways) suggested that several target genes did not uniquely exist in one single enriched pathway; rather, they were annotated in multiple terms (Supplementary Figure S1). A network diagram was constructed to identify significant interaction in the enriched KEGG pathways, which revealed that the OXPHOS pathway was critical (Figure 2B). Venn diagram analysis further showed that some of the DEGs were shared among different group combinations. For example, two up-regulated and 41 down-regulated overlapped DEGs were represented in the four KEGG pathways of mitochondrial OXPHOS and diseases related to mitochondria dysfunction (NAFLD, HD, and PD) (Figure 2C). In addition, the most significant enrichment pathway diagram (OXPHOS) featured many down-regulated genes in the IVO groups when compared with the IVM group (Figure 2D), thus implying that oocytes matured in vitro suffer from changes associated with oxidative stress and metabolic activity.




Figure 2 | The functional pattern of gene expression between IVO and IVM groups. (A) The top 20 enriched KEGG pathways for the DEGs identified between the IVO and IVM groups. The X-axis represents the Rich Factor while the Y-axis represents the names of the pathways. The higher the Rich factor, the higher the degree of enrichment. (B) Network chart showing the significantly enriched KEGG pathways. (C) The number above each bar indicates the enriched DEGs of the top four terms (the OXPHOS, NAFLD, HD, and PD pathways) and the Venn diagram shows the overlapping DEGs between the top four enriched KEGG pathways. (D) KEGG pathway diagram for oxidative phosphorylation. Boxes with red borders represent up-regulated genes while boxes with blue borders represent down-regulated genes when the IVO group was compared with the IVM group.





qRT-PCR Validation of DEGs That Were Enriched in KEGG Pathways

A heatmap of overlapping DEGs from the top four enriched KEGG pathways showed that 43 protein-encoding genes, including NADH-ubiquinone oxidoreductase (complex I) subunits, cytochrome c oxidase subunits, and ubiquinol-cytochrome c reductase subunits, were significantly altered (Figure 3A). Volcano plots were also used to visualize overlapping DEGs, including two up-regulated and 41 down-regulated genes (Figure 3B) that met our selection criteria [P-adjusted < 0.05 and |log2FC| ≥ 1, as determined by statistical DESeq2 (42)]. To identify relationships between these DEGs, we constructed a protein-protein interaction (PPI) network using the STRING online database (50); this consisted of 48 nodes and 100 edges and featured 2254 down-regulated genes when the IVO groups were compared with the IVM groups (Figure 3C). Next, to validate the RNA sequencing data, the relative mRNA levels of DEGs were verified by qRT-PCR and were then classified by function into the NADH-ubiquinone oxidoreductase (complex I) subunits, ribosomal protein family, ubiquinol-cytochrome c reductase subunits, and cytochrome c oxidase subunits (Figures 3D, E). Results indicated that data were consistent with those derived from the transcriptomic analysis.




Figure 3 | DEG analysis and network patterns for the top four enriched KEGG pathways. (A) Heatmap diagram showing the top four enriched KEGG pathways with overlapping DEGs (P-adjusted < 0.05 and |log2FC| ≥ 1). (B) Volcano plots showing overlapping DEGs in the top four KEGG enrichment analyses. Blue dots indicate down-regulated genes while red dots indicate up-regulated genes. (C) A PPI network for the down-regulated genes was constructed using the STRING database to compare the IVO and IVM groups. The node size represents the number of linked lines and connectivity. (D, E) The relative mRNA levels of DEGs including NADH-ubiquinone oxidoreductase (complex I) subunits, the ribosomal protein family, ubiquinol-cytochrome c reductase subunits, and cytochrome c oxidase subunits between the IVM and IVO groups, as determined by RNA-seq and confirmed by qRT-PCR assay. Data represent the mean ± SEM of three independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001.





Supplementation With Antioxidant Melatonin Changed mRNA Levels of the DEGs

Next, we classified DEGs between the IVO and IVM groups in the OXPHOS system into five respiratory chain complexes within the mitochondria. Analysis showed that respiratory chain complex I had the most DEGs, as shown by a gene list and heatmaps (Figures 4A, B). We also measured the ROS levels in IVM and IVO oocytes from mice of advanced reproductive age; the fluorescence intensity of ROS was significantly higher in IVM oocytes compared with IVO oocytes (11.20 ± 1.36; n = 38 vs. 4.82 ± 0.60; n = 35, P < 0.05; Figure 4C), thus showing that changes in the expression of OXPHOS pathway genes have an effect on ROS level. The synthesis of ATP through oxidative metabolism was associated with oocyte maturation and the reduced ATP production and increased ROS accumulation are linked to poor oocyte quality according to a previous study (51). These results revealed that the ATP content was lower in IVM oocytes than in IVO oocytes, whereas with melatonin supplementation (1 μM), the ATP generation was restored in the melatonin treated IVM group, as shown in Figure 4D. This suggested that IVM-induced mitochondrial dysfunction in reproductively old mice oocytes could be rescued by melatonin treatment. In addition, to ascertain if antioxidant supplementation could change the gene expression profile observed in the IVM group, oocytes were cultured in melatonin supplemented M16 medium; the mRNA expression of genes regulating oxidative phosphorylation were shown to be reduced in oocytes when compared to those without melatonin (Figure 4E).




Figure 4 | (A) List of up- and down-regulated genes in the OXPHOS system of five respiratory chain complexes in the mitochondria when compared between IVO and IVM groups. (B) Heatmaps corresponding to the identified DEGs. The red rows represent high expression levels and the blue rows represent low expression levels. Each column represents an independent sample. (C) Representative images of ROS signals in IVO and IVM groups. Scale bars = 20 μm. The fluorescence intensity of ROS in IVO and IVM groups. (D) Graphs showing the ATP levels in IVO, IVM, and melatonin-treated IVM oocytes (n = 20 for each group). (E) The relative mRNA levels of target genes including NADH-ubiquinone oxidoreductase (complex I) subunits, the ribosomal protein family, ubiquinol-cytochrome c reductase subunits, and cytochrome c oxidase subunits between the IVM and melatonin-treated IVM oocytes. Data represent the mean ± SEM of three independent experiments. NS, not significant, *P < 0.05, and **P < 0.01.





AS Events Associated With DEGs Detected by RNA-Seq Analysis

The mRNA precursors produced by most eukaryotic gene transcription only correspond to a translated protein. However, AS is a process that improves biodiversity by producing mRNA precursors for genes that produce different mRNA splicing isoforms by five different splicing mechanisms under certain conditions: SE, A5SS, A3SS, MXE, and RI (52, 53). We determined the distribution of AS events in the IVM and IVO groups and generated a stacked bar chart that identified SE as the most frequent type of AS event during both in vivo and in vitro oocyte maturation (Figure 5A). In addition, we generated pie charts that illustrated the proportion of each AS event according to the total number of events; SE events represented 81.07% and 79.61% of all AS events in the IVM and IVO groups, respectively (Figure 5B). Furthermore, we determined the differential AS events that occurred in genes that were up-regulated in the IVO group. Specifically, there were 35 (81.4%) SE events, five (11.6%) MXE events, one (2.3%) A3SS event, one (2.3%) A5SS event, and one (2.3%) RI event. Then, we determined the differential AS events for the down-regulated genes in the IVO groups. Specifically, there were 163 (75.5%) SE events, 20 (9.3%) MXE events, 16 (7.4%) A3SS events, ten (4.6%) A5SS events, and seven (3.2%) RI events (Figure 5B). The different types of AS events corresponding to DEGs including Ndufa7, Ndufs7, Cox6a2, Ndufs5, Ndufb1, and Uqcrh were listed in each enriched KEGG term (Figure 5C). These AS events included the SE, A3SS, and A5SS types, thus indicating splicing diversity during oocyte maturation. Next, Sashimi plots were used to visualize the differential splicing patterns with RNA-seq reads coverage across each part of the splice junction between two exons for Ndufa7 and Ndufs7 (Figures 5D, E). Experimental semi-quantitative RT-PCR validation was performed with specific primers and exon 2 of Ndufa7 and exon 3 of Ndufs7 was skipped in the IVO oocytes from mice of advanced reproductive age (Figures 5F, G).




Figure 5 | Statistical analysis of the AS events for KEGG enrichment terms. (A) A comparison of the number of AS events between the IVO and IVM groups. (B) The proportion of AS events of the IVM group, IVO group, the up-regulated and down-regulated genes. (C) List of significantly different AS events for the top four KEGG enriched overlapping DEGs (OXPHOS, oxidative phosphorylation; NAFLD, non-alcoholic fatty liver disease; HD, Huntington disease; PD, Parkinson disease; T, Thermogenesis; RES, retrograde endocannabinoid signaling; CMC, cardiac muscle contraction. Sashimi plots depicting the visualize specific splice sites of splicing events for exon skipping of the Ndufa7 (D) and Ndufs7 (E) genes. The red plots represent the IVO group while the orange plots represent the IVM group. The distribution of the number of junction reads is shown for each sample. The schematic in the upper panels represent the different splicing pattern. Representative agarose gels of semi-quantitative RT-PCR for Ndufa7 exon 2 (F) and Ndufs7 exon 3 (G) are shown in the middle panels. β-Actin served as an internal control. The histogram in the lower panel shows the average PSI that the IVO oocytes present exon inclusion suppressed compared with the IVM oocytes. Data represent the mean ± SEM of three independent experiments. *P < 0.05.






Discussion

The mean age of women at the birth of their first child has increased gradually over the past few decades (54, 55), which has led to a decline in both oocyte quantity and quality. The application of IVM as an ART procedure provides patients with an alternative treatment option that does not involve gonadotrophin stimulation, thus preventing the risk of OHSS and reducing medication costs (56). However, several clinical outcomes, including implantation rates, pregnancy rates, and live birth rates, are known to be lower for IVM than in vitro fertilization (57). In the present study, we applied transcriptomic analysis of oocytes derived from mice of advanced reproductive age and identified several DEGs in MII oocytes when comparing between an IVM group and an IVO group. Next, we performed KEGG enrichment analyses to investigate the potential functions of the DEGs. We found that mitochondrial OXPHOS was the most significantly enriched pathway including 59 target genes, followed by NAFLD, HD, and PD. In addition, the OXPHOS is the pathway with the most interactions with other pathways, as visualized by a PPI network.

The OXPHOS pathway is the major source of ATP production in mitochondria and involves five multi-subunit protein complexes that are associated with oocyte maturation (14), fertilization (58), and embryonic development (59). Furthermore, studies have shown that mitochondria are the major source of ROS and, with increasing age, the amount of ROS increases, thus causing cellular damage and a decline in oocyte quality (51). The OXPHOS system contains five respiratory chain complexes within the mitochondria and by analyzing the gene list and a heatmap, we found that respiratory chain complex I had the most DEGs, results of which were similar to a previous study that showed that complexes I and III of the mitochondrial respiratory chain are key contributors to the production of ROS (60, 61). Moreover, several extracellular factors are known to play vital roles in ROS defense during oocyte development in vivo. For example, follicular fluid has the ability to prevent the harmful effects of ROS due to the involvement of redox reactions (62, 63), and the enclosed cumulus cells act as scavengers by protecting oocytes against ROS toxicity (63, 64). In addition, the influence of physical factors, such as exposure to cool white or warm white fluorescent lights, can promote the abnormal accumulation of ROS in the development of mammalian zygotes (65). This explains why the levels of ROS are increased in IVM-derived oocytes due to lack of in vivo milieu (66); this concurs with the findings of the present study. Furthermore, several previous publications have shown that antioxidant supplementation of the IVM medium significantly reduced the levels of intracellular ROS, thus enhancing oocyte maturation rate and increasing the quality of oocytes from mice of advanced reproductive age (67, 68). In our study, we demonstrate that antioxidant melatonin supplementation may reduce the gene expression profile of the OXPHOS pathway and resolve the problem of insufficient ATP production in the IVM group.

We next constructed a PPI network for down-regulated genes and identified several genes that exhibited strong associations with ribosomal protein family genes, including Rpl10a, Rpl19, Rps3, Rpl37a, Rps9, and Rps26, that presented strong associations with hub nodes. A previous study showed that Rps26 acts as a key regulator during follicular development and oocyte growth by controlling histone methylation and mRNA synthesis activity; these are key mechanisms for female fertility (69). Recently, Peng et al. reported that RpS3 deficiency leads to a lower blastocyst formation rate and causes early embryonic arrest (70). Collectively, the identification of these related genes and enriched pathways has highlighted the potential mechanisms underlying the poor clinical outcomes and embryonic development associated with the IVM procedure and identify new therapeutic molecular targets.

AS is a complex process that enables genome complexity and biological diversity among eukaryotes; these events occur in approximately 95% of multi-exon genes in humans (25). We investigated the functionality of AS events in IVM and IVO MII oocytes from mice of advanced reproductive age using RNA-seq analysis and found that SE was the predominant form of AS event. Previous studies have revealed that AS events are associated with meiosis in mouse oocytes and that the depletion of SRSF3 results in meiotic resumption defects due to the dysregulation of Brd8 and Pdlim7 exon inclusion (33). The knockdown of Esrp1 induces female infertility and oocyte meiotic arrest by affecting pre-mRNA splicing alterations involving Lsm14b, Trb53bp1, and Rac1 (34). In our study, the DEGs between the IVO and IVM groups included Ndufa7, Ndufs7, Cox6a2, Ndufs5, Ndufb1, and Uqcrh, all of which were enriched in the mitochondrial OXPHOS pathway involving SE, A3SS, or A5SS splicing events, and overlapped with non-alcoholic fatty liver disease, Huntington disease, Parkinson disease, and thermogenesis-enriched pathways. Recent research has shown that the knockout of UQCRH reinforces the Warburg effect (WE) (71) and the WE plays a critical role in embryogenesis by supporting rapid cell proliferation (72). Previously, our group reported that calcium signaling was inhibited in IVM oocytes but not IVO oocytes in humans (22) and calcium treatment leads to a decreased content of NDUFS7 in the mitochondria (73); this might explain the fact that our transcriptomic analysis found a reduction of Ndufs7 in the IVO group. Future research needs to investigate AS events in these DEGs by either knockdown or exogenous overexpression experiments. In the present study, we also found that the Zfp982 gene undergoes the most frequent AS events, including SE, MXE, A3SS, and RI events (Supplementary Figure S2). Dehghanian et al. reported that Zfp982 acts as a transcription factor by interacting with YAP1 to maintain stemness in mouse embryonic stem cells (74). Furthermore, Obox1 as an oocyte-specific factor can promote induced pluripotent stem cells induction by regulating mesenchymal-to-epithelial transition during reprogramming by inhibiting cell-cycle-related gene expression (75). Little is known about AS events in oocyte maturation; consequently, the alternative RNA splicing genes identified in this study deserve further to be investigated, particularly with regards to their mechanisms of action.

In the present study, we systematically compared the expression profiles of DEGs between groups of IVM and IVO oocytes from mice of advanced reproductive age. We identified the potential functions of these DEGs and used KEGG enrichment and PPI network analysis to determine that OXPHOS was the most significantly enriched and interactive pathway. Heatmaps of the five respiratory chain complexes, particularly complex I, indicated the potential involvement of specific antioxidants. Notably, the AS events detected in the present study demonstrated the diversity of post-transcriptional gene regulation in MII oocytes when cultured in different processes. Therefore, the identified key genes may represent potential therapeutic targets for the treatment of infertility in women of advanced reproductive age.
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Supplementary Figure 2 | (A) List of genes undergoing three or more AS events, including Zfp982, Pbdc1, Obox1, Phf20, Tnfsf13b, Platr30, Scml2, and Trmt11. (B) List of genes undergoing six or more AS events. (C) The top 20 enriched KEGG pathways for differential AS events of the DEGs between the IVO and IVM groups.
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Mitochondria are at the intersection of aging and fertility, with research efforts centered largely on the role that these specialized organelles play in the relatively rapid decline in oocyte quality that occurs as females approach reproductive senescence. In addition to various roles in oocyte maturation, fertilization, and embryogenesis, mitochondria are critical to granulosa cell function. Herein, we provide a review of the literature pertaining to the role of mitochondria in granulosa cell function, with emphasis on how mitochondrial aging in granulosa cells may impact reproduction in female mammals.
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INTRODUCTION

Mitochondria are bacterial in origin with an ancestral genome descended from Alphaproteobacteria, which incorporated into the cytoplasm following endosymbiosis over 1.45 billion years ago (Gray, 2012). Subsequently, the internalized bacterial genome evolved into the mitochondrial genome, and the ubiquitous organelle is now a critical participant in eukaryotic cellular function. Mitochondria harbor their own genetic material (mtDNA), distinct from the nuclear genome (nDNA), which in mammals is nearly exclusively inherited through the maternal germline, with rare instances of heteroplasmy as a result of paternal inheritance reported (Mitchell, 1961; Huttemann et al., 2008; Perry et al., 2011; Luo et al., 2018; Annis et al., 2019). The circular genome of the mitochondrion is small—in humans only approximately 16 kb—and encodes for 37 genes, including 13 proteins associated with the subunits of the electron transport chain (ETC), as well as 2 ribosomal RNAs (rRNAs) and 22 transfer RNAs (tRNAs). The remaining gene products associated with mitochondria, including those used for ETC function, are nuclear encoded. Thus, 99% of the mitochondrial proteome emanates from the nucleus, highlighting the degree in which mitochondrial: nuclear communication through antegrade and retrograde signaling work in concert. Notably, while mitochondria are well characterized for their role in cellular bioenergetics, these organelles are highly specialized based on tissue- and cell-type, and perform additional functions based on specific cellular demands. These include critical roles in apoptosis, thermogenesis, heme biosynthesis, detoxification, calcium signaling and ion flux, and steroidogenesis, among others (Baughman et al., 2011; Friedman and Nunnari, 2014; Woods, 2017).

In female mammals, mitochondrial function has been studied in detail in the granulosa and theca cells of the developing follicle, as well as in the oocyte and developing embryo. During follicle development, mitochondria within the oocyte undergo substantial numerical expansion through mitochondrial biogenesis, while mechanisms for mitochondrial autophagy (e.g., mitophagy) are latent until the 4–8 cell stage of embryogenesis (Tsukamoto et al., 2008; Boudoures et al., 2017). At the time of ovulation, mitochondrial biogenesis ceases and does not resume until the blastocyst stage, around the time of implantation. Thus, during each cell division mitochondrial content and mtDNA copy number are reduced on a per-cell basis, and must maintain a critical threshold number (e.g., 40,000–50,000 copies of mtDNA) for successful development to the blastocyst and subsequent implantation (Wai et al., 2010). It has been estimated in oocytes that on a per-mitochondrion basis each organelle harbors 1–2 copies of mtDNA (Piko and Matsumoto, 1976), although this has yet to be empirically determined. Though slightly higher, our analysis of single oocyte mitochondria collected from both young (6-weeks old) and aged (12-months old) female mice by single-molecule PCR (smPCR) is in accordance with this estimation (2.27 ± 0.53 in young samples, 3.27 ± 1.13 in aged samples; N.S) (Figure 1). However, we have observed that smPCR of oocyte mtDNA produces negative results more frequently than mitochondria of other cell types (data not shown). Since we do not know the biological significance of this (if any), mitochondrial samples that were determined to have zero mtDNA copies in this experiment have been excluded from analysis, potentially leading to artificial elevation of the values reported in Figure 1.
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FIGURE 1. Single-molecule PCR (smPCR) analysis of oocyte mitochondria collected from 6-week-old (young) and 12-month-old (aged) C57BL/6 mice for the determination of mtDNA copy number on a per-organelle basis. The average mtDNA copy number of the young mouse oocyte mitochondria was 2.27 (SEM = 0.53; n = 22), and of aged mice was 3.27 (SEM = 1.13, n = 27).


Importantly, the endocrine function of the ovary is dependent upon the ovarian follicle, which synchronizes with the hypothalamic-pituitary-gonadal (HPG) axis (reviewed in Truman et al., 2017). Localized primarily within the ovarian cortex, ovarian follicles are considered the functional units of the ovary and are comprised of an oocyte surrounded by granulosa cells or, at the resting primordial phase, pre-granulosa cells, and enclosed within an extracellular matrix (ECM)-rich basement membrane. Research in rodent models has demonstrated that the pre-granulosa cells enclosed within primordial follicles are largely non-proliferative, although mitotically active pre-granulosa cells can be observed within primordial follicles of the medulla (Hirshfield and DeSanti, 1995). As follicles mature, granulosa cells transition from a squamous single layer to a cuboidal and multilaminar proliferative phenotype, and a theca layer is recruited. Together, the somatic cells of the follicle respond to circulating gonadotropins (i.e., FSHR and LHR) to generate the sex steroids (i.e., estrogens, progestins, and androgens), which is a mitochondrial-dependent process. At ovulation, the granulosa cells immediately surrounding the oocyte, termed cumulus granulosa cells, remain with the ovulated egg, while the mural granulosa cells along with the theca cells are retained in the ovary and functionally differentiate into the corpus luteum (Smith et al., 1994). Thus, a growing follicle consists of four cell types—an oocyte, mural granulosa cells, cumulus granulosa cells, and the cells comprising the theca interna and theca externa. Although both the theca and granulosa cells participate in endocrine function, granulosa cells specifically work in concert with the oocyte through bi-directional communication working via paracrine factors as well as gap junction signaling, which ultimately results in the growth and maturation of fertilization-competent eggs (Eppig et al., 2002; Gittens et al., 2005; Kidder and Vanderhyden, 2010; Wigglesworth et al., 2013).

Coincident with advancing maternal age, the number of follicles within the ovary wanes, and concurrently the quantity and quality of fertilization-competent eggs declines. The decline in oocyte quality is, at least in part, attributed to impaired mitochondrial function (reviewed in Woods et al., 2018). While many endpoints have been used to demarcate egg quality in the context of maternal aging, mitochondrial derangement and abnormal chromosomal segregation are repeatedly and persistently cited as instigators of developmental incompetence and embryonic failure (Henderson and Edwards, 1968; Hook, 1981; Hassold and Chiu, 1985; Battaglia et al., 1996; Tarin et al., 2001; Eichenlaub-Ritter et al., 2004; Hunt and Hassold, 2008; Pan et al., 2008; Selesniemi et al., 2011; Faraci et al., 2018; Woods et al., 2018). Highlighting the impact of mitochondrial function on the reproductive potential of oocytes with age, interventions aimed at modulating pathways associated with mitochondrial homeostasis result in several benefits, including improved spindle assembly, chromosomal segregation, and fertility outcomes (Tarin et al., 2002; Bentov et al., 2011; Selesniemi et al., 2011; Woods and Tilly, 2015; Liu et al., 2018; Bertoldo et al., 2020).

In addition to the well-characterized role of mitochondrial dysfunction with age on oocytes, the mitochondria of granulosa cells also reflect age-associated abnormalities. Complications in mitochondrial processes and function include a decrease in mitochondrial DNA (mtDNA) copy number, modifications in ultrastructure, increase in the frequency of mtDNA deletions and mutations, altered mitochondrial membrane potential (Δψm) and metabolic function, and a reduced capacity for steroid hormone biosynthesis, among others (Tatone et al., 2011; Liu et al., 2017; MacDonald et al., 2017; Sreerangaraja Urs et al., 2020). Accordingly, it has been postulated that granulosa cell mitochondria undergo changes with age that can impart negatively upon oocyte quality and function. Similarly, it has been proposed that granulosa cell metabolites and quantifiable mitochondrial features can serve as molecular biomarkers for oocyte competence (Tatone et al., 2011; Boucret et al., 2015; Ogino et al., 2016; Desquiret-Dumas et al., 2017; Liu et al., 2017; MacDonald et al., 2017; Sreerangaraja Urs et al., 2020). Herein, we review the role of mitochondria in granulosa cells, with a focus on how mitochondrial function and dynamics within granulosa, cumulus, and luteal cells is altered with advancing maternal age.



MITOCHONDRIA AS EFFECTORS OF GRANULOSA CELL FUNCTION

Of the six classes of steroid hormones, three are synthesized in the ovary (Miller, 2013). In the two-cell model for steroidogenesis progestins and androgens are synthesized in the theca cells, and further converted to estrogens in the adjacent granulosa cells, with granulosa cells also producing progestins (Jamnongjit and Hammes, 2006). The process of steroidogenesis is dependent upon steroidogenic cell-specific mitochondria which harbor specialized enzymes required for steroid hormone biosynthesis. The role of granulosa and theca cells, as well as mitochondria, in steroid hormone production has been well studied and summarized elsewhere (Jamnongjit and Hammes, 2006; Miller, 2013; Yazawa et al., 2019). Specifically, in granulosa cells, mitochondria are critical for two processes integral to steroid hormone production; cholesterol import into mitochondria, and the enzymatic conversion of cholesterol into steroid hormones. The transfer of cholesterol from the cytoplasm into mitochondria is initialized following gonadotropin stimulation, and is facilitated by Steroid Acute Regulatory Protein (StAR), which interacts with a protein assembly including the 18 KDa translocator protein (TSPO) and the voltage-dependent anion channel (VDAC-1) on the outer mitochondrial membrane (OMM) to direct cholesterol to the inner mitochondrial membrane (IMM), where it is converted to pregnenolone and then progesterone, carried out by the mitochondrial enzymes CYP11a1 and 3-beta-hydroxysteroid dehydrogenase (HSD3β1), respectively (Kiriakidou et al., 1996; Miller, 2013). Not surprisingly, alteration of StAR and HSD3β1 protein levels have been linked to infertility (Feuerstein et al., 2007; Hamel et al., 2008; Wathlet et al., 2012; Sreerangaraja Urs et al., 2020). Furthermore, it is the transport of cholesterol into the IMM that is considered the rate-limiting step in steroidogenesis (Stocco, 2001), with functional mitochondria maintaining Δψm critical to this process (Artemenko et al., 2001; Allen et al., 2006; Miller, 2013, 2017; Sreerangaraja Urs et al., 2020).

Intact Δψm has been demonstrated to be requisite for steroidogenesis in Leydig cells (Allen et al., 2006), and been further associated with steroidogenic capacity of granulosa cells in bovine models (Ostuni et al., 2018). The pivotal role of mitochondria in modulation of steroidogenesis in granulosa cells has also been linked to fertility outcomes in women. In a recent study evaluating whether mitochondrial function is correlated with IVF outcomes, mitochondrial properties were evaluated in patient cohorts [e.g., endometriosis, ovarian endometrioma, endometriosis without ovarian endometrioma, and polycystic ovary syndrome (PCOS)], as compared to those undergoing IVF for male-factor infertility (Sreerangaraja Urs et al., 2020). Using flow cytometry for the quantitative evaluation of markers for mitochondrial function and quality in cumulus cells, including Δψm and mitochondrial mass, the authors determined that mitochondrial dysfunction is associated with a decrease in estradiol (E2), and is further linked to a global decline in fertility, including oocyte maturation and fertilization rates. Specifically, increased Δψm in cumulus cells was positively correlated with E2 content, whereas reduced mitochondrial mass was associated with infertility. These findings are consistent with previous work demonstrating marked reductions in Δψm in granulosa cells from women with PCOS, and, to a lesser extent, endometriosis (Karuputhula et al., 2013).

The reduction of steroid hormone biosynthesis with age is largely attributed to a decline in the number of ovarian follicles, and thereby a reduction in functional steroid-producing cells. It is no surprise then, that hallmarks associated with reproductive aging and senescence in women are those that are measurable based on a decline in granulosa cell activity, such as a decrease in circulating levels of anti-Müllerian hormone (AMH; produced by immature granulosa cells), reduced levels of estrogen (produced by mature granulosa cells), and elevated circulating levels of FSH (due to a lack of inhibin production by granulosa cells). These well-established clinical determinants of reproductive function have long-solidified the significant role of granulosa cells as indicators of the aging of the female reproductive tract. As a number of mitochondrial deficits are known to occur with age, it is possible that vast changes in mitochondrial properties may lead to age-associated granulosa cell dysfunction, including abnormal steroidogenesis. For example, in female patients undergoing IVF, Δψm is significantly reduced in patients ≥38 years of age (Liu et al., 2017), although an earlier study showed no difference with age (Muhammad et al., 2009). This discrepancy could potentially be attributed to the differences in methodology employed with the later study using a combination of quantitative endpoints, such as flow-cytometry and quantitative microscopy, and the earlier study relying on a qualitative assessment based on fluorescence imaging. Nonetheless, additional alterations at the level of the mitochondria discussed below may also impact the ability of aged granulosa cells to synthesize steroid hormones. Further work directly linking mitochondrial abnormalities specifically with altered steroidogenesis is needed.



BI-DIRECTIONAL COMMUNICATION, ROLE FOR GAP JUNCTIONS IN FOLLICULAR METABOLISM

Follicle growth and development is dependent upon bi-directional communication between the oocyte and the surrounding granulosa cells, which occurs through paracrine and juxtracrine signaling, the latter of which is maintained via gap junctions (Eppig, 1979; Lopez-Schier and St Johnston, 2001; Gittens et al., 2005; Su et al., 2008; Saadeldin et al., 2015). Gap junctions are oligomeric structures comprised of connexins which enable direct intercellular communication. First described by Anderson and Albertini (1976), gap junctions between the granulosa cells and developing oocytes were visualized by lanthanum tracer and freeze-fracture electron microscopy (EM). Gap junction-mediated communication between adjacent granulosa cells is modulated by connexin-43 (Cx43) gap junctions, whereas gap junctions between the granulosa cells and the oocyte are homotypic for connexin-37 (Cx37), with Cx37 gap junctions creating a syncytial network between the two cell types (Kidder and Mhawi, 2002; Best et al., 2015). The oocyte has a low capacity for glucose metabolism, due in part to low phosphofructokinase activity (Cetica et al., 2002; Dumesic et al., 2015), while granulosa cells are largely glycolytic and supply pyruvate, along with amino acids and cholesterol, to the oocyte through Cx37 gap junctions (Anderson and Albertini, 1976; Gilula et al., 1978; Bornslaeger and Schultz, 1985). The mitochondria within the oocyte then convert the granulosa cell-derived pyruvate to acetyl CoA, which then enters the tricarboxylic acid (TCA) cycle and ETC to synthesize ATP (Sutton-McDowall et al., 2010). In a regulatory loop, the oocyte secretes paracrine factors, including Bone Morphogenetic Protein 15 (BMP15), Growth and Differentiation Factor 9 (GDF9), and Fibroblast Growth Factor 8 (FGF8), which coordinate to promote glycolysis in granulosa cells (Sugiura et al., 2007). In addition to resource sharing and maintenance of the oocyte–granulosa regulatory loop, diffusion of cGMP through Cx37 gap junctions of blocks the resumption of meiosis in immature follicles (Pincus and Enzmann, 1935; Downs and Eppig, 1987; Tornell et al., 1991; Carabatsos et al., 2000; Norris et al., 2009). Furthermore, it has recently been demonstrated using porcine cumulus-oocyte-complexes (COCs) that cumulus cells can utilize Cx37 gap junctions to deliver ATP to oocytes (Kansaku et al., 2017).

Gap junction communication between the oocyte and granulosa cells is made possible through transzonal projections (TZPs), which originate as filopodia from granulosa cells and process into the zona pellucida surrounding the oocyte (El-Hayek et al., 2018). An electron micrograph of the granulosa cell-oocyte interface where TZPs are found has been included for reference (Figure 2). TZPs are not restricted to the granulosa cells immediately surrounding the oocyte, as imaging demonstrates that granulosa cells in distal layers extend long, actin-rich filaments to the oocyte (El-Hayek et al., 2018). Strikingly, recent analysis of Cx43 and Cx37 gap junctions on high pressure-frozen ovarian tissue using three-dimensional EM and immunogold detection has revealed gap junction internalization via connexosomes (Norris, 2021; Norris and Terasaki, 2021). Moreover, within Cx43 connexosomes mature organelles, including mitochondria and endosomes are visibly observable, indicating cell-to-cell movement of organelles within the granulosa cell layer (Norris, 2021). Mitochondria can also be observed in deeply invaginated TZPs with Cx37-labeled gap junctions protruding into oocytes, implying the potential for mitochondrial transfer between granulosa cells and oocytes (Norris and Terasaki, 2021). Regulation of TZP formation by granulosa cells is facilitated by GDF9, one of the most well-characterized paracrine factors generated by oocytes. GDF9, signaling through the SMAD signaling pathway, upregulates the TZP-associated genes fascin homolog 1 (Fscn1), an actin bundling protein and myosin X (Myo10), an actin-based motor protein, both known to induce formation of filopodia (Bohil et al., 2006; Hashimoto et al., 2011; El-Hayek et al., 2018; Baena and Terasaki, 2019). With age, oocyte GDF9 expression declines (Li et al., 2014; Park et al., 2020; Gong et al., 2021) along with the expression of Fscn1 and Myo10, and the numbers of TZPs are reduced by approximately 40%, resulting in a marked decrease in gap junctional communication between the oocyte and the granulosa cells (El-Hayek et al., 2018).
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FIGURE 2. Electron micrograph of an ovarian follicle at the oocyte-granulosa cell interface, with the oocyte identified using a black asterisk, and two granulosa cells identified with white arrows. Scale bar represents 2 μm.


Recent work demonstrates a role for the OMM GTPase, mitofusin1 (MFN1) in regulation of follicle development and maintenance of the follicle reserve, which occurs, at least in part, though maintaining Cx43 and Cx37 gap junctions (Zhang et al., 2019). In mice null for Mfn (Mfn–/–), mRNA expression of both Cx37 and Cx43 were significantly decreased in oocytes and granulosa cells. A combination of both fluorescence microscopy and EM revealed a significant reduction in gap junctions and transzonal projections (TZPs), which, along with a reduction in expression of E-cadherin and N-cadherin, significantly impaired communication between the granulosa cells and the oocyte, inhibiting growth past the primary stage of development. Notably, Mfn–/– mice showed an accumulation of ceramide, a membrane sphingolipid which accumulates on the OMM and is known to induce germ cell apoptosis, within oocytes (Perez et al., 2005). In aged mice, ceramide is trafficked through Cx37 gap junctions and plays a role in age-associated increased germ cell death through BCL2 Associated X, Apoptosis Regulator (Bax)-mediated apoptosis (Perez et al., 2005), a proapoptotic member of the B-cell lymphoma (Bcl-2) family of pro- and anti- apoptotic factors associated with mitochondrial apoptosis (Tilly et al., 1997). Importantly, treatment with myriocin to inhibit de novo ceramide synthesis in Mfn–/– mice improved the growth of secondary follicles and formation of antral follicles, leading to a partial rescue of the reproductive phenotype (Zhang et al., 2019), indicating that in addition to mitochondrial-specific effects on gap junction communication, metabolic by-products associated with altered mitochondrial function may be important targets to improve oocyte quality.

As the oocyte is considered the orchestrator of oocyte–granulosa cell communication, guiding the granulosa cells to produce factors to fulfill its needs throughout growth and folliculogenesis, it is perplexing why oocyte originating signals to sustain TZPs would decline. Perhaps this is to mitigate damage from the aging somatic environment, as aging granulosa cells may also have an impact on the decline in oocyte quality. Previous studies have collectively demonstrated that removal of the granulosa cell layer in aged female mice can have a positive impact on oocyte health and function. For example, Perez and Tilly demonstrated that removal of the granulosa/cumulus cell layer from eggs significantly reduced rates of apoptosis, essentially resulting in oocytes with a “youthful” phenotype (Perez and Tilly, 1997). How oocytes might be negatively influenced by the surrounding soma may involve circulating factors, the influence of an aging ovarian environment, as well as granulosa cells themselves.



THE IMPACT OF AGE ON GRANULOSA CELL MITOCHONDRIA

Many of the hallmarks associated with aging mitochondria in the soma impact granulosa cells in women of advance maternal age or in animal models for ovarian aging. These include abnormalities in mitochondrial ultrastructure and integrity, metabolism, dynamics, and mtDNA mutations and deletions (Figure 3). Such features appear to be a function of age, and are not dependent upon follicle development, as abnormal mitochondrial ultrastructure can be found in even the resting follicles of aged women. An analysis of ovarian tissue obtained from women of advanced maternal age tellingly revealed a high frequency of ruptured mitochondrial membranes in the granulosa cells when compared to a younger cohort, indicative of increased mitochondrial destruction with age (de Bruin et al., 2004). As follicles grow and the granulosa cells expand, these abnormal mitochondrial features are exacerbated. An analysis of luteinizing granulosa cells obtained from follicular aspirates revealed destruction of mitochondrial membrane integrity, lack of cristae density, and vacuolization of the cristae and mitochondrial matrix with age (Tatone et al., 2006), while those obtained from a younger patient cohort had mitochondrial cristae with a tubular phenotype, which is notably associated with high steroidogenic activity (Rotmensch et al., 1986; Tatone et al., 2006).


[image: image]

FIGURE 3. Schematic overview of key mitochondrial characteristics that are negatively impacted by aging. These include mtDNA, mitochondrial ultrastructure and integrity, metabolism, and mitochondrial dynamics.


The accrual of atypical mitochondrial ultrastructure in aged granulosa cells as they progress through follicle development may also be attributed to increasing reactive oxygen species (ROS), detectable in follicular fluid samples. With age, key genes associated with the neutralization of ROS, including superoxide dismutase 1 (SOD1), SOD2, and catalase, are reduced, indicative of impaired ROS scavenging activity. This has important implications, as SOD1 and 2 expression is elevated in response to oxidative stress and inflammation, both of which are associated with the ovulatory response (Espey, 1980), with anti-inflammatory medications reported to inhibit ovulation (Espey et al., 1982). Moreover, ovulation itself has been shown to be dependent upon LH-induced ROS production, with H2O2 capable of mimicking LH-induced cumulus expansion, and ablation of ROS blocking genes critical for ovulation (Shkolnik et al., 2011). It has been noted that the expression pattern of SOD1 is identical to that of HSD3β1 (Sugino, 2005), and that dehydrogenation of pregnenolone to form progesterone may be dependent upon SOD1 (Agrawal and Laloraya, 1977). In Sod1-deficient female mice, levels of progesterone fall far below those of WT mice, even following superovulation (Noda et al., 2012). Furthermore, superoxide significantly impairs Δψm in the absence of SOD1, resulting in severe mitochondrial damage (Aquilano et al., 2006), and is consistent with the reduced Δψm observed in women of advanced maternal age (Liu et al., 2017). Therefore, the declining levels of ROS scavengers with age may have profound impacts on granulosa cell function, from accelerated damage due to ROS to reduced steroidogenic capacity.

Additionally, the link between accumulating ROS and mtDNA damage, deletions, and mutations as they occur with age is well known (Loeb et al., 2005). It has been posited that mtDNA content of cumulus cells may be a non-invasive prognostic for embryo quality (Diez-Juan et al., 2015; Fragouli et al., 2015; Desquiret-Dumas et al., 2017), although this has been experimentally questioned (Victor et al., 2017). More recent evidence based on quantitative PCR to evaluate the ratio of mtDNA:nDNA indicates that mtDNA content of cumulus cells is negatively correlated with age, and further supports the finding that mtDNA content of cumulus cells may be considered as a biomarker for IVF outcomes (Yang et al., 2021). In addition to a decline in mtDNA copy number with age, the propensity for granulosa cells to acquire mutations and deletions with age has been examined. In a study evaluating the so called “common deletion” which is a 4,977 bp deletion of mitochondrial DNA (ΔmtDNA4977), with an early study concluded that the frequency of ΔmtDNA4977 in granulosa increases with age (Seifer et al., 2002). However, more recent work with a larger patient cohort suggests that age does not appear to be a factor in the frequency of this deletion in mural granulosa or cumulus cells (Au et al., 2005; Chan et al., 2006). The latter conclusion has been further supported, with recent evidence also indicating that while there does not appear to be a correlation between ΔmtDNA4977 and age, ΔmtDNA4977 is associated with granulosa cell apoptosis (Au et al., 2005). Advances in sequencing platforms, such as Long-molecule UMI-driven Consensus Sequencing (LUCS), will enable more detailed analysis of the mitochondrial mutations and damage that might occur with age (Annis et al., 2020).



CONCLUSION

Granulosa cells are critical for ovarian function, including steroid hormone biosynthesis and as cooperative partners for oocyte growth and maturation. Therefore, it is not surprising that there has been an interest in evaluating the mitochondria of granulosa and cumulus cells as biomarkers for ovarian function, including oocyte and embryo quality. Intriguingly, recent evidence suggests cell-free mtDNA is released into the follicular fluid, presumably by granulosa or cumulus cells, and that this may potentially be used as a non-invasive biomarker for oocyte quality (Huo et al., 2020). Additional work on mitochondrial properties, dynamics, and function will likely reveal new and important details on the biological significance of these findings. Moreover, as technological advances in DNA sequencing and metabolomics continue to improve, further evaluation of how granulosa cells may act as effectors, positive and negative, of oocyte function can be addressed.
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Background

Maternal oocyte aging is strongly contributing to age-related decline in female fertility. Coenzyme Q10 (CoQ10) exerts positive effects in improving aging-related deterioration of oocyte quality, but the exact mechanism is unclear.



Objective

To reveal the system-level mechanism of CoQ10’s anti-aging effect on oocytes based on network pharmacology.



Methods

This study adopted a systems network pharmacology approach, including target identification, data integration, network and module construction, bioinformatics analysis, molecular docking, and molecular dynamics simulation.



Result

A total of 27 potential therapeutic targets were screened out. Seven hub targets (PPARA, CAT, MAPK14, SQSTM1, HMOX1, GRB2, and GSR) were identified. Functional and pathway enrichment analysis indicated that these 27 putative targets exerted therapeutic effects on oocyte aging by regulating signaling pathways (e.g., PPAR, TNF, apoptosis, necroptosisn, prolactin, and MAPK signaling pathway), and are involved oxidation-reduction process, mitochondrion, enzyme binding, reactive oxygen species metabolic process, ATP binding, among others. In addition, five densely linked functional modules revealed the potential mechanisms of CoQ10 in improving aging-related deterioration of oocyte quality are closely related to antioxidant, mitochondrial function enhancement, autophagy, anti-apoptosis, and immune and endocrine system regulation. The molecular docking study reveals that seven hub targets have a good binding affinity towards CoQ10, and molecular dynamics simulation confirms the stability of the interaction between the hub targets and the CoQ10 ligand.



Conclusion

This network pharmacology study revealed the multiple mechanisms involved in the anti-aging effect of CoQ10 on oocytes. The molecular docking and molecular dynamics simulation provide evidence that CoQ10 may act on these hub targets to fight against oocytes aging.





Keywords: oocyte, coenzyme Q10, molecular docking, mechanism, molecular dynamic simulation, aging



Introduction

Aging leads to a gradual and continuous decline of physiological processes. Oogenesis is one of the first processes to fail during human aging. Human oocyte development begins in the early fetal life, reaches its peak at 20 weeks of gestation, and remains dormant before complete meiosis I (1). Over time, the quality and quantity of these oocytes gradually declined, concurrently with the reduced reproductive ability and increased occurrence of aneuploidy, miscarriage, and birth defects (2–4). In contrast, the aging-related decline in fecundity was negated in patients using oocytes obtained from healthy young donors (5). These data suggest that the age-related decline in fertility is strongly attributed to a decline in the oocyte quality.

Oocytes accumulate a large pool of maternal RNA and protein during meiotic maturation to support early embryogenesis before embryonic genome activation (6, 7). Therefore, oocyte quality is a critical prerequisite for fertilization and subsequent embryo development (8). In the clinic, the paradigm that aged oocytes represent low‐quality oocytes is widely confirmed. Data from a reproductive center in China shows that among 20,687 women receiving IVF, the complete full cycle live birth rate of women under 31 years old was 63.81%, while the rate of women over 40 years old decreased to 4.71% (3). However, due to education, social, economic, and other factors, the average age of first-time mothers is rising worldwide, which poses a great challenge to reproductive medicine (9, 10).

Various interventions have been proposed to improve oocyte quality, thereby improving pregnancy outcomes in oocyte aging-related infertility. As the third most consumed dietary supplement, coenzyme Q10 (CoQ10) has attracted global interest due to its crucial role in mitochondrial bioenergy, anti-oxidation, anti-aging, and immune system regulation. In the meantime, the role of CoQ10 in human reproduction has received widespread attention, especially in improving oocyte quality and counteracting oocyte aging (11–14). Turi et al. confirmed for the first time that CoQ10 is present in human follicular fluid, and its level was significantly higher in the mature oocytes versus dysmorphic oocytes; correspondingly, the CoQ10 level in grade I-II embryos was significantly higher than that of III-IV embryos (15). A further clinical study conducted by Giannubilo et al. indicated that oral supplements with CoQ10 increased the content of CoQ10 in follicular fluid, and CoQ10 in follicular fluid was positively correlated with oocytes quality (12). In addition, pretreatment with CoQ10 significantly increased the number of retrieved oocytes, fertilization rate, and the number of high-quality embryos in women with poor ovarian response (POR) during the IVF-ICSI cycle (13). Rodent studies have also confirmed that CoQ10 counteracts physiological ovarian aging and improves ovarian reserve through multiple mechanisms (16–19).

Currently, although anti-oocyte aging activities exerted by CoQ10 have been reported, details of biomarkers and the biological pathways through which CoQ10 counteracts oocyte aging are limited. In previous studies, a network pharmacology-based approach was successfully used to reveal all candidate targets, functions, and potential therapeutic mechanisms of drugs (20–22). In the present study, system network pharmacology combined with molecular docking was performed to reveal the potential targets and therapeutic mechanisms of CoQ10 against oocyte aging. The workflow is shown in Figure 1.




Figure 1 | Workflow diagram of this research.





Materials and Methods


Selection of Oocyte Aging-Associated Genes from scRNA-Seq Results

Oocyte aging-associated genes were searched in the GEO database (https://www.ncbi.nlm.nih.gov/geo/), and the series (GSE96477 and GSE155179) were selected. The GSE95477 and GSE155179 include single-cell RNA sequencing (scRNA-seq) data of MII human oocytes from younger (≤30 years) and older (≥40 years) patients. DESeq2 software (version 1.32.0) was used to determine differentially-expressed genes (DEGs) in all datasets. Genes with a P value <0.05 and |log 2 (fold change) | >1 were considered to be DEGs, namely, oocyte aging-related genes.

In addition, we searched Pubmed databases (https://pubmed.ncbi.nlm.nih.gov) using human oocyte aging and scRNA-seq as keywords. We include Zhang’s research which isolated mRNA from human oocytes obtained from old and young patients for scRNA-seq and subsequently identified differentially expressed genes (23). In summary, three scRNA-seq data sets were included for differential gene analysis. All differentially expressed genes were integrated into oocyte aging genes.



Identification of Putative CoQ10 Targets

Simplified molecular-input line-entry specification (SMILES) information and 3D structure of CoQ10 were obtained from PubChem database (https://pubchem.ncbi.nlm.nih.gov/). PharmMapper server (https://lilabecust.cn/pharmmapper/), Drug bank (https://go.drugbank.com/),TargetNet (http://targetnet.scbdd.com/), and Comparative Toxicogenomics Database (CTD, https://ctdbase.org/) were used to identify possible targets for CoQ10.



Construction of Protein-Protein Interaction Network

The oocyte aging-rated genes and the CoQ10 action targets were intersected to obtain the genes of CoQ10 against oocyte aging. The Venn diagram was drawn by using the bioinformatics platform Jvenn (http://jvenn.toulouse.inra.fr/app/index.html) and the protein-protein interaction (PPI) network of the common targets was obtained by using the STRING database (https://string-db.org/). The species was limited to Homo sapiens, and we selected the combined score >0.4. The Cytoscape 3.8.2 was used to construct the PPI network.



GO and KEGG Pathway Enrichment

The OmicShare tools (https://www.omicshare.com/), a free data analysis platform, were used to analyze the GO and KEGG enrichment of the potential therapeutic targets. The Go analysis includes biological processes (BP), cellular components (CC), molecular function (MF).



Construction of Network

Two networks were constructed: (1) the PPI network was constructed using the genes of CoQ10 against oocyte aging; (2) the CoQ10-targets-pathways network, this network was divided into different functional modules using the Community Cluster (Glay) algorithm of clusterMaker2.



Molecular Docking of the Active Components-Targets

The 3D structures of protein receptors were obtained from the RCSB Protein Data Bank (https://www.rcsb.org/) (24). PyMol software (v2.4.0) was applied to remove the heteroatom and water molecules from the proteins. The 2D structure of CoQ10, used as a ligand, was downloaded from the PubChem website (https://pubchem.ncbi.nlm.nih.gov/) (25). AutoDockTools (v1.5.7) software was used to convert the above structure into a pdbqt file. The prediction of binding sites were obtained from Deepsite website (https://www.playmolecule.org/deepsite/). Molecular docking was completed by Autodock vina software (v1.1.2) (26). The complexes were then observed and plotted using PyMol software.



Molecular Dynamic Simulation

The conformations with the highest scores obtained from the molecular docking (protein-ligand complexes) were further subjected to molecular dynamic (MD) simulations using Gromacs 2020.6. (27). The CHARMM36 force field was used to generate the parameters of the protein (28). The Acpype Server (https://www.bio2byte.be/acpype/) (29) was used for ligand topology. The protein-ligand complex system was built in a dodecahedron box and filled with three-point water model. Sodium ions or chloride ions neutralize the charge of the system, making it electrically neutral. The system was energy-minimized for 50,000 steps at the temperature of 300k and equilibrated by 100 ps of NVT and NPT simulations subsequently. Then, a production run of 30 ns was performed with a step length of 2.0 fs, and the coordinate track file was saved every 10 ps. The root-mean-square deviation (RMSD) and root-mean-square fluctuation (RMSF) throughout the trajectory were analyzed using the gmx rms and rmsf, respectively. The g_mmpbsa program was used to evaluated the binding free energy of the complexes.




Results


Oocyte Aging-Related Genes

The GSE95477 data set derived from the GEO database was analyzed and 61 DEGs were obtained according to the cut-off criteria. 1455 DEGs of GSE155179 date are obtained via the same method.

In addition, we downloaded the supplementary data of Zhang’s research (23). Then, we re-screened DEGs according to the cut-off criteria and obtained 1439 DEGs. Finally, all the obtained DEGs were merged, 2807 oocyte aging-related genes were identified (Supplementary 1).



CoQ10−Putative Targets

A total of 242 CoQ10 targets were obtained after removing duplications from the PharmMapper, DrugBank, TargetNet and CTD databases (Supplementary 2).



PPI Network of the Potential Therapeutic Targets

Based on the results above, 31 common target genes of CoQ10-putative targets and oocyte aging-related genes were identified after removing EDN1which was up-regulated in GSE155179 but down-regulated in Zhang’s research (Figure 2A).




Figure 2 | Venn diagram and PPI network of potential therapeutic targets. (A) Venn diagram of intersected targets of oocyte aging and CoQ10. (B) PPI network of potential therapeutic targets. The nodes’ colors are illustrated from yellow to red in descending order of degree values.



The PPI network of common target genes consisted of 27 nodes and 51 edges, and 4 free nodes (targets) were removed.

The 27 nodes of the PPI network were identified as potential therapeutic targets (Figure 2B). The CytoNCA, an app plugin in Cytoscape, was used to analyze the topological parameters of the network (Supplementary 3).

To find the hub targets in this complex biological network, the topological parameters including degree centrality (DC), betweenness centrality (BC), closeness centrality (CC), eigenvector centrality (EC), local average connectivity-based method (LAC), network centrality (NC) were analyzed. As a result, a total of seven genes (PPARA, CAT, MAPK14, SQSTM1, HMOX1, GRB2, and GSR), were obtained according to the median values of DC, BC, CC, EC, LAC, NC (Supplementary 4). The seven genes were used for the subsequent molecular docking and molecular dynamic simulation.



GO Enrichment Analysis

To further study the molecular mechanism of CoQ10 against oocyte aging, GO enrichment of the potential therapeutic targets was performed based on BP, CC, and MF (Figure 3A). In terms of BP, the anti-aging effect of CoQ10 on oocyte mainly involves the regulation of reactive oxygen species, participation of immune process, and response to hormone etc. The MF mainly involves nuclear transcription, cytokine activity, and ATP binding etc. The CC is mainly manifested in cell membrane, cytoplasm, and mitochondrion etc. (Figure 3B).




Figure 3 | GO enrichment analysis. (A) The top 10 significantly enriched terms of each part. BP, biological process, CC, cell component, MF, molecular function. (B) The first lap indicates top 10 GO term, and the number of the genes corresponds to the outer lap. The second lap indicates the number of the genes in the genome background and -lg (p-value). The third lap indicates the DEGS. The fourth lap indicates the enrichment factor of each GO term.





KEGG Enrichment Analysis

The KEGG pathway enrichment was identified based on the potential therapeutic targets. 53 pathways with P value < 0.05 were obtained. After data screening, 10 significant pathways were selected (Figure 4A and Table 1).




Figure 4 | The KEGG pathway analysis of the 27 potential therapeutic targets. (A) The 15 significant pathways. The bubbles’ sizes are indicated from big to small in descending order of the count of the potential targets enriched in the pathways. The bubbles’ colors are indicated from red to blue in descending order of -lg (p-value). (B) CoQ10-targets-pathways network. The width of the line is proportional to the number of connected points. (C) Module analysis of the target-pathway network. The diamond nodes represent the pathways, and the ellipse nodes represent the targets. The red nodes represent the hub genes obtained from the PPI network of potential therapeutic targets.




Table 1 | The KEGG results.



Then, the CoQ10-targets-pathways network was constructed after sorting out the genes enriched in each pathway (Figure 4B). To further investigate the mechanism of CoQ10 against oocyte aging, five functional modules were constructed using the Glay algorithm of clusterMaker2 in the targets-pathways network (Figure 4C). Modules 1 consisted of six pathways, including the TNF signaling pathway (has04668), apoptosis (has04210), necroptosis (has04217), IL-17 signaling pathway (has04657), Toll-like receptor signaling pathway (has04620), and NOD-like receptor signaling pathway (has04621). Modules 2 comprised 4 pathway, including the prolactin signaling pathway (has04917), T cell receptor signaling pathway (has04660), FaxO signaling pathway (has04068), and GnRH signaling pathway (has04912). Module 3 consisted of 2 pathways, including the Th1 and Th2 cell differential (has04658) and Jak-STAT signaling pathway (has04630). Module 4 comprised PPAR signaling pathway (has03320). Module 5 comprised 2 pathways, including the MAPK signaling pathway (hsa04010) and Ras signaling pathway (hsa04014).



Molecular Docking

The binding energy can be calculated to predict their affinity. Generally, the lower the binding energy of the ligand and the receptor, the more stable the binding conformation. As presented in Table 2, all binding affinities are lower than -5 kcal/mol, indicating that CoQ10 has a strong binding activity to the seven hub genes, and the binding conformation is stable. Figure 5 shows the binding mode of CoQ10 with the hub targets.


Table 2 | Molecular docking parameters and binding free energy.






Figure 5 | Molecular docking of 7 hub targets with CoQ10. (A) The binding poses of CAT complexed with CoQ10. (B) The binding poses of PPARA complexed with CoQ10. (C) The binding poses of MAPK14 complexed with CoQ10. (D) The binding poses of SQSTM1 complexed with CoQ10. (E) The binding poses of HMOX1 complexed with CoQ10. (F) The binding poses of GRB2 complexed with CoQ10. (G) The binding poses of GSR complexed with CoQ10.





MD Simulation

To further validate these molecular docking simulation results, MD simulations were performed. The RMSD and RMSF of the backbone were used to scrutinize the stability of the structure model of the CoQ10 and its targets complex. The trajectory files in MD simulation were made as movies (Supplementary 5).

As shown in Figure 6, the RMSD value fluctuates within 0.2 nm after 20 ns, and the system gradually reaches equilibrium. In addition, the average fluctuations of the protein residues were evaluated as the RMSF during the MD simulation (Figure 7).




Figure 6 | RMSD change of targets backbone atoms in MD simulation. (A) RMSD of CAT-CoQ10 complex, RMSD of GRB2-CoQ10 complex, RMSD of MAPK14-CoQ10 complex (B) RMSD of HMOX1-CoQ10 complex, RMSD of PPARA-CoQ10 complex, RMSD of SQSTM1-CoQ10 complex, RMSD of GSR-CoQ10 complex.






Figure 7 | RMSF of residues. (A) RMSF of GRB2-CoQ10 complex. (B) RMSF of HMOX1-CoQ10 complex. (C) RMSF of PPARA-CoQ10 complex. (D) RMSF of SQSTM1-CoQ10 complex. (E) RMSF of CAT-CoQ10 complex. (F) RMSF of GSR-CoQ10 complex. (G) RMSF of MAPK14-CoQ10 complex.



According to the RMSD values, we extracted the 20-ns to 30-ns trajectory for analysis. Van Der Waals interaction, electronic energy, polar solvation energy, solvent-accessible, and surface area (SASA) energy between CoQ10 and targets were calculated using g-MMPB/SA software. The results were shown in Table 3. It is observed that the van der Waals interaction, electronic energy, and SASA energy promote the binding of CoQ10 to the target protein, followed by electronic energy and SASA energy, while the polar solvation energy have the opposite effect.


Table 3 | Binding free energy of CoQ10 and targets (kJ/mol).



To further explore the conformation changes of CoQ10 and its targets complex, we constructed the free energy landscapes of the complex and defined two reaction coordinates of the free landscape map: one is RMSD, which shows the stability of the protein structure; the other is the radius of gyrate (Rg), which reflects whether the complex is folded stably. The energy landscape was calculated along these two reaction coordinates using the gmx sham tools (Figure 8).




Figure 8 | The two-dimensional FEL as a function of Rg and RMSD (defined in the text) for the complexes along 30 ns MD simulations. Snapshots from minimum energy wells were extracted. (A) CAT-CoQ10 complex. (B) PPARA-CoQ10 complex. (C) MAPK14-CoQ10 complex. (D) SQSTM1-CoQ10 complex. (E) HMOX1-CoQ10 complex. (F) GRB2-CoQ10 complex. (G) GSR-CoQ10 complex.



As shown in Figure 8, the blue area indicates the minimum value of free energy, while the cyan and green areas indicate the metastable conformational state. For all complexes, a higher blue color is observed, which represents that these complexes were stable.

The MD simulation study further evaluated the stability of the interaction between the hub targets and the CoQ10 ligand predicted by the docking experiment. In addition, free energy calculation provides an assessment of the binding affinity of hub targets to CoQ10. In our study, MD simulations showed that the structures of all complexes are very stable. Among them, the PPARA-CoQ10 complex has the lowest binding free energy, indicating that its binding affinity is the highest and may play a major role in CoQ10’s anti-aging effect on oocytes.




Discussion

The reproductive potential in women gradually declines but significantly beginning approximately in their early 30s. However, many young women choose to postpone marriage and/or childbirth driven by social trends. Aging-related deterioration of oocyte quality is one of the great challenges in reproductive medicine. As mentioned previously, increasing evidence has shown that CoQ10 effectively improve oocyte quality and counteract oocyte aging, but the mechanisms underlying these benefits are still not fully understood. In recent years, the emergence of scRNA-seq technology has dramatically expanded our knowledge of normal and disease-related physiological processes (30, 31). Therefore, in the present study, for the first time, we integrated scRNA-seq data from younger (≤30 years), and older (≥40 years) female oocytes to obtain oocyte aging-related genes. Next, a comprehensive network pharmacology method was utilized to elucidate the mechanism of action of CoQ10 against oocyte aging. According to the network pharmacology results, PPARA, CAT,MAPK14,SQSTM1,HMOX1,GRB2, and GSR play vital roles in protecting against oocyte aging via CoQ10. In addition, the molecular docking of the hub genes and CoQ10 exhibited high affinities. Moreover, MD simulations showed that the structures of all complexes (seven hub genes and CoQ10 complexes) are very stable, implying that the seven hub genes may be highly correlated in against oocyte aging with CoQ10.


The Hub Targets of CoQ10’s in Countering Oocyte Aging

PPARA (also known as PPARα) and two additional PPAR isotypes, PPARβ and PPARγ, are a family of nuclear hormone receptors belonging to the steroid receptor superfamily. PPARα is the first PPAR identified by Issemann and Green in 1990 (32). Since then, it was learned that all the three PPAR isotypes are expressed in the hypothalamic-pituitary-gonadal axis and play a critical role in regulating the proliferation of the different ovarian cells, gametogenesis, steroidogenesis, ovulation, and corpus luteum regression (33, 34). For example, a study using PPARα (−/−) knockout mice has shown that PPARα-dependent pathways play a key role in mediating DEHP’s regulation of ovarian ESR1 expression (35). In addition, the pan-agonist of PPARα, bezafibrate, prevents porcine oocytes (in in vitro-matured) aging through its antioxidant properties and mitochondrial protection (25). Tiefenbach, et al. found that CoQ10 and its derivatives serve as direct partial agonists for both PPARγ and PPARα (36). Consistently, our molecular docking results showed that PPARα has a good binding ability with CoQ10. Further MD simulations showed that the PPARA-CoQ10 complex has the lowest binding free energy, indicating that its binding affinity is the highest, and may play a major role in CoQ10’s anti-aging effect on oocytes.

CAT, which encodes catalase, is a critical endogenous antioxidant enzyme defence against oxidative stress (37, 38). Oxidative stress is caused by the imbalance between the production and destruction of reactive oxygen species (ROS), directly damages the cellular proteins, lipids, and DNA, and thus accelerates oocyte apoptosis and deteriorates oocyte quality (39–42). CoQ10 is one of the representative antioxidants. Several studies have shown that CoQ10 treatment significantly increased the CAT activity, improved preantral follicles viability, and protected ovarian reserve by inhibiting oxidative stress (43–45).

MAPK14 (also known as p38MAPKα) is a member of the MAP kinase family. It is known that activated MAPK can regulate the expression of gonadotropin synthesis genes LHβ and FSHβ, and induce follicle growth and ovulation (67, 68).However, numerous studies have shown that specific MAPK14 inhibitors could block FSH-induced MAPK 3/1 phosphorylation in granulosa cells (GCs). Consistently, the MAPK14 inhibitor SB203580, blocks cumulus cell-oocyte (COC) expansion and inhibits the induction of genes (FSH, AREG, and PGE2) critical for this process in a dose-dependent manner (46). In summary, MAPK14 plays an essential role in COC expansion, oocyte maturation, and steroidogenesis.

Autophagy is a ubiquitous dysfunctional cell components degradation process that plays a critical role in cellular homeostasis (47). SQSTM1, also known as p62, is a classical receptor of autophagy, and its role in regulating oxidative stress and promoting oocyte longevity has attracted widespread attention (48–50). Recent evidence indicates that endogenous SQSTM1/p62 is present as gel-like structures, which serves as a platform for autophagosome formation and anti-oxidative stress response (49). In the experiment of spermidine-induced cytoprotective autophagy of female germline stem cells (FGSCs), Yuan et al. found that spermidine, via up-regulating the expression of SQSTM1/p62, ameliorate the cellular senescence of FGSCs caused by OS (51).

GCs have long been known to provide the physical support and microenvironment required for oocyte ​development. Cumulative evidence has shown that HMOX1, commonly HO-1, has important antioxidant and antiapoptotic in human and animal ovarian GCs (52, 53). GRB2 is a critical molecule in intracellular signal transduction that participates in organogenesis, development, and induction of meiosis in oocytes (54, 55). GSR is a key member of the glutathione antioxidant defense system. Studies have shown that the down-regulation of antioxidant genes, including GSR, is a unique aging feature of early-stage oocytes (56, 57).

In summary, CoQ10 may act on these hub targets to fight against oocytes aging as verified by the molecular docking and MD Simulation.



Important Pathways and Functional Modules of CoQ10’s Putative Targets

The molecular mechanisms of oocyte aging are greatly complicated, involving various biological processes and pathways. The 27 therapeutic targets of CoQ10 against oocyte aging screened in this study mainly participate in the oxidation-reduction process, mitochondrion, enzyme binding, reactive oxygen species metabolic process, ATP binding, electron transfer activity, and membrane raft et al. Notably, of all biological processes, oxidative stress and mitochondrial-related biological functions seem to be the most relevant.

Mitochondria are the most abundant organelles in mammalian oocytes. They act as energy factories in the cells and provide energy for oocyte meiosis maturation, fertilization, and embryonic development through oxidative phosphorylation (OXPHOS). In addition, the mitochondrial genome only comes from the mother, mitochondrial DNA (mtDNA) copy number can be used as a potential biomarker to predict oocyte quality and embryo viability (58, 59). Therefore, reproductive specialists proposed that mitochondrial microinjection is the most promising therapy to restore the quality of oocytes and overcome age-related infertility (60). As shown in Figure 9A, OXPHOS involves the action of the mitochondrial electron transport chain (ETC), which consists of five protein complexes located on the inner mitochondrial membrane. As an essential component of the ETC and ATP synthesis, CoQ10 acts as an electron and proton transporter in the ETC, transferring electrons derived from complexes I and II to complex III. Complex III pumps protons across the membrane and transfers to Cyt c. Then, complex IV transfers the electrons received from Cyt c to oxygen, consuming 2 protons on the matrix side and transferring 2 protons to the membrane space simultaneously, generating an electrochemical proton gradient. At last, ATP synthase uses this proton gradient to form ATP from ADP and phosphate, providing energy for all oocyte events.




Figure 9 | (A) The process of oxidative phosphorylation in the mitochondria. This figure shows the central role of CoQ10 as an electron and proton transporter in the mitochondrial respiratory chain. (B) This “ROS vicious cycle” depicts the production of mitochondrial ROS causing oxidative damage that leads to mitochondrial DNA damage, mitochondrial dysfunction, and further increasing the production of ROS.



According to the free radical theory, oxidative stress caused by elevated intracellular levels of ROS is the most significant contributor to oocyte aging. However, mitochondria are the principal source of cellular ROS, especially through electron leakage from Complexes I and III, and the mitochondria themselves are the primary targets of ROS detrimental effects. In addition, mtDNA is particularly vulnerable to ROS-mediated oxidative damage due to the lack of histone protection. ROS is mainly produced in the matrix side of the inner mitochondrial membrane and overlaps with mtDNA positions. This condition promotes the formation of mtDNA-protein cross-linking mediated by ROS, which is one of the most serious forms of DNA damage. In turn, mtDNA damage directly impairs electron transfer chain and ROS production in the mitochondria, forming a “ROS vicious circle” (Figure 9B). In the clinic, age-related increases in ROS have been found in the follicular fluid of women, while the levels of antioxidants (CAT, SOD, and GPX) in ovaries are reduced with female age (61, 62). The imbalance between ROS and antioxidants leads to a decline in oocyte quality, an essential factor affecting oocyte quality. Fortunately, CoQ10, as a lipid-soluble antioxidant, can scavenge ROS and inhibit DNA oxidation.

Interestingly, there is a tendency to CoQ10 in a variety of mammalian tissues to be reduced with age (especially after the age of 30 in humans) (63). This age-related decline in the CoQ10 level seems to coincide with the time when female fertility began to decline, suggesting a contribution of the reduced CoQ10 level to ovarian aging. To date, lots of studies have revealed that CoQ10 supplements may increase ATP content in oocytes, improve oocyte quality, and significantly delays reproductive aging (16).

Furthermore, the KEGG pathway analysis indicated that the PPAR signaling pathway was the most enriched. Other related pathways include the TNF signaling pathway, Apoptosis, Necroptosis, Prolactin signaling pathway, MAPK signaling pathway, etc. Previous studies have shown that the PPAR signaling pathway is involved in activating the most abundant fertility reserve in female mammals-dormant primordial follicles (64). In addition, between the delicate and intricate game of equilibrium of antithetic peroxidation and antioxidation forces, the PPAR signaling pathway stands out as a central player devoted to against oxidative stress (65). Furthermore, the PPAR signaling pathway also plays a key role in mitochondrial function. In the diabetes-induced atrial, the agonist of PPAR-γ significantly increases mitochondrial biogenesis-related transcription factors (PGC1α, NRF1–2, TFAM) and mtDNA copy number and reduces mitochondrial ROS production (66).

To further understand the CoQ10 mechanisms in improving oocyte quality, five densely linked functional modules were identified based on the target pathway network, as shown in Figure 6C. These modules may be particularly relevant for CoQ10 against oocyte aging, as proteins in a given module may collectively participate in specific biological functions. The first module consists of pathways in the immune system, cell growth and death, and related signaling pathways. The second module consists of pathways in the endocrine and immune system. The third module includes pathways in signal transduction and the immune system, and the fourth mainly involves the PPAR signal pathway.

The last module includes pathways in the signal transduction related to GCs proliferation and oocyte meiosis. Among them, three-fifths of the modules involve the immune system. Specifically, immune system-associated cells and molecules exist in the hypothalamus-pituitary–ovarian axis, regulating the development of fetal and adult primordial follicles. Moreover, Bukovsky et al. demonstrated that immune cells and their secreting factors are an important part of the ovarian germline stem cells (OSC) niche. They participate in the asymmetric division of OSCs and promote the division, proliferation and migration of germ cells and the growth of follicles (67, 68). These modules reflected CoQ10’s effects on endocrine and immune regulation, anti-apoptosis, and GCs proliferation and oocyte meiosis.




Conclusions

In the present work, we found that the potential mechanisms of CoQ10 in improving aging-related deterioration of oocyte quality are closely related to antioxidant, mitochondrial function enhancement, autophagy, endocrine and immune system regulation, and anti-apoptosis (Figure 10). These biological behaviors are regulated by the PPAR, TNF, apoptosis, necroptosis, prolactin, and MAPK signaling pathway, among others. The molecular docking studies and the dynamic simulations verified the potential of CoQ10 as a promising anti-aging agent on oocytes.




Figure 10 | The multiple roles of CoQ10 in oocyte.
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Objectives

Previous studies showed that age is the most important factor that determines the outcome after embryo transfer (ET), with either in vitro fertilization (IVF) or intracytoplasmic sperm injection (ICSI), regardless whether fresh or frozen cycles. The average cumulative live birth rate (CLBR) following a single ovarian stimulation cycle in women of advanced reproductive age (≥38 years of age) has been reported to be 22.6–34.1%. The purpose of this study is to compare the CLBR after a single ovarian stimulation cycle in women of different advanced reproductive age bracket (38/39, 40/41, 42/43 years of age or older), and to explore the factors (e.g., age, type of infertility, body mass index (BMI), ovarian stimulation protocols) associated with CLBR.



Methods

This retrospective analysis included all women of advanced reproductive age (38 years or older) undergoing IVF or ICSI at authors’ institute during a period from January 1, 2016 to December 31, 2018. The study protocol was approved by the Ethics Committee of the Second Hospital of Hebei Medical University (No. 2021-P045). Subjects with underlying diseases were excluded from analysis. The last follow-up was conducted in December 2020, with minimal 2-year follow-up.



Results

The final analysis included 826 women (40.00 ± 2.10 years of age at the time of ovarian stimulation; n = 633 and 193 for IVF-ET and ICSI-ET, respectively). The number of women in each age bracket was: 424 for 38/39 y, 226 for 40/41 y, 118 for 42/43 y, and 58 for ≥44 y. The number of transferable embryos was 2 (interquartile range: 2,4) for 38/39 y, 2 (2,3) for 40/41 y, 2 (2,3) for 42/43 y, and 2 (1.75,3) for ≥44 y. The rate of fresh embryo transfer was comparable (62.03–72.58%) among the 4 age brackets. The average CLBR following a single cycle was 26.27% in the overall study population, 32.31% for 38/39 y, 26.99% for 40/41 y, 14.4% for 42/43 y, and 3.44% for ≥44 y (P <0.001). In multivariate regression, CLBR was independently associated with younger age (OR for each year: 1.538, 95%CI: 1.193, 1.984) and higher number of transferable embryos (OR for each embryo: 1.495, 95%CI: 1.297, 1.722). CLBR differed significantly in the 38/39 group (P = 0.014), with higher rate in women receiving the Gonadotropin-releasing hormone agonist (GnRH-a) long or GnRH-a ultra-long protocols.



Conclusions

Forty-two years of age seemed to be a critical cutoff to achieve reasonable level of CLBR after a single ovarian stimulation cycle in women of advanced reproductive age.





Keywords: advanced reproductive age, assisted reproductive technology, in vitro fertilization, intracytoplasmic sperm injection, live birth



Introduction

Age is the most important factor that determines the outcome after embryo transfer (ET), with either in vitro fertilization (IVF) or intracytoplasmic sperm injection (ICSI), regardless whether fresh or frozen cycles (1). Previous studies showed that 38 years of age represent a significant turning point in the decline of cumulative live birth rate (CLBR) after IVF/ICSI-ET (2, 3). The average CLBR following a single ovarian stimulation cycle in women of advanced reproductive age (≥38 years of age) has been reported to be 22.6–34.1% (4, 5). Within this age group, more detailed information is needed in order to formulate an evidence-based strategy to guide decision making by both practitioners and patients. Towards this goal, we conducted a retrospective analysis to compare key outcome measures after IVF/ICSI-ET in women of 38 years of age or older. CLBR after a single ovarian stimulation cycle was compared among the 38/39, 40/41, 42/43 and ≥44 year age brackets. A multivariate regression analysis was conducted to explore the factors (e.g., age, type of infertility, body mass index (BMI), and ovarian stimulation protocol) that are associated with CLBR.



Methods


Study Subjects

In this retrospective analysis, we screened all women of 38 years of age or older who underwent IVF/ICSI-ET in the Reproductive Medicine Department of the Second Hospital of Hebei Medical University during a period from January 1, 2016 to December 31, 2018. The last follow-up was conducted in December 2020, with a minimal 2-year follow-up.

For inclusion in analysis, subjects must be at least 38 years of age at the time of ovarian stimulation and received at least one ET cycle. Subjects with one or more of the following conditions were excluded from the analysis: 1) chromosomal abnormality; 2) preimplantation genetic testing; 3) transfer of embryos obtained from multiple ovarian stimulation cycles; 4) oocyte cryopreservation; 5) egg donation; 6) underlying endocrine diseases (for example, hyperprolactinemia, hyperthyroidism, polycystic ovary syndrome); 7) intrauterine adhesion; 8) malformation, tuberculosis or history of surgery of the reproductive system; 9) any type of autoimmune diseases; 10) history of recurrent miscarriage or repeated implantation failure; and 11) nature cycles. Subjects with used embryo(s) but no live birth during the study period were also excluded from the analysis.



Ovarian Stimulation and Embryo Transfer

Ovarian stimulation protocols included gonadotrophin-releasing hormone agonist (GnRH-a) long protocol, GnRH-a ultra-long protocol, GnRH antagonist protocol, progestin primed ovarian stimulation and micro-stimulation protocol. Protocol selection was based on physician discretion. Ovulation was triggered with human chorionic gonadotropin (hCG) when the dominant follicle(s) reached 18 mm in diameter and E2 level at 150–300 ng/L per mature follicle (6–8). The oocytes were retrieved under the guidance of vaginal ultrasound 36–38 h after hCG injection, and fertilized using conventional IVF or ICSI based on semen analysis. For fresh ET, cleavage embryos (3 day) were used. Embryo quality was assessed using the Bourn Hall Clinic criteria for fresh embryos (grade I or II). For frozen ET, hormone replacement cycles were used for endometrial preparation.



Outcome Measures

Biochemical pregnancy was defined by positive blood β-HCG (≥50 mIU/ml) at 14 day after ET. Clinical pregnancy was defined as at least one gestational sac in the uterus. CLBR is presented as live birth episodes per patient per oocytes retrieval to account for the first live birth (9).



Statistical Analysis

Continuous variables with normal distribution are presented as mean ± standard deviation (SD), with Bonferroni test for posthoc pairwise comparison among different age brackets. Continuous variables with skewed distribution are presented as median (Q1, Q3), analyzed using the Kruskal–Wallis H test, with Bonferroni test for posthoc pairwise comparison. Categorical variables are presented as number and percentage, and analyzed using the chi-square or Fisher’s exact probability test, as appropriate. A multivariate logistic regression analysis was conducted to examine the factors associated with CLBR. Candidate factors in the multivariate regression were selected based on: 1) factors that known to be associated with live birth (such as age and basal follicle-stimulating hormone (FSH)); 2) univariate analysis that examined the association of each factor with cumulative live birth, at a threshold of P <0.1. Statistical significance was defined as P <0.05 (2-sided). All analyses were conducted using SPSS24.0 statistical software.




Results

The analysis included 826 women (40 ± 2.10 years of age at the time of ovarian stimulation) and 996 ET cycles (553 and 443 for fresh and frozen ET cycles, respectively) (Figure 1). The number of women in each age bracket was: 424 for 38/39 y, 226 for 40/41 y, 118 for 42/43 y, and 58 for ≥44 y. The rate of primary infertility in each age bracket was: 24.29% (103/424) for 38/39 y, 20.35% (46/226) for 40/41 y, 18.64% (22/118) for 42/43 y, and 15.51% (9/58) for ≥44 y. The number of IVF-ET and ICSI-ET was 633 and 193, respectively. The number of transferred embryos was either 1 or 2. The number of ET cycles was 1 in 678 women (553 and 125 for fresh and frozen cycles, respectively), 2 in 129 women (a fresh ET cycle plus a frozen ET cycle in 90 women), and 3 in 17 women (a fresh ET cycle followed by 2 frozen ET cycle in 9 women).




Figure 1 | Study flow chart.




Baseline Characteristics

Antral follicle count (AFC) was 9 (6,12) for 38/39 y, 8 (6,11) for 40/41 y, 6 (4.5,10) for 42/43 y, and 5 (4,7) for ≥44 y (P <0.001). Pairwise comparison showed higher AFC in the 38/39 y group than in the 42/43 y and ≥44 y groups (P <0.001 for both), and higher AFC in the 40/41 y group than in the 42/43 y and ≥44 y groups (P = 0.003 and <0.001, respectively). There was no statistically significant difference between the 38/39 y and 40/41 y groups (P = 0.490), and between the 42/43 y and ≥44 y groups (P = 0.711). There was a significant trend for increasing basal FSH with increasing age (P = 0.008). FSH in the 38/39 y group was significantly higher than in the ≥44 y (P = 0.033), but there was no significant difference between any other groups. The four groups did not differ in type of infertility, years of infertility, BMI, endometrium thickness and other baseline hormone levels.



Ovarian Stimulation Protocols

The percentage of specific ovarian protocol was 37.41% (309/826) for GnRH antagonist protocol, 26.63% (220/826) for GnRH-a long protocol, 21.31% (176/826) for micro-stimulation protocol, 12.35% (102/826) for GnRH-a ultra-long protocol, 2.30% (19/826) for progestin primed ovarian stimulation. Percentage of GnRH antagonist protocol and GnRH-a long protocol and GnRH-a ultra-long protocol differed significantly among the 4 age brackets (P <0.001, respectively, Table 1).


Table 1 | Ovarian stimulation protocols in different age brackets and data of in vitro fertilization and embryo transfer.





In Vitro Fertilization and Embryo Transfer

The number of oocytes collected was 7 (4,10) for 38/39 y, 6 (4,10) for 40/41 y, 5 (3,8) for 42/43 y, and 3 (2,5.25) for ≥44 y (P <0.001; Table 1). Pairwise comparison showed higher number of oocytes in the 38/39 y and 40/41 y groups than in the 42/43 y and ≥44 y groups. There was no statistically significant difference between the 38/39 y and 40/41 y groups (P = 1.0), and between the 42/43 y and ≥44 y groups (P = 0.155). The number of transferable embryos was lower with increasing age.



Cumulative Live Birth

The CLBR was 32.31% (137/424) in the 38/39 y group, 26.99% (61/226) for 40/41 y, 14.40% (17/118) for 42/43 y, and 3.44% (2/58) for ≥44 y (P <0.001; Table 2). The CLBR in the 38/39 y and 40/41 y groups were significantly higher than in the 42/43 y and ≥44 y groups (P <0.001 for 38/39 y vs. 42/43 y and ≥44 y, P = 0.008 and P <0.001 for 40/41 y vs. 42/43 y and ≥44 y).


Table 2 | Cumulative live birth after a single ovarian stimulation cycle and pregnancy outcomes in first ET cycles.





Pregnancy Outcomes in First ET Cycles

For the first ET cycles, the percentage of fresh ET was 62.03% (263/424) in 38/39 y, 67.70% (153/226) in 40/41 y, 77.97% (92/118) in 42/43 y, and 77.58% (45/58) in ≥44 y groups (P = 0.003, Table 2). Clinical pregnancy rate in the 38/39 y group (29.48%) and 40/41 y group (29.20%) was higher than in the ≥44 y groups (6.89%) (P <0.001, respectively). There was no difference between the 38/39 y and 40/41 y groups (P = 0.941) and between the 42/43 y and ≥44 y groups (P = 0.052).

Live birth rate (LBR) was 25.94% (110/424) in 38/39 y, 22.57% (51/226) in 40/41 y, 11.86% (14/118) in 42/43 y, and 3.44% (2/58) in ≥44 y groups (P <0.001). The 38/39 y group had higher LBR than the 42/43 y and ≥44 y groups (P = 0.001 and <0.001, respectively). The 40/41 y group had higher LBR than the ≥44 y groups (P = 0.001). Abortion rate differed among the 4 groups (P = 0.035), but there was no difference in pairwise comparison. Multiple pregnancy rate did not differ among the 4 groups (P = 0.407).



Cumulative Live Birth of Different Ovarian Stimulation Protocols

CLBR was 22.0% (68/309) in the GnRH antagonist group, 33.2% (73/220) in the GnRH-a long group, 20.5% (36/176) in the micro-stimulation, 38.2% (39/102) in the GnRH-a ultra-long group, and 10.5% (2/19) in the progestin primed ovarian stimulation (P <0.001; Table 3). CLBR in the GnRH-a long group and the GnRH-a ultra-long group was higher than in the GnRH antagonist group and in the micro-stimulation.


Table 3 | Cumulative live birth of different ovarian stimulation protocols in different age brackets.-, not analyzed since the number of the subjects is <15.





Factors Associated With Cumulative Live Birth

In multivariate logistic analysis, cumulative live birth was independently associated with: younger age (OR for each year: 1.538, 95%CI: 1.193, 1.984) and higher number of transferable embryos (OR for each embryo: 1.495, 95%CI: 1.297, 1.722), and not with BMI (OR: 0.959, 95%CI: 0.895, 1.028), infertility type (OR: 1.191, 95%CI: 0.730, 1.943), AFC (OR for each antral follicle: 0.973, 95%CI: 0.917, 1.033) and ovarian stimulation protocol (OR: 4.146, 95%CI: 0.468, 36.695).




Discussion

Consistent with previous studies showing decreased LBR with increasing age (4, 10), we found progressively lower CLBR after a single ovarian stimulation cycle in women of advanced reproductive age. The CLBR was 32.31% in the 38/39 y group, 26.99% in the 40/41 y group, 14.40% in the 42/43 y group, and 3.44% in the ≥44 y group. The CLBR in the 38/39 y and 40/41y groups was significantly higher than in the 42/43 and ≥44 y groups, and there seems to be a clinically relevant reduction at 42 years of age.

Among the 26.27% women with live birth, 81.6% (177/217) achieved live birth after only one transplantation cycle. Key measures in the first ET cycle in the 4 age brackets were generally consistent with cumulative measures after a single ovarian stimulation cycle, including lower LBR, clinical pregnancy rate with increasing age.

In multivariate regression analysis, CLBR was independently associated with younger age (OR for each year: 1.538, 95%CI: 1.193, 1.984) and higher number of transferable embryos (OR for each embryo: 1.495, 95%CI: 1.297, 1.722). The findings are consistent with a previous study by Xu and colleagues (11).

The risk for aneuploidy increases with age. The aneuploidy rate increases from 20% at 35 years to approximately 80% at 42 years of age (12). A study by Hogan et al. (5) also revealed significant impact of donor age on CLBR. Another study of Hogan found (13) that women aged ≥40 years old had significantly higher CLBR using donor oocytes than using autologous oocytes, suggesting that oocyte aging is a major contributing factor to the decline in cumulative pregnancy rate with the ageing process (12). Consistently, we found significant reduction of both clinical pregnancy rate and CLBR at 42 years of age in the current study.

Advanced reproductive age is associated with lower ovarian reserve and hyporesponse of the ovaries. In the current study, we found lower number of oocytes collected and transferable embryos with increasing age, particularly at the cutoff of 42 years of age. Such a finding is consistent with the notion by Ferraretti (14) that embryo quality is the most crucial factor that determines the pregnancy outcomes. Previous studies have shown that the number of oocytes obtained is an independent factor in the cumulative birth rate (15). A study based on single ET also demonstrated that higher number of oocytes is associated with higher LBR after using all frozen embryos (16). In older women (>40 years of age) with selective single ET, however, the observation was somewhat different: oocyte number was not a significant factor affecting the cumulative birth rate (17). Higher number of oocytes obtained is almost always accompanied by higher number of transferable embryos and the number of high-quality embryos (18).

Selection of appropriate ovarian stimulation protocol is a challenge in women of advanced reproductive age. The current study suggested higher CLBR in the GnRH-a long group and the GnRH-a ultra-long group. For 38/39 y group, there also seemed to be a difference in the CLBR between the protocols (P = 0.014), but pairwise comparison did not reveal statistically significant difference among 4 age groups.

The four groups did not differ in endometrium thickness (P = 0. 832, Table 4). Other factors that could influence the uterus compatibility with healthy pregnancy (19, 20) were not examined in the current study.


Table 4 | Baseline characteristics in different age brackets.



A strength in the current study is the use of CLBR after a single ovarian stimulation cycle, which cover all ET cycles (whether fresh or frozen) after a single ovarian stimulation cycle, oocyte retrieval and IVF/ICSI, and therefore represents a comprehensive and pragmatic outcome measure meaningful for decision-making by the patients (21). This study has several limitations. First, the follow-up time was limited to 2 years. Second, the sample size is relatively small considering the multitude of confounding factors. Third, this is a retrospective analysis. As such, the selection of ovarian stimulation protocols and the use of fresh vs. frozen ET were not controlled.



Conclusion

In women of advanced reproductive age (≥38 years), CLBR after a single ovarian stimulation cycle declines rapidly with advancing age, with 42 years age seemingly a critical point. In addition to age bracket, the number of transferable embryos is independently associated with cumulative live birth after a single ovarian stimulation cycle.
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Background

Evidence proved the association between gut microbiome dysbiosis and polycystic ovary syndrome (PCOS) in metabolic disorder, decreased fertility, and hyperandrogenism. However, alterations in blood microbiome of PCOS remained unknown.



Objective

This study aims to measure the blood microbiome profile of PCOS patients compared with healthy controls by 16S rRNA sequencing and to investigate its association with PCOS.



Methods

In this case–control study, bacterial DNA in blood of 24 PCOS patients and 24 healthy controls was investigated by 16S rRNA gene sequencing using the MiSeq technology. Alpha and beta diversity were used to analyze within-sample biodiversity and similarity of one group to another, respectively. Linear discriminant analysis effect size (LEfSe) was calculated to determine biomarkers between groups. Kyoto Encyclopedia of Genes and Genomes (KEGG) functional prediction was performed at genera level.



Result

Alpha diversity of blood microbiome decreased significantly in women with PCOS, and beta diversity analysis demonstrated a major separation between the two groups. In the PCOS group, the relative abundance of Proteobacteria, Firmicutes, and Bacteroidetes decreased significantly, while Actinobacteria increased significantly. Cladogram demonstrated the microbiome differences between the two groups at various phylogenic levels. Meanwhile, linear discriminant analysis (LDA) presented significant decreases in Burkholderiaceae, Lachnospiraceae, Bacteroidaceae, Ruminococcaceae, and S24-7 and significant increases in Nocardioidaceae and Oxalobacteraceae of the PCOS group. KEGG pathway analysis at genera level suggested that 14 pathways had significant differences between the two groups.



Conclusion

Our findings demonstrated that blood microbiome had a significantly lower alpha diversity, different beta diversity, and significant taxonomic variations in PCOS patients compared with healthy controls.





Keywords: PCOS, blood, microbiome, 16s rRNA, sequencing



Introduction

Polycystic ovary syndrome (PCOS) is a common but complex endocrine and metabolic disease, which may increase the risk of infertility, type 2 diabetes, insulin resistance, and obesity (1, 2). Many factors, such as heredity and lifestyle, are related to this disease. However, the exact reason for all these metabolic and biochemical disorders is still unclear (3).

Microbiome was the hotspot in many studies. It was reported that the microbiome played roles in regulating immune and digestive systems, and it was associated with metabolic diseases (4). Many scholars had been researching on the association between gut microbiome and diseases. However, the exact mechanism of how gut microbiome impacted on the body remained a mystery. Whether gut microbiome just rooted in the gut system modulating remotely or intruded into targeted tissue through the circulatory system, or merely infiltrated adjacently, still puzzled the researchers. Hence, some researchers shifted focus on the circulatory microbiome.

More and more evidence proved the existence of blood bacteria in healthy humans, and numerous studies focused on the potential connections between circulating microbiome variation and the pathogenesis of non-infectious diseases (5–8). Lelouvier et al. revealed that alterations of blood microbiome were related to liver fibrosis in obese patients (9), which was confirmed by another study in which the blood samples were obtained from hepatic outflow vessels, central and peripheral veins, and the portal veins in patients (10). Sediminibacterium in blood increased the risk of type 2 diabetes mellitus [adjusted odd ratio (OR), 14.098; 95% confidence intervals (CIs), 1.358–146.330], while Bacteroides in blood decreased this risk significantly (adjusted OR, 0.367; 95% CI, 0.151–0.894) (11). Higher levels of blood bacterial diversity were detected in patients with cirrhosis compared to healthy controls (12). Serum microbiome composition in gastric cancer group was significantly different from that of atypical hyperplasia, chronic gastritis, and healthy control groups (13). Contrasted with healthy controls, patients with chronic kidney disease had lower alpha diversity and significant taxonomic variations in the blood microbiome detected by 16S targeted metagenomic sequencing (14).

As for the research about PCOS and microbiome, recent studies confirmed that the gut microbiome dysbiosis was associated with PCOS in metabolic disorders, sterility, and hyperandrogenism (15–17). Qi et al. detected increased abundance of Bacteroides vulgatus in the gut microbiota of PCOS patients and proved its association with metabolic pathway of gut microbiota–bile acid–interleukin-22 (18). Decreased alpha diversity (species richness and phylogenetic diversity) and changed beta diversity of gut bacteria composition were observed in patients with PCOS (16, 17, 19). Lindheim et al. revealed a reduced salivary Actinobacteria abundance in PCOS patients, and they reported that saliva microbiome was also associated with reproductive, metabolic, and inflammatory parameters (20).

However, no study about blood microbiome in women with PCOS had been reported. Here, we aimed to measure the blood microbiome profile of PCOS patients compared with healthy controls by 16S rRNA sequencing and to investigate its association with PCOS.



Methods


Patients

A total of 24 women in the PCOS group and 24 participants in the healthy control group were enrolled from the First Affiliated Hospital of Xi’an Jiaotong University. Inclusion criterion of the PCOS group was newly diagnosed PCOS patients following the Rotterdam criteria (with at least two of the three characteristics of clinical and/or biochemical hyperandrogenism, ovulatory dysfunction, and polycystic ovarian morphology). Inclusion criterion of the healthy control group was women without history of PCOS. Exclusion criteria for all participants were the following: (1) adrenal disorder; (2) pregnancy; (3) Cushing’s syndrome; (4) androgen-secreting tumors; (5) administration of oral contraception; (6) fever, or infectious disease, or antibiotic usage within 3 months; and (7) chronic diseases like chronic kidney disease, liver disease, rheumatoid arthritis and so on. The study was approved by the Institutional Review Board of the First Affiliated Hospital of Xi’an Jiaotong University (IRB No. XJTU1AF2018LSK139) and was registered in the Chinese Clinical Trial Registry (ChiCTR-TRC-1800020018). Informed consent was obtained from all individuals.



DNA Extraction and 16s rRNA Sequencing

For each participant, fasting blood was collected in an ethylenediaminetetraacetic acid (EDTA) tube and stored at −80°C. DNA was extracted using the Mag-Bind® Pathogen DNA 96 Kit (Omega Biotek, Norcross, GA, USA). After quality and concentration tests, the V3–V4 hypervariable regions of bacterial 16S ribosomal gene were quantified by quantitative PCR (qPCR) and sequenced by the MiSeq technology (Illumina, San Diego, CA, USA), as described previously (21). Briefly, 16s rRNA was processed with hybrid de novo, a secondary processing pipeline (22), which took paired reads as input; a de novo operational taxonomic units (OTUs) picking and output OTU abundance and annotations as the Biological Observation Matrix (BIOM) format were performed. Sequences were clustered into OTU at a threshold of 97% sequence similarity before taxonomic assignment.



LEfSe Analysis

Linear discriminant analysis effect size (LEfSe) was calculated to determine biomarkers between groups with an absolute linear discriminant analysis (LDA) score >3.0 as cutoff value. The relative abundance of specific species was logarithmically transformed and shown by bar diagrams. Differences between groups were tested by the Mann–Whitney method.



Kyoto Encyclopedia of Genes and Genomes

With the BIOM file, Kyoto Encyclopedia of Genes and Genomes (KEGG) orthologs functional predictions were performed using Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt) and visualized by Statistical Analysis of Metagenomic Profiles (STAMP) (23), where the genus was the profile level and an effective size of 0.1 was set as the cutoff value.



Statistical Analysis

Clinical characteristics between PCOS and control groups were compared by t-test. Normal distribution of bacteria was calculated by Kolmogorov–Smirnov test. The Mann–Whitney U-test was used to evaluate bacterial composition and abundance between the two groups from different levels (phyla, order, class, and family). Alpha diversity of each sample was shown by Chao1 index, Faith’s phylogenetic diversity, and Observed_OTUs. Beta diversity between pairs of individual samples was measured by weighted and unweighted UniFrac analysis using the Quantitative Insights into Microbial Ecology (QIIME version:1.9.1). LEfSe algorithm was used to compute OTU differences between the two groups, and LDA value >3.0 was considered to be rich significantly.




Results


Baseline Characteristics

Baseline characteristics of 48 participants are shown in Table 1. Ages were ranged between 18 and 39 years old and 23 and 34 years old in the PCOS and control groups, respectively. Body mass index (BMI) in the PCOS group was significantly higher than that of the control group (25.90 ± 4.68 vs. 21.39 ± 3.00, p = 0.017). Among the 24 patients with PCOS, there were 23 complaining of oligomenorrhea, 16 with polycystic ovarian morphology diagnosed by ultrasound examination, and 13 with clinical symptom of hyperandrogenism. Women in both groups had no significant difference in leukocyte, neutrocyte, neutrophil percentage, hemoglobin, thyroid-stimulating hormone, or fasting plasma glucose.


Table 1 | Baseline characteristics of participants.





Diversity of the Blood Microbiome

Patients in the PCOS group displayed a significant decrease in alpha diversity, a lower within-sample biodiversity, compared with control participants using Faith’s phylogenetic diversity (19.04 ± 6.08 vs. 32.05 ± 4.77), Chao1 index (160.80 ± 76.66 vs. 337.87 ± 64.98), and Observed_OTUs (105.47 ± 44.68 vs. 202.91 ± 37.27) (all p < 0.001, Figure 1A). A major separation in beta diversity between groups was observed from principal coordinates analysis by weighted UniFrac analysis (Figure 1B).




Figure 1 | Alpha and beta diversity of two groups. (A) Alpha diversity of two groups using Faith’s phylogenetic diversity, Chao1 index, and Observed_OTUs (all p < 0.001). (B) Beta diversity shown by principal coordinates analysis using weighted UniFrac analysis.





Circulating Microbiome Community Structure

16s rRNA sequences were obtained from 24 PCOS and 24 healthy control participants. After trimming and quality evaluation, 1,552,041 reads were counted in total (32,334.2 ± 25,845.6 per sample). A total of 38 phyla, 107 classes, 212 orders, and 354 families were identified in blood microbiome of the two groups.

The total sequencing proportion of primary blood bacteria from different levels is shown in Supplementary Figure S1. At the phylum level, blood microbiome was predominately composed of Proteobacteria (38.70%), followed by Firmicutes (21.30%), Actinobacteria (20.60%), and Bacteroidetes (10.00%). These four comprised approximately 90.60% of all phyla. The PCOS group revealed significantly lower proportions in sequences of Proteobacteria, Firmicutes and Bacteroidetes and a significantly richer abundance in Actinobacteria compared with that of the control group (Figure 2A). Same differences were observed when tracing main branches of these four phyla into order level, such as Burkholderiales, Clostridiales, Bacteroidales, and Actinomycetales (Figure 2B). Further analysis was performed on the 17 most abundant bacteria at class level between the two groups, and 12 of them had significant differences. The PCOS group exhibited significant increased proportions in Intrasporangiaceae, Nocardioidaceae, Bacteroidaceae, Comamonadaceae, Oxalobacteraceae, and Moraxellaceae, whereas significant decreases in S24-7, Lactobacillaceae, Lachnospiraceae, Ruminococcaceae, Veillonellaceae, and Burkholderiaceae than that of the control group (Supplementary Figure S2).




Figure 2 | Comparison of the relative abundance of the top 4 richest bacteria between PCOS and control groups at two levels. (A) Phylum; (B) order.





Taxonomic Signature Analysis

After taxonomic profile analysis of each participant, LEfSe demonstrated significant differences at some taxonomic levels between the two groups with threshold score of LDA >3.0 (Figure 3). Cladogram showed microbiome differences in the two groups at various phylogenic levels. Compared with the control group, the PCOS group presented significant increases in Nocardioidaceae and Oxalobacteraceae, while it presented significant decreases in Burkholderiaceae, Lachnospiraceae, Bacteroidaceae, Ruminococcaceae, and S24-7.




Figure 3 | Linear discriminant analysis effect size (LEfSe) analysis of the two groups. (A) Linear discriminant analysis (LDA) represented statistical and biological differences between the two groups (LDA > 3.0, p < 0.05). (B) Cladogram demonstrated microbiome differences of the two groups at various phylogenic levels.





Functional Prediction of Blood Bacteria

KEGG pathways analysis by PICRUSt at genera level detected 14 main pathways with significant difference between the two groups (Figure 4). The PCOS group demonstrated significantly increased expressions in pathways of DNA ligase (ATP), Acyl-CoA dehydrogenase, branched-chain amino acid transport system ATP-binding protein, branched-chain amino acid transport system permease protein, simple sugar transport system permease protein, carbon-monoxide dehydrogenase medium subunit, long-chain acyl-CoA synthetase, succinate-semialdehyde dehydrogenase (NADP+), putative ABC transport system substrate-binding protein, enoyl-CoA hydratase, carbon-monoxide dehydrogenase small subunit, and putative drug exporter of the RND superfamily. Compared with the control group, the PCOS group also revealed significant decreases in beta-galactosidase and ATP-binding cassette-subfamily B-bacterial pathways.




Figure 4 | KEGG pathways analysis of PCOS and control groups.






Discussion

Recent studies had reported the potential effect of microbiome on organs except gut. Erick et al. confirmed that the changed composition and diversity of microbiome at the tumor site might influence the immune infiltration, which might result in different prognosis after surgery of pancreatic ductal adenocarcinoma patients (24). Gopalakrishnan et al. reported the gut microbiome modulated immune response in tumor and improved the outcome of checkpoint blockade immunotherapy (25). Many studies indicated the potential effect of gut microbiome on hormonal disorders and the pathogenesis of PCOS; however, our study first measured the blood microbiome profile in PCOS compared to healthy controls.

Lower alpha diversity of gut microbiome in PCOS patients might decrease fertility, and it was associated with human obesity and metabolic disorders (26). Zeng et al. discovered a lower alpha diversity of gut microbial communities in PCOS patients with insulin resistance (4). Changed alpha diversity (19) and reduced beta diversity (27) in gut microbiome were detected between obese and non-obese PCOS patients. Our PCOS patients demonstrated a significantly decreased alpha diversity of blood microbiome compared with control participants. This was similar to most gut microbiome results (4, 16, 19). Moreover, a salivary microbiome research also revealed decreased alpha diversity in PCOS patients (20).

However, there were some different research findings. Eyupoglu et al. investigated the effect of a 3-month oral contraception administration on gut microbial composition. They detected no difference in gut microbial composition or in alpha or beta diversity between 17 overweight/obese PCOS patients and 15 age- and BMI-matched healthy controls (28). Another age- and BMI-matched cohort study indicated no significant difference in bacterial diversity of PCOS and healthy control groups (29). However, compared to women with normal glucose tolerance, pre-diabetic PCOS patients exhibited significantly lower alpha diversity and richer abundance of genus Dorea (29).

As for relative abundance of the blood bacteria, our linear discriminant analysis revealed significant decreases in Bacteroidaceae and Ruminococcaceae in PCOS group. Meanwhile, it was reported that gut Ruminococcaceae had some association with the production of short-chain fatty acid in overweight and obese PCOS participants (30), and gut Ruminococcaceae might stimulate production of inflammatory cytokines in type 2 diabetes patients (31). Zeng et al. also reported the association of gut Bacteroidaceae abundance with insulin resistance, hormonal disturbance, and inflammation markers in PCOS patients (4).

Our study discovered a significantly lower abundance of blood Ruminococcaceae of PCOS patients, which was consistent with some other gut microbiota studies (17, 19). Lower relative abundance of gut Ruminococcaceae was detected in overweight and obese participants with PCOS (30). However, Eyupoglu et al. provided evidence of an increased abundance of gut Ruminococcaceae in PCOS (28). Jobira et al. also confirmed a higher relative abundance of gut Ruminococcaceae in PCOS, which had an association with hirsutism scores (32). These deserved further study.

Our results of blood microbiome study demonstrated that the PCOS group had significantly decreased abundances in Proteobacteria, Firmicutes and Bacteroidetes, and a significantly richer abundance in Actinobacteria. Jobira et al. also discovered lower abundance of Bacteroidetes and higher abundance of Actinobacteria in gut microbiome in obese adolescents with PCOS (32). Peters et al. revealed higher abundance of some species in Actinobacteria phylum in obese participants compared to lean individuals (33). Thursby et al. reported that Firmicutes and Bacteroidetes might produce propionate and butyrate, modulate the short-chain fatty acids production, and even lead to dysfunctions of metabolism (34).

Our KEGG pathways analysis at genera level detected 14 main pathways with significant difference between the two groups. There were three significant increased pathways of the PCOS group that were associated with fatty acid metabolism. Acyl-CoA dehydrogenase was involved in beta-oxidation of fatty acids, enoyl-CoA hydratase also catalyzed the second step in the physiologically important beta-oxidation pathway of fatty acid metabolism (35), and long-chain acyl-CoA synthetase activated intracellular long-chain fatty acids and catalyzed fatty acids with chain lengths from 12 to 20 carbon atoms to form acyl-CoAs, which were lipid metabolic intermediates and were involved in fatty acid metabolism, various physiological processes, and membrane modifications (36).

There were some limitations deserving to improve in further study. First, our sample size was too small to make a deeper subgroup analysis of age and BMI. Second, related information about gut microbiome was not available, so we could not explore the correlation between blood and gut microbiomes between individuals or groups. Third, some other data that might influence the microbiome were missed, such as inflammatory markers, serum lipid metabolic indexes, and food habits.



Conclusion

Our findings demonstrated that blood microbiome had a significant lower alpha diversity, different beta diversity, and significant taxonomic variations in PCOS patients compared with healthy controls.
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Estrogen mainly binds to estrogen receptors (ERs) to regulate menstrual cycles and reproduction. The expression of ERalpha (ERα), ERbeta (ERβ), and G-protein-coupled estrogen receptor (GPER) mRNA could be detected in ovary, suggesting that they play an important role in estrogen signal transduction in ovary. And many studies have revealed that abnormal expression of estrogen and its receptors is closely related to ovarian disease or malignant tumors. With the continuous development and research of animal models, tissue-specific roles of both ERα and ERβ have been demonstrated in animals, which enable people to have a deeper understanding of the potential role of ER in regulating female reproductive diseases. Nevertheless, our current understanding of ERs expression and function in ovarian disease is, however, incomplete. To elucidate the biological mechanism behind ERs in the ovary, this review will focus on the role of ERα and ERβ in polycystic ovary syndrome (PCOS), ovarian cancer and premature ovarian failure (POF) and discuss the major challenges of existing therapies to provide a reference for the treatment of estrogen target tissue ovarian diseases.
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Introduction

In the female reproductive system, there are two major components, the uterus, which is used for pregnancy, and the ovary, which generates ova. Ovaries are the central organ of female reproduction, providing hormones such as testosterone, inhibin, progesterone, and estrogen, which play crucial roles in menstrual cycle regulation and maintenance of fertility (1). Hormones produced by the ovaries also cause periodic changes in the endometrium, the period of endometrium proliferation corresponding to the follicular phase of the ovary and forms the basis for a successful pregnancy. In particular, estrogen is an important class of steroid hormones that include estrone (E1), estradiol (E2 or 17β-estradiol), and estriol (E3) (2), of which E2 is the most abundant and active estrogen. Estrogen exerts a critical influence on female reproduction via the two principal estrogen receptors (ERs), ERα and ERβ.

Deficient endogenous estrogen production can result in functional reproductive disorders in women, which profoundly influence infertility. Common diseases in women (e.g., polycystic ovary syndrome, endometriosis, breast cancer, and ovarian cancer) are associated with aberrant estrogen-mediated functions and the expression of corresponding ERα and ERβ. A better understanding of the mechanism has been achieved through extensive studies of ERs. Nevertheless, further analyses to reach convincing conclusions and determining efficient precautions remain necessary. This review will focus on the physiological roles of the estrogen and ERs in regulating ovary and current major medications used to stimulate ovarian function.



Estrogen and ERs Expression Profile in the Ovary


Estrogen Synthesis

Estrogen plays a fundamental role in the development and normal physiological function of the human female reproductive tract, including the ovaries and fallopian tubes. Before puberty, only low concentrations of endogenous estrogen is present in girls; the onset of puberty occurs along with an increased level of hypothalamic gonadotropin-releasing hormone (3). Gonadotropin-releasing hormone triggers the secretion of luteinizing hormone (LH) and follicle stimulating hormone (FSH) from the anterior pituitary gland; subsequently, LH and FSH cause the ovarian follicle to generate large quantities of estrogen. In females, estrogen is produced by locally expressed p450 aromatase from follicular androgens in the ovary and other estrogen-responsive tissues (Figure 1). Specifically, three major forms of endogenous estrogen with estrogenic hormonal activity are present in women: E1, E2, and E3. In pre-menopausal women, E1 and E2 are primarily synthesized in and secreted from the ovarian follicle. E2 is the most potent and prevalent estrone steroid (70-500μg daily, depending on the phase of the menstrual cycle); accordingly, E2 is the major product of the overall estrogen biosynthesis process. In post-menopausal women, E1 becomes the most prevalent endogenous estrogen; it is produced by conversion of androstenedione (secreted by the adrenal cortex) to E1 by peripheral tissues (4). E3 is produced in large quantities by the placenta during pregnancy; it is formed from E1 through 16α-hydroxylation (5). The process of differentiation during the embryonic and prenatal period, as well as the maturation of these tissues during puberty, determines fertility in females.




Figure 1 | Folliculogenesis and follicular estrogen synthesis. (A) Estrogen biosynthesis in ovarian follicles is known as the ‘two-cell-two-gonadotropin system’ because both cells (granulosa and theca cells) and gonadotropins (FSH and LH) are indispensable for the generation of estrogen in ovarian follicles. Follicles are mainly composed of oocytes, granulosa cells and theca cells. Folliculogenesis develops from primordial, primary, secondary follicles and preovulatory follicles before ovulation occurs. After ovulation, the corpus luteum activity was restored. (B) Synthesis of estrogen. In theca cells, LH stimulation produces androstenedione and testosterone. In granulosa cells, testosterone is converted by P450aromatase into estradiol. LH, Luteinizing Hormone; FSH, follicle stimulating hormone; AKR1C3, aldo-keto reductase 1C3; 17β-HSD, 17β-hydroxysteroid dehydrogenase.



Although circulating estrogen exists in a dynamic equilibrium with metabolic interconversions, E2 is the principal intracellular human estrogen because its potency is substantially greater than that of its metabolites, E1 and E3, at the receptor level (6). It is well known that in the late follicular phase of the menstrual cycle when concentrations of E2 reach a persistently high critical concentration (≥ 200pg/mL), a dramatic shift occurs in E2 action, such that feedback changes from negative to positive at both pituitary and hypothalamic levels; after the shift, E2 becomes a positive inducer of the anterior pituitary and triggers it to release more FSH and LH. These increased levels of FSH and LH stimulate ovarian follicles to produce more E2 (7–9). Following ovulation, E2 concentrations temporarily decrease, but are restored by corpus luteum activity (Figure 1).



ERs Gene, Protein, and Expression in the Ovary

The levels of ERα and ERβ expression in different tissues varied greatly. In rats, ERα mRNA is mainly expressed in predominant in the uterus, mammary gland, testis, pituitary, adipose tissue, kidney and skeletal muscle, while ERβ mRNA is dominant in the ovary, prostate, lung, cardiovascular and central nervous systems (10–12). For example, the most obvious is that ERβ/ERα in the ovary is much higher than in uterus (11). In human tissues, ERs have two isoforms, ERα and ERβ. ERα is encoded by ESR1 gene on chromosome 6q25.1 while ERβ is encoded by ESR2 on chromosome 14q23.2 (13, 14). Northern blot analysis revealed that ERβ transcripts were detected in human testis, thymus, spleen and ovary (14). ERα mainly participates E2 signaling in the uterus, mammary glands, pituitary, skeletal muscle, adipose tissue and bone (15, 16).

Furthermore, with the development of research, several discrepancies in ERα and ERβ are gradually prominent, even in the same tissue, the expressions of ERα and ERβ positions are also different. In the rat ovary, ERβ is detectable in granulosa cells of maturing follicles; conversely, ERα is more abundant in the interstitium and theca cells (17, 18). ERα and ERβ are differentially expressed in human bone, prostate and breast tissue (15, 19, 20). Both normal and neoplastic human tissues and cell lines express detectable ERβ mRNA (21–23).

The data of ER expression location in the ovary is obtained by in situ hybridization of premenopausal female reproductive tissue (Table 1). In the human ovary, immunohistochemical studies have shown that ERα and ERβ are differentially expressed in granulosa cells that develop follicles. ERβ immunoreactivity is found in granulosa cells of growing follicles at all stages from primary to mature follicles, and also in some interstitial gland cells (15, 29). ERα predominantly occurs in the thecal, interstitial gland and germinal epithelium cells. Before the discovery of ERβ, ER was described in 1993 in the ampullary and fimbrial sections of the fallopian tube (30, 31). The present observations suggest that estrogen stimulates the proliferation of granulosa cells in small follicles, enhance the sensitivity of granulosa cells to FSH and LH, and modulate the biosynthesis of progestins and cAMP (32). Several studies have also reported GPER mRNA and protein is localized on the ovary (27, 28). However, the exact role and mechanism of estrogen in human ovaries remain to be elucidated.


Table 1 | Expression of ERs in normal ovary tissue.






Mechanism of ERs Action in the Ovary

Estrogen is produced in the ovaries and is present in highest concentrations in this organ. In theory, it continuously saturates and activates homologous receptors and could lead to continuous transcriptional activation. Estrogen signaling pathways are mainly mediated by ERα and ERβ which located at different chromosomal locations. At the cellular level, they function synergistically or antagonistically, therefore the final cellular outcome will be determined by their cumulative interaction of activation and/or inhibition pathways (33). Numerous mRNA splice variants exist for both receptors in both normal and diseased tissues (34). ER consists of six components: an amino-terminal domain (A/B domain), a DNA-binding domain (DBD; C domain), a hinge region (D domain), a ligand-binding domain (LBD; E domain), and a carboxy-terminal domain (F domain) (35). ERα and ERβ share similar structures and they form homodimers (ERαα/ERββ) or heterodimers (ERαβ) upon estrogen binding (36). The amino-terminal A/B domains of ERα have ligand-independent AF-1, while the LBD includes the ligand-dependent AF-2 which is significant in ligand-dependent transcriptional regulation (37). In contrast, ERβ displays a lower affinity for ERE binding and considerably lower transcriptional activity in the E2-induced ERE-dependent genomic signaling pathway.

ER-mediated genomic pathway can be subdivided into ERE-dependent and ERE-independent subtypes, and both processes typically occur within hours (34). In the “classical” mechanism of estrogen action, the nuclear ER-estrogen complex directly binds to a specific DNA sequence called the estrogen responsive element (ERE) in the promoter regions of estrogen-responsive genes, then regulates the transcription of these genes (38). Alternatively, the nuclear ER-estrogen complex can bind to ERE sequences indirectly through protein-protein interactions with transcription factors, like activator protein 1 (AP-1) or specificity protein 1 (SP-1) that occur in the promoter regions of ERE sequences. These interactions result in the recruitment of co-regulatory proteins (co-activators or co-repressors) to the promoter, changes in mRNA levels, and the production of proteins that are associated with physiological responses (39–42).

Furthermore, ERα was found to be association with the cell membrane, allowing for rapid ‘non-genomic’ estrogen signaling. The non-genomic pathway typically involves cytoplasmic proteins, growth factors, and other membrane-initiated signaling pathways (43–45). Alternatively, in addition to hormone-mediated activation, it is now well accepted that ER function can be modulated by extracellular signals in the absence of E2. Polypeptide growth factors, such as epidermal growth factor (EGF) and insulin-like growth factor-I (IGF-I), activate ER and increase the expression of ER target genes in an estrogen-independent manner (46). Although the molecular mechanisms involved in ligand independent ER activation have been characterized, the biological role of these processes requires further understanding.

GPER is a novel membrane estrogen receptor responsible for rapid non-genomic estrogen response and transcriptional regulation that activates numerous signal transduction pathways. A study demonstrated that ERα is one of the transcription factors downstream of GPER, suggesting the interaction between non-genomic and genomic estrogen receptors (47).



The Role of ERs: Evidence From Animal Models

The ERKO mice are an optimal biological model to the research work for understanding the physiological action and mechanisms of estrogen action (Table 2). Estrogen via ERs is essential for the establishment and maintenance of pregnancy. As evidenced by the αERKO mouse model, adult αERKO female mice are infertile due to hypoplastic uteri and hyperemic ovaries without corpora (48, 49). In wild-type rodents, the primary site of estrogen feedback is hypothalamus, where αERKO females cause increased hypothalamic gonadotrophin releasing hormone (GnRH) secretion, which then manifests as hypergonadotropism, resulting in ovarian cyst formation. Female mice with αERKO have elevated plasma estradiol and androstendione levels, as well as elevated testosterone levels. In addition, an obvious endocrine sex reversal observed in αERKO/αβERKO ovaries, characterized by ectopic expression of HSD17β3, as this enzyme is unique to the testes (48, 50).


Table 2 | Animal models of estrogen receptors in the hypothalamic-pituitary-ovarian axis.



ENERKI mice are a mutation converts glycine to leucine at residues 525 (G525L) in LBD of ERα, lacking ERα interaction and response with endogenous estrogen. The phenotypes of ENERKI mice and αERKO mice are similar. The mammary gland ductal trees of ENERKI mice are rudimentary, with no terminal end bud formation, ductal elongation, branching, or alveolar differentiation (51). ENERKI mice were infertile due to being unable to ovulate normally and had hypoplastic uterine tissues. Phenotypical evaluation of the ENERKI mice has also established that ERα ligand-induced, but not ligand-independent, signaling is critical in female mammary gland and reproductive tract development. Furthermore, ENERKI mice have elevated LH levels, cystic ovaries and high androgen secretion, reminiscent of human polycystic ovary syndrome (PCOS) (52, 53). And ENERKI females’ granulosa cells are disordered and not encapsulated in follicular structures, similar to certain types of ovarian granulosa cell tumors.

Female mice lacking ERβ are normally fertile and show normal sexual behavior, but in a continuous mating study, they have reduced litter numbers and sizes compared with wild-type mice (54). This decrease in fertility is the result of impaired follicular maturation and a decrease in the number of follicles responsive to LH. There are fewer corpora lutea in the ovaries of βERKO mice than WT ovary after superovulation, indicating that some follicles failed to rupture and discharge oocytes during the ovulatory hCG surge. ERβ mediates the stimulating effect of estrogen on granulosa cell proliferation and βERKO mice have an inefficient and rare ovulation response (55). Granulosa cells of βERKO ovaries exhibited an attenuated response to FSH-induced differentiation after PMSG treatment, which is reflected in the insufficient expression of LH receptors, decreased aromatase activity and reduced estradiol synthesis, accompanied by incomplete expansion of the cumulus-oocyte complex (56). The female mice with ERβ mutations have normal mammary histology and lactate effectively. These studies might help to determine that ERβ is essential for expelling healthy oocytes but not essential for female sexual differentiation, fertility, or lactation.

Briefly, αERKO and βERKO female mice have an appropriate development female reproductive tract (57). However, lacking sensitivity to estrogen severely affects sexual maturation of the entire reproductive tract in the αERKO female and ovarian function in βERKO female. Mice lacking ERα and ERβ exhibit a phenotype similar to αERKO mice, as female mice are infertile (58). Further investigation is required to determine whether there are potential compensatory and synergistic effects between ERα and ERβ.

There are two known forms of nuclear ER, ERα and ERβ, in the tissues of hypothalamic-pituitary-gonadal (HPG) axis. Serum sex hormone levels are strictly regulated by the HPG axis and are associated with follicular growth in the ovaries. The symptoms of female reproductive disease PCOS may result from a disturbance of feedback regulation system of the HPG axis. The regulation of the GnRH neuronal network by E2 involves both negative and positive feedback effects, which together are responsible for producing the ovarian cycle in adult women (59). Estrogen regulates GnRH neurons to control ovulation in mammals. As GnRH neurons do not express ERα, and the positive feedback of estrogen to GnRH neurons is indirect. Mice harboring a neuron-specific ERα deletion was infertile and lacked estrogen positive feedback, and the ERα-expressing neurons have been found to modulate GnRH neurons located within the periventricular nuclei of the rostral hypothalamus (60). The study has provided evidence to show that the ovulation is mediated by estrogen actions on ERα-expressing neuronal afferents to GnRH neurons. Furthermore, ablation of ERα from neurons expressing calmodulin kinase IIα using a tamoxifen-based inducible Cre-LoxP approach displayed that ERα is a key receptor responsible for acute negative estrogen feedback in the mouse brain (61). However, ERβ is expressed in GnRH neurons. Global ERβ mutant mice showed normal patterns of estrogen-induced GnRH activation and LH surge secretion. This indicated that ERβ-regulated signaling in GnRH neurons is not important for estrogen positive feedback (60). Mutant mice with selective deletion of ERβ and its functional splice variants in GnRH neurons also suggested that ERβ has no critical role in acute negative feedback in GnRH neurons (61, 62).

Both ERα and ERβ are expressed in the rat pituitary gland, yet diverse lines of evidence indicate that estrogen-induced pituitary changes are presumably mediated by ERα (12, 63). Gieske et al. produced a ERαflox/flox αGSUcre mice line by deleting ERα in pituitary gonadotroph (64). The basal LH and FSH levels of female pituitary-specific ERα knockout mice were not elevated and their ovulation ability was comparable to that in controls, their estrous cycles were irregular and infertile, suggesting that the LH surge is mistimed, attenuated, or absent. Taken together, ERα in the pituitary gonadotroph is required for estrous cyclicity and fertility in females. In addition, these findings support that the pituitary is not the primary target of negative estrogen feedback in mice, but rather the hypothalamus, compared to the ERα -/- phenotype.

In another study, however, estrogen positive and negative feedback was disrupted in female mice lacking ERα in the pituitary gonadotroph (PitESR1KO) (65). Female PitESR1KO mice were subfertile or infertile, had higher serum LH levels than wild-type, along with a lack of surges in LH values and regular estrous cycles. Some hemorrhagic cystic follicles were also noted in these mice.

Due to the varied phenotypes reported in pituitary-specific ERα KO mouse models, Arao et al. develop a unique model that reintroduces ERα expression exclusively in the pituitary on the background of a global ERα-null (PitERtgKO) mouse (66). The findings suggested that serum E2 and LH levels were normalized in PitERtgKO females. While PitERtgKO female mouse caused a more severe cystic and hemorrhagic phenotype than observed in ERαKO females, implying that anomalous sporadic LH secretion is an important factor to induce severe ovarian phenotype. The results also further suggested that pituitary ERα is involved in negative feedback regulation of estrogen and hypothalamus ERα is required for precise control of LH secretion (66).

Wang et al. reported that GPER expression in hamster ovaries depends on the estrous cycle, with GPER mRNA and protein abundance in the granulosa and theca cell layers peaking on day 3 of the estrus cycle and decreasing on day 4 (67). GPER has been shown to regulate the E2-mediated stimulation of primordial follicle formation in the hamster ovary (68). However, the GPER KO mouse model exhibits normal fertility and reproduction, which may explain the lack of particularly strong effects of GPER on normal reproductive physiology (69). Due to species differences, reproductive data from rodents may not apply to humans.

ER knock-out models suggest that ERα plays an active role in the reproductive system, and ERβ mediates estrogen stimulation of granulocyte proliferation, which is important during ovulation, and the role of GPER appears to be less significant than that of ERα and ERβ. In general, studies using animal models have highlighted the importance of ERα and ERβ signaling in the ovary and the effect of ERs on the gonadal axis on the ovary.



ERs and the Main Pathological Conditions of Ovary

ER is a marker of ovarian disease in the numerous conditions affecting the ovarian functions. Therefore, the mechanism of ER involved in inducing ovarian disease and cancer cell growth should be further studied (Figure 2).




Figure 2 | Molecular pathways of ER regulation in ovarian lesions, like PCOS, ovarian cancer and premature ovarian failure (POF). The interaction of estrogen and ER can initiate intracellular signaling cascades leading to downstream activation of MAPK signaling and PI3K/AKT signaling, both of which are critical for cell growth and proliferation. Estrogen also promotes ovarian disease by regulating GPER. ER, estrogen receptor; RAS, renin-angiotensin system; RAF, residual adversarial fusion; MEK, mitogen-activated protein kina; ERK, extracellular regulated kinase; Grb, cytotoxic protease granzyme B; EGF, epidermal growth factor; PI3K, phosphoinositide 3-kinase; AKT, mTOR, mammalian target of rapamycin; GPER, G-protein-coupled estrogen receptor.




PCOS

PCOS is a state of unbalanced steroid hormone production and activity that affects approximately 4%-18% of women of reproductive age worldwide (71). The most common phenomena are anovulation (or oligo-ovulation) and endometrial changes, which typically result in female infertility. According to the conclusion of the 2003 Rotterdam consensus workshop, the clinical manifestations of PCOS include low or no ovulation, hyperandrogenism, and obesity (72). Insulin resistance and elevated serum LH levels are also common characteristics of PCOS. The criteria included a wider range of symptoms of ovarian dysfunction than the previous NIH classification of 1990. And it has been recognized that not all females with the disease have the biochemical and clinical features defined by PCOS, and that some women with the syndrome have regular cycles, or do not have excess androgens, but will show evidence of ovarian dysfunction (73).

Unlike higher testosterone and lower progesterone levels, estrogen levels in women with PCOS are typically similar to those of healthy women (74). ERβ stimulates follicular growth, induces the expression of specific genes, and increases the number of ovulated oocytes. Disruption of the ERβ gene, therefore, would be expected to have effects on ovarian function and subsequent fertility in the female. In contrast, ERα inhibited ovulation, presumably through effects on the HPG axis and uterine growth (75) (Figure 2). The mechanism of estrogen deficiency or disrupted estrogen synthesis by PCOS remains a longstanding challenge. Upregulation and activation of the WNT2/β-catenin pathway was reportedly tightly associated with estrogen deficiency in PCOS cumulus cells (76). Moreover, the mRNA expression levels of ERα and ERβ in cumulus cells from patients with PCOS are significantly lower than those from healthy controls (75), and considerable alterations in the expression levels of ERα and ERβ are also found in theca and granulosa cells (77); taken together, these findings suggest abnormal folliculogenesis in patients with PCOS.

Interestingly, women with PCOS possess various endometrial abnormalities. Women with PCOS present with alterations in the hypothalamic-pituitary-ovarian axis, which results in persistent circulating levels of estrogen, and complex effects on the endometrium, leading to implantation failure and proliferative aberrations (78). Several endometrial markers associated with the PCOS phenotype have been carried out, explaining some of the adverse endometrium-related clinical manifestations. ER may be the most prominent marker in women with PCOS, as the expression of ER is reportedly increased in the stroma and glandular epithelium of women with PCOS (79–83). Moreover, endometrial ERα immunostaining is reportedly higher in the stroma and epithelium of women with PCOS during the proliferative phase of the menstrual cycle (83, 84), but some studies have shown no alterations in ER expression among patients with PCOS (81). Recent studies have demonstrated that, compared with body mass index-matched controls, proliferative endometrium in women with obesity who have PCOS exhibits lower mRNA levels of ERα and ERα36, as well as a lower ERα/ERβ mRNA ratio (85). It has been reported that the endometrium from PCOS-like rodents and patients with PCOS is morphologically normal, but exhibits structurally and biochemically abnormal responses to hormone stimulation; uterine E2-regulated glycolysis via ERα activation may contribute to successful implantation and the establishment of pregnancy, as E2 is widely regarded as a master regulator of endometrial cell proliferation (86, 87). ERβ-/- mice have defective ovulation reminiscent of PCOS in humans (88). Studies focused on polymorphisms in ER genes have shown no associations between the polymorphisms PvuII and XbaI in ERα and the presence of PCOS (89). In contrast, another study reported that ERα rs9340799 was associated with susceptibility to PCOS in Pakistani women in a sequencing analysis of DNA samples from 96 patients with genetically unrelated PCOS and 96 controls (90). Jiao et al. found that the GA genotype of rs1999805 in ERα increased the risk of PCOS in the Chinese population (91). Furthermore, a study evaluating polymorphisms in ERβ gene demonstrated that the ERβ gene +1730 G/A polymorphism may be associated with pathophysiologic aberrancies observed in patients with PCOS (92).

A normal endocrine feedback loop between organs of the HPG axis exerts a critical influence on reproductive potential. ERs are necessary for the normal function of the hypothalamic-pituitary-ovarian axis. Attenuated E2 negative feedback action by neuronal ERα of the mediobasal hypothalamus may lead to GnRH hypersecretion, and thus LH excess, contributing to ovarian hyperandrogenism in PCOS.

There are a number of reports that the hypothalamic-pituitary-adrenal axis plays a role in the development of PCOS. For example, patients with congenital adrenal hyperplasia possess features of PCOS, are characterized by elevated LH levels and ovarian hyperandrogenism (93). Notably, studies have shown that ERα and ERβ are expressed in the hypothalamus, where they induce GnRH release and upregulate anterior pituitary GnRH receptor expression, thereby promoting the positive regulation of the hypothalamic-pituitary axis by estrogen and maintaining normal ovulation (94, 95). Considering the direct and indirect effects of estrogen on follicle development, maturation and ovulation mediated by ERα and ERβ, it is expected that polymorphisms in ERα and/or ERβ play a role in the persistent anovulation in PCOS. However, studies on SNPs in estrogen signaling and susceptibility to PCOS have been inconsistent. Zhou et al. concluded that no significant association between ERα rs2234693, RS9340799, and ERβ RS4936938 variants and PCOS (96). But we should note that although no statistical significance was found, the rate of RS2234693 polymorphism in ERα in patients with PCOS tended to be higher than in control women.

Studies provide evidence that estrogen may induce its effect on the adrenal gland through receptor-mediated mechanism (97). Although ovaries are the major source of increased androgens in PCOS, studies have found that the adrenal glands also contribute to hyperandrogenism in the syndrome. Approximately 20-33% of PCOS patients present with an excess of adrenal androgens, which is primarily detected by elevated levels of dehydroepiandrosterone sulfate (98). Studies have illustrated that circulating adrenal androgens serve as precursors of ovarian androgens via intraovarian conversion, and that if serum adrenal androgen levels are elevated, it is possible to induce polycystic ovaries functionally and morphologically (99). In contrast, data indicate that in PCOS, the ovaries promoted adrenal androgen overproduction (100, 101). Thus, in PCOS, the ovaries and adrenal glands may be able to interact in a bidirectional manner in addition to the traditional regulation exerted by the hypothalamus and pituitary on either peripheral gland. Nevertheless, the relationship between ERs expression and human PCOS and adrenal gland remains to be further investigated.

Several researches have examined a possible association between GPER and oocyte maturation. For instance, Pang and colleagues treated Atlantic croaker oocytes with E2 and G-1 (GPR30 ligand), indicating GPER maintained oocyte meiotic arrest by activating adenylate cyclase (102). The high expression GPER mRNA in carp oocytes showed the inhibitory effect of E2 on oocyte maturation (103). Peyton et al. also confirmed this idea in zebrafish experiments (104). Subsequently, the relationship between GPER and follicular dysplasia was further revealed in recent studies. Zang et al. analyzed the differences in GPER expression between patients with PCOS and women without PCOS (28). The data indicated the GPER mRNA and protein levels of granulosa cells in PCOS patients were higher than those in the control group at the germinal vesicle stage. Therefore, E2 may be involved in inhibiting oocyte meiosis through GPER. This results in abnormalities oocyte maturation, increased follicular density and augmented androgen synthesis, which is a confluence of factors that induce PCOS.



Ovarian Cancer

Among gynecological malignancies, epithelial ovarian cancer is the most common cause of gynecological cancer death and it is the seventh most common female cancer in the world (105). Every year around the world, 230000 women will be diagnosed and 150000 will die (106). Although many efforts have been made to elucidate the etiology of ovarian cancer and the molecular mechanisms involved in ovarian cell proliferation, the disease remains poorly understood.

The expression levels of ERα are implicated in estrogen-dependent proliferation, invasion and response to endocrine therapy in ovarian cancer (107). ERα is a direct target of the tumor suppressor microRNA (miR)-206, and the introduction of miR-206 mimics inhibits cell proliferation and invasion of ERα-positive ovarian cancer cell lines, CAOV-3 and BG-1 (108). The effects of E2 on cancer progression can be mediated by coding RNAs and non-coding RNAs (ncRNAs). Studies have indicated that three long non-coding RNAs (TC0100223, TC0101686 and TC0101441) are abnormally expressed in ERα-positive epithelial ovarian cancer (EOC) tissues, suggesting that they may have potential for cancer progression (109). And TC0101441 is considered to be an independent prognostic factor for overall survival (109). In vitro studies have used cDNA microarrays to confirm changes in gene expression in E2-treated PEO1 cells (an ER-positive, estrogen-responsive ovarian cancer cell line); the activation of ERα-mediated transcription was shown to be responsible for the observed changes in gene expression, as well as the estrogen-driven growth of epithelial ovarian carcinoma, whereas ERβ played no meaningful role (110).

The level of ERα mRNA in malignant tumors is higher than that in benign tumors, while ERβ mRNA in benign is higher than in malignant tumors. Therefore, we hypothesize that ERβ may have the opposing effects on ovarian cancer. ERβ levels and/or the ERβ/ERα ratio decrease along with the development of ovarian cancer, indicating that loss of ERβ expression affects carcinogenesis. Treatment with the ERβ agonist DPN or re-introduction of ERβ results in notably slower cell growth in both ovarian cell lines SKOV3 and OV2008, and xenografts (111, 112). ERβ decreased the frequency of S phase cells and increased the cells in G2/M phase cells. At the molecular level, the inhibitory effects of ERβ are mediated via the low expression levels of total retinoblastoma (Rb), phosphorylated Rb and phospho-AKT cellular content as well as cyclins D1 and A2, accompanied by a more than 10-fold increase of cyclin-dependent kinase inhibitor p21 (WAF1) transcript levels and upregulation fibulin 1c (112, 113). In addition, part of the anti-proliferative action of ERβ can be explained the direct effect of ERβ on ERα by strongly inhibiting its expression and activity.

In the normal ovary, the levels of ERβ are high, being ERβ1, ERβ2, and ERβ5 the most represented isoforms (114). Different ERβ isoforms may have different roles. Patients with cytoplasmic ERβ2 expression have markedly worse, the 5-year survival rate of patients with serous ovarian cancer expressing cytoplasmic ERβ2 was 32% lower than that of negative patients (115). Cytoplasmic ERβ2 expression was also reported to be associated with chemoresistance. These findings suggested that the sudden diminish in ovarian estrogen might, confer a more aggressive phenotype by the modulation of ERβ2 status, and ultimately contribute to ovarian cancer development.

GPER mRNA is expressed in both benign and malignant ovarian tumors, but GPER mRNA is overexpressed in one-third of malignant tumors (116). GPER is localized in the nucleus and cytoplasm of the biopsy tissues of serous and mucinous ovarian adenocarcinoma. GPER is also expressed in certain cell lines, such as SKOV-3, OVCAR-3, and OVCAR5, and is abundantly co-expressed with ERα and ERβ in the SKOV3 cell line (117, 118). GPER regulates the expression of c-fos and cyclin D1 proteins as well as cancer cell invasion and metastasis factors. In ERα-positive BG-1 ovarian cancer cells, GPER mediated growth response to estrogen and G-1 through activation of the EGFR pathway (119). Atrazine is one of the most common pesticide contaminants in groundwater and surface water (120, 121). In ovarian cancer, atrazine stimulates the expression of multiple estrogen target genes and the proliferation of ovarian cancer cells through the participation of GPER and ERα (122). On cursory consideration, the role of GPER in ovarian cancer may require the co-expression of ERα. On the opposite hand, it has been reported that GPER stimulation in the opposite way, inhibiting the development of cancer. G-1 is a selective GPER agonist that can inhibit the G2/M cell cycle progression and promote apoptosis to control the proliferation of ovarian cancer cells (117).



POF

POF is a heterogeneous condition clinically defined as cessation of ovarian function, with elevated gonadotropins and low estrogen levels under the age of 40 years, presenting approximately 1% of women of reproductive age (123, 124). Recently, the term primary ovarian insufficiency (POI) has been proposed to scientifically describe the state of ovarian function (125). It is characterized by the occurrence of primary or secondary amenorrhea (126). Although it has an iatrogenic or spontaneous etiology, to date, there is no effective treatment to restore ovulation function. However, underlying genetic abnormalities may still be associated with POF, and sequence variations in genes involved in estrogen metabolism may lead to ovarian dysfunction. Given that initial follicular pool size and follicular recruitment rates are associated with age at menopause, genetic variants in sex hormone receptor genes can be considered important risk factors to POF development.

The results related to the distribution of ERα PvuII and XbaI genotypes in patients with POF are contradictory. Bretherick et al. have uncovered in fifty-five POF patients, compared with 107 women from the general population, and 27 women who had proven fertility after age 37, an association between the polymorphic C allele of PvuII polymorphism in ERα gene and secondary POF risk (127). In keeping with this result, recently, M’Rabet et al. found a positive association of the CC-allele of the PvuII polymorphic variant in ERα gene to women suffering from infertility (128). Further, Cordts et al. associated the presence of the C allele of ERα PvuII polymorphism (rs2234693) with POF in Brazilian population, and none of the ERβ polymorphisms evaluated were associated with POF (129). These findings could be due to the decreased of ERα transcription and receptors number in the presence of C allele in PvuII site, which impacts the estrogenic response of tissues, leading to low levels of nuclear transcription factors, allowing apoptotic events with multiple estrogen-responsive target tissues to occur.

Other investigators also have reported the relation of ERα genetic variant and POF. The X allele of XbaI and specific haplo- and diplotype of PvuII and XbaI polymorphisms were associated with a marginally reduced risk of POF occurrence (130). On the other hand, A study detected ERα gene polymorphisms by MGB primer/probe taqman assay from 126 idiopathic POF patients and 221 post-menopausal controls (131). As is shown in the results, a significantly higher frequency of TT genotypes was observed in the POF patients among the ERα PvuII polymorphisms assessed. When the POF patients were further divided into the primary and the secondary POF groups, secondary POF had a higher prevalence of TT genotype than the control. Indeed, the ERα gene polymorphisms may be associated with the risk of idiopathic POF. Overall, ERs could be involved in the pathogenesis of ovarian failure but, to strengthen this hypothesis, more studies are needed to confirm these results.




Drugs Potential for Treating Ovarian Disorders

Estrogen mediate cell proliferation in both normal and malignant cells; therefore, ER antagonists that can inhibit transcription by promoting the binding of co-repressors to the ERE are useful for the prevention of proliferation in malignant tissues. Mixed agonist-antagonists, such as tamoxifen and raloxifene, have distinct pharmacological effects on estrogen target tissues (132). Transcriptional activation of ERα is mediated by AF-1 in the N terminal and AF-2 in LBD, which is needed by the binding of ERα to cofactors (133). AF-1 activity is regulated by the phosphorylation of Ser118 through the growth factor signaling pathway, whilst the activity of AF-2 responds to ligand binding (134, 135). Agonist binding triggers AF-2 activity, but the binding antagonist does not (136). Tamoxifen has a weak agonistic activity. This mild agonistic behavior is caused by phosphorylation of serine 305 of ERα by protein kinase A (PKA) (137). By contrast, human ERβ lacks AF-1 domain activity and is therefore completely dependent on ligand-dependent AF-2 (138). The major determinant of the weak agonist response to tamoxifen is the AF-1 domain of ERα rather than the AF-1 domain of ERβ, which explains the different responses to anti-estrogen tamoxifen (139). In addition, anti-estrogen raloxifene also can block the action of ER by blocking the interaction of AF-2 with p160 coactivator. These drugs are regarded as selective estrogen receptor modulators (SERMs). The use of SERM-targeted ER may be an appropriate approach for the treatment of associated endocrine diseases.

Clomiphene citrate (CC) is another SERM which has ER agonist and antagonist properties, acting as an estrogen agonist at low endogenous estrogen concentrations, otherwise primarily as a competitive antagonist of ER (140, 141). CC is metabolized in the liver and excreted in the stool with a relatively long half-life of 5–7 days (142). CC is highly effective in promoting ovulation in women with PCOS and is recommended as the most used medication for most anovulatory or oligo-ovulatory infertility. And CC induced ovulation in women with PCOS is accompanied by increased secretion of LH and FSH by the pituitary gland and enhanced estrogen secretion (143). It is believed that CC affects hypothalamic ERα which implies enhanced secretion of hypothalamic GnRH pulses, thereby increasing the pulse frequency of LH to promote ovulation (144). Although there is some data regarding its potential harmful effects like affecting endometrial thickness (145, 146). A randomized multicenter trial comparing CC, metformin, and a combination of two drugs in patients with PCOS found that the conception rate was significantly higher in the clomiphene group than in the metformin group (147).

Aromatase, also known as CYP19A1, is responsible for the aromatization of androgen to estrogen. Given that aromatase inhibitors significantly reduce systemic estrogen concentrations, researchers have used aromatase inhibitors to induce ovulation by preventing negative feedback of estrogen on FSH (148). Studies have shown that the aromatase inhibitor letrozole is effective in inducing ovulation and increasing follicle recruitment in patients with polycystic ovary syndrome with few side effects (149). Compared with patients who exhibited progression of ovarian cancer, tumors from stable patients (using CA125 marker criteria of which response is associated with ER expression in a phase II trial of letrozole in ovarian cancer) showed significantly lower expression levels of several estrogen-responsive genes, which were demonstrated to be ERα-dependent and upregulated by E2 in the PEO4 ovarian cancer cell line; moreover, higher aromatase expression has been observed in stable patients (150, 151). Legro et al. conducted a trial in which 750 women with PCOS were randomly assigned to receive letrozole or clomiphene according to modified Rotterdam criteria and demonstrated that letrozole was superior to CC in patients with PCOS, resulting in recommendation to switch from CC to letrozole as the first line agent for ovulation induction in this setting (152).

Oral contraceptives (OCs) are used to treat hirsutism, acne, menstrual irregularities, and irregular menses and of male-pattern alopecia. We should note that adolescents with PCOS may experience distress due to clinical manifestations of hyperandrogenemia. Thus, OC pills could be used as a first line therapy for young women with PCOS who have no reproductive requirements (153). OCs have been proven to contain low doses of estrogen and progestin which regulate ovulation by inhibiting the hypothalamic-pituitary-ovarian axis (154). The positive effect of OCs in the treatment of PCOS is predominantly attributed to the reduction of LH secretion, inhibition of ovarian and adrenal androgen secretion, which decreases free testosterone levels and increases sex hormone-binding globulins production in the liver (155).

The effectiveness of PCOS treatment depends on the dose of estrogen in the contraceptive drug. In general, long-term follow-up and treatment with combined OC is required and at least 6 months of OC therapy is needed to detect improvement in hirsutism or acne in women with PCOS (156). Metformin, an insulin sensitizer, is used to treat PCOS in women with modulated hyperinsulinemia, androgen levels, and menstrual irregularities in women with PCOS (157). However, OCs and metformin, as well as oral contraceptives alone, were reported to be superior to metformin alone in reducing free testosterone levels (158). Contraceptive pills can reduce the risk of endometrial cancer in a long lasting period due to the protective effect of progestin, which is present in OCs (159, 160). However, some studies have provided evidence that OCs may impair tissue insulin sensitivity and increase the potential risk of thrombosis and metabolic disease (154, 155).



Conclusion

Although it has long been suspected that ERs play an important role in in the ovaries, and there is strong evidence that this is the case in many models, the role of estrogen and its receptors in human disease is extraordinarily complex. The co-dependent, redundant, and independent aspects of E2 signaling through both nuclear and membrane-associated ERs are complex and specific to particular cell types, tissues, ligands, and diseases (161). The relative levels of synthesis of ERs and ER variants can also have profound effects on the dynamic and integrated network of cellular events, both in terms of physiology and pathophysiology, in a tissue-specific manner (162). Finally, ER signaling depends on coregulators. Thus, distinct post-translational modifications modulate unliganded or liganded ER functions at each level, and can alter ligand pharmacology (163, 164). GPER inhibits oocyte meiosis to induce polycystic ovary syndrome, and some studies have also shown that GPER is involved in the occurrence of ovarian cancer, but the effect of GPER on ovaries is not mainstream. We mainly review the dominant role of ERα and ERβ in ovarian diseases. The expression levels of ERα and ERβ are significantly altered in PCOS and ovarian cancer, and the polymorphism of ERα gene is associated with POF.

There is mounting evidence suggesting that changing the ratio of ERα/ERβ expression may play a key role in tumor development and progression. In fact, pharmacological activated or inhibited of ERα and/or ERβ has provided the basis for treating many diseases. Studies targeting ERβ and ERα provide a method to search for novel specific SERMs. But Long-term estrogen treatment-related adverse events induced by SERM treatment should be closely monitored as well; identifying ideal SERMs that can exert favorable tissue-selective estrogenic agonist activities on target tissues, while remaining neutral with respect to ER and anti-estrogenic activities in the reproductive system, is the future direction of research in this field (165, 166). Moreover, in order to better understand the complex regulatory mechanisms of ERs actions in women, it is necessary to build a database of female reproductive diseases. Because most knowledge about the role of ERs in disease has been obtained through animal studies.

In this paper, we discuss animal disease models and the causes of different ovarian diseases that provide insight into the roles of estrogen and its receptor in the female ovary. Also, an overview of available evidence indicating a potential role of ERs as a diagnostic or therapeutic target in reproductive endocrine diseases. In view of these considerations, a better understanding of the complex regulatory mechanisms that underlie ER actions is necessary to identify therapeutic approaches that could protect female ovarian health from estrogen, estrogen target tissue malignancies, and diseases associated with estrogen deficiency.



Author Contributions

KY, X-LX, and Z-YH reviewed the literature, wrote the manuscript and designed the figures and tables. JL revised the draft. X-WF and S-LD made substantial contributions to the conception and design of the work, and provided input into manuscript content and composition. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by National Nature Science Foundation Project of China (No. 32072722, 31101714 & 31372307).



Acknowledgments

We thank Wei Yan, Ph.D. and Ryan Chastain-Gross, Ph.D.(from Liwen Bianji, Edanz Group China www.liwenbianji.cn/ac), for editing the English text of a draft of this manuscript.



References

1. Colvin, CW, and Abdullatif, H. Anatomy of Female Puberty: The Clinical Relevance of Developmental Changes in the Reproductive System. Clin Anat (2013) 26:115–29. doi: 10.1002/ca.22164

2. Boon, WC, Chow, JD, and Simpson, ER. The Multiple Roles of Estrogens and the Enzyme Aromatase. Prog Brain Res (2010) 181:209–32. doi: 10.1016/S0079-6123(08)81012-6

3. Aksglaede, L, Juul, A, Leffers, H, Skakkebaek, NE, and Andersson, A-M. The Sensitivity of the Child to Sex Steroids: Possible Impact of Exogenous Estrogens. Hum Reprod Update (2006) 12:341–9. doi: 10.1093/humupd/dml018

4. Simpson, ER, Misso, M, Hewitt, KN, Hill, RA, Boon, WC, Jones, ME, et al. Estrogen–the Good, the Bad, and the Unexpected. Endocr Rev (2005) 26:322–30. doi: 10.1210/er.2004-0020

5. Cui, J, Shen, Y, and Li, R. Estrogen Synthesis and Signaling Pathways During Aging: From Periphery to Brain. Trends Mol Med (2013) 19:197–209. doi: 10.1016/j.molmed.2012.12.007

6. Iliopoulos, D, Hirsch, HA, Wang, G, and Struhl, K. Inducible Formation of Breast Cancer Stem Cells and Their Dynamic Equilibrium With non-Stem Cancer Cells via IL6 Secretion. Proc Natl Acad Sci (2011) 108:1397–402. doi: 10.1073/pnas.1018898108

7. Vollman, RF. The Menstrual Cycle. Major Probl Obstet Gynecol (1977) 7:1–193.

8. Knobil, E. The Neuroendocrine Control of the Menstrual Cycle. Recent Prog Horm Res (1980) 36:53–88. doi: 10.1016/B978-0-12-571136-4.50008-5

9. Treloar, AE, Boynton, RE, Behn, BG, and Brown, BWJI. Variation of the Human Menstrual Cycle Through Reproductive Life. Int J Fertil (1967) 12:77–126.

10. Byers, M, Kuiper, GGJM, Gustafsson, JA, and ParkSarge, OK. Estrogen Receptor-Beta mRNA Expression in Rat Ovary: Down-Regulation by Gonadotropins. Mol Endocrinol (1997) 11:172–82. doi: 10.1210/mend.11.2.9887

11. Couse, JF, Lindzey, J, Grandien, K, Gustafsson, JA, and Korach, KS. Tissue Distribution and Quantitative Analysis of Estrogen Receptor-Alpha (ER Alpha) and Estrogen Receptor-Beta (ER Beta) Messenger Ribonucleic Acid in the Wild-Type and ER Alpha-Knockout Mouse. Endocrinology (1997) 138:4613–21. doi: 10.1210/endo.138.11.5496

12. Kuiper, GGJM, Carlsson, B, Grandien, K, Enmark, E, Haggblad, J, Nilsson, S, et al. Comparison of the Ligand Binding Specificity and Transcript Tissue Distribution of Estrogen Receptors Alpha and Beta. Endocrinology (1997) 138:863–70. doi: 10.1210/endo.138.3.4979

13. Walter, P, Green, S, Greene, G, Krust, A, Bornert, JM, Jeltsch, JM, et al. Cloning of the Human Estrogen-Receptor Cdna. Proc Natl Acad Sci USA (1985) 82:7889–93. doi: 10.1073/pnas.82.23.7889

14. Mosselman, S, Polman, J, and Dijkema, R. ER Beta: Identification and Characterization of a Novel Human Estrogen Receptor. FEBS Lett (1996) 392:49–53. doi: 10.1016/0014-5793(96)00782-X

15. Pelletier, G, and El-Alfy, M. Immunocytochemical Localization of Estrogen Receptors Alpha and Beta in the Human Reproductive Organs. J Clin Endocr Metab (2000) 85:4835–40. doi: 10.1210/jcem.85.12.7029

16. Yeh, CR, Da, J, Song, W, Fazili, A, and Yeh, S. Estrogen Receptors in Prostate Development and Cancer. Am J Clin Exp Urol (2014) 2:161–8.

17. Sar, M, and Welsch, F. Differential Expression of Estrogen Receptor-Beta and Estrogen Receptor-Alpha in the Rat Ovary. Endocrinology (1999) 140:963–71. doi: 10.1210/endo.140.2.6533

18. Hiroi, H, Inoue, S, Watanabe, T, Goto, W, Orimo, A, Momoeda, M, et al. Differential Immunolocalization of Estrogen Receptor Alpha and Beta in Rat Ovary and Uterus. J Mol Endocrinol (1999) 22:37–44. doi: 10.1677/jme.0.0220037

19. Braidman, IP, Hainey, L, Batra, G, Selby, PL, Saunders, PTK, and Hoyland, JA. Localization of Estrogen Receptor Beta Protein Expression in Adult Human Bone. J Bone Miner Res (2001) 16:214–20. doi: 10.1359/jbmr.2001.16.2.214

20. Royuela, M, de Miguel, MP, Bethencourt, FR, Sanchez-Chapado, M, Fraile, B, Arenas, MI, et al. Estrogen Receptors Alpha and Beta in the Normal, Hyperplastic and Carcinomatous Human Prostate. J Endocrinol (2001) 168:447–54. doi: 10.1677/joe.0.1680447

21. Dotzlaw, H, Leygue, E, Watson, PH, and Murphy, LC. Expression of Estrogen Receptor-Beta in Human Breast Tumors. J Clin Endocr Metab (1997) 82:2371–4. doi: 10.1210/jcem.82.7.4212

22. Vladusic, EA, Hornby, AE, Guerra-Vladusic, FK, and Lupu, R. Expression of Estrogen Receptor Beta Messenger RNA Variant in Breast Cancer. Cancer Res (1998) 58:210–4.

23. Dotzlaw, H, Leygue, E, Watson, PH, and Murphy, LC. Estrogen Receptor-Beta Messenger RNA Expression in Human Breast Tumor Biopsies: Relationship to Steroid Receptor Status and Regulation by Progestins. Cancer Res (1999) 59:529–32.

24. Saunders, PTK, Millar, MR, Williams, K, Macpherson, S, Harkiss, D, Anderson, RA, et al. Differential Expression of Estrogen Receptor-Alpha and -Beta and Androgen Receptor in the Ovaries of Marmosets and Humans. Biol Reprod (2000) 63:1098–105. doi: 10.1095/biolreprod63.4.1098

25. Hillier, SG, Anderson, RA, Williams, ARW, and Tetsuka, M. Expression of Oestrogen Receptor Alpha and Beta in Cultured Human Ovarian Surface Epithelial Cells. Mol Hum Reprod (1998) 4:811–5. doi: 10.1093/molehr/4.8.811

26. Scobie, GA, Macpherson, S, Millar, MR, Groome, NP, Romana, PG, and Saunders, PTK. Human Oestrogen Receptors: Differential Expression of ERalpha and Beta and the Identification of ERbeta Variants. Steroids (2002) 67:985–92. doi: 10.1016/S0039-128X(02)00047-8

27. Maiti, K, Paul, JW, Read, M, Chan, EC, Riley, SC, and Nahar, P. Smith, R. G-1-Activated Membrane Estrogen Receptors Mediate Increased Contractility of the Human Myometrium. Endocrinology (2011) 152:2448–55. doi: 10.1210/en.2010-0979

28. Zang, LL, Zhang, Q, Zhou, Y, Zhao, Y, Lu, LL, Jiang, Z, et al. Expression Pattern of G Protein-Coupled Estrogen Receptor 1 (GPER) in Human Cumulus Granulosa Cells (CGCs) of Patients With PCOS. Syst Biol Reprod Med (2016) 62:184–91. doi: 10.3109/19396368.2016.1164260

29. Enmark, E, Pelto-Huikko, M, Grandien, K, Lagercrantz, S, Lagercrantz, J, Fried, G, et al. Human Estrogen Receptor Beta-Gene Structure, Chromosomal Localization, and Expression Pattern. J Clin Endocr Metab (1997) 82:4258–65. doi: 10.1210/jc.82.12.4258

30. Coppens, MT, Deboever, JG, Dhont, MA, Serreyn, RF, Vandekerckhove, DA, and Roels, HJ. Topographical Distribution of Estrogen and Progesterone Receptors in the Human Endometrium and Fallopian-Tube - an Immunocytochemical Study. Histochemistry (1993) 99:127–31. doi: 10.1007/BF00571873

31. Amso, NN, Crow, J, and Shaw, RW. Comparative Immunohistochemical Study of Estrogen and Progesterone Receptors in the Fallopian-Tube and Uterus at Different Stages of the Menstrual-Cycle and the Menopause. Hum Reprod (1994) 9:1027–37. doi: 10.1093/oxfordjournals.humrep.a138628

32. Welsh, TH, Zhuang, LZ, and Hsueh, AJW. Estrogen Augmentation of Gonadotropin-Stimulated Progestin Biosynthesis in Cultured Rat Granulosa-Cells. Endocrinology (1983) 112:1916–24. doi: 10.1210/endo-112-6-1916

33. Tang, ZR, Zhang, R, Lian, ZX, Deng, SL, and Yu, K. Estrogen-Receptor Expression and Function in Female Reproductive Disease. Cells (2019) 8:1123. doi: 10.3390/cells8101123

34. Deroo, BJ, and Korach, KS. Estrogen Receptors and Human Disease. J Clin Invest (2006) 116:561–70. doi: 10.1172/JCI27987

35. Mangelsdorf, DJ, Thummel, C, Beato, M, Herrlich, P, Schutz, G, Umesono, K, et al. The Nuclear Receptor Superfamily - The 2nd Decade. Cell (1995) 83:835–9. doi: 10.1016/0092-8674(95)90199-X

36. Chakraborty, S, Willett, H, and Biswas, PK. Insight Into Estrogen Receptor Beta-Beta and Alpha-Beta Homo- and Heterodimerization: A Combined Molecular Dynamics and Sequence Analysis Study. Biophys Chem (2012) 170:42–50. doi: 10.1016/j.bpc.2012.09.002

37. Bourguet, W, Germain, P, and Gronemeyer, H. Nuclear Receptor Ligand-Binding Domains Three-Dimensional Structures, Molecular Interactions and Pharmacological Implications. Trends Pharmacol Sci (2000) 21:381–8. doi: 10.1016/S0165-6147(00)01548-0

38. Klinge, CM. Estrogen Receptor Interaction With Estrogen Response Elements. Nucleic Acids Res (2001) 29:2905–19. doi: 10.1093/nar/29.14.2905

39. Cheung, E, Acevedo, ML, Cole, PA, and Kraus, WL. Altered Pharmacology and Distinct Coactivator Usage for Estrogen Receptor-Dependent Transcription Through Activating Protein-1. Proc Natl Acad Sci USA (2005) 102:559–64. doi: 10.1073/pnas.0407113102

40. Bjornstrom, L, and Sjoberg, M. Mutations in the Estrogen Receptor DNA-Binding Domain Discriminate Between the Classical Mechanism of Action and Cross-Talk With Stat5b and Activating Protein 1 (AP-1). J Biol Chem (2002) 277:48479–83. doi: 10.1074/jbc.C200570200

41. Kushner, PJ, Agard, DA, Greene, GL, Scanlan, TS, Shiau, AK, Uht, RM, et al. Estrogen Receptor Pathways to AP-1. J Steroid Biochem Mol Biol (2000) 74:311–7. doi: 10.1016/S0960-0760(00)00108-4

42. Marino, M, Ascenzi, P, and Acconcia, F. S-Palmitoylation Modulates Estrogen Receptor Alpha Localization and Functions. Steroids (2006) 71:298–303. doi: 10.1016/j.steroids.2005.09.011

43. Kelly, MJ, and Levin, ER. Rapid Actions of Plasma Membrane Estrogen Receptors. Trends Endocrinol Metab (2001) 12:152–6. doi: 10.1016/S1043-2760(01)00377-0

44. Segars, JH, and Driggers, PH. Estrogen Action and Cytoplasmic Signaling Cascades. Part I: Membrane-Associated Signaling Complexes. Trends Endocrinol Metab (2002) 13:349–54. doi: 10.1016/S1043-2760(02)00633-1

45. Prossnitz, ER, and Barton, M. Estrogen Biology: New Insights Into GPER Function and Clinical Opportunities. Mol Cell Endocrinol (2014) 389:71–83. doi: 10.1016/j.mce.2014.02.002

46. Smith, CL. Cross-Talk Between Peptide Growth Factor and Estrogen Receptor Signaling Pathways. Biol Reprod (1998) 58:627–32. doi: 10.1095/biolreprod58.3.627

47. Clark, S, Rainville, J, Zhao, X, Katzenellenbogen, BS, Pfaff, D, and Vasudevan, N. Estrogen Receptor-Mediated Transcription Involves the Activation of Multiple Kinase Pathways in Neuroblastoma Cells. J Steroid Biochem Mol Biol (2014) 139:45–53. doi: 10.1016/j.jsbmb.2013.09.010

48. Couse, JF, Yates, MM, Walker, VR, and Korach, KS. Characterization of the Hypothalamic-Pituitary-Gonadal Axis in Estrogen Receptor (ER) Null Mice Reveals Hypergonadism and Endocrine Sex Reversal in Females Lacking ER Alpha But Not ER Beta. Mol Endocrinol (2003) 17:1039–53. doi: 10.1210/me.2002-0398

49. Lee, S, Kang, DW, Hudgins-Spivey, S, Krust, A, Lee, EY, Koo, Y, et al. Theca-Specific Estrogen Receptor-Alpha Knockout Mice Lose Fertility Prematurely. Endocrinology (2009) 150:3855–62. doi: 10.1210/en.2008-1774

50. Couse, JF, Hewitt, SC, Bunch, DO, Sar, M, Walker, VR, Davis, BJ, et al. Postnatal Sex Reversal of the Ovaries in Mice Lacking Estrogen Receptors Alpha and Beta. Science (1999) 286:2328–31. doi: 10.1126/science.286.5448.2328

51. Sinkevicius, KW, Burdette, JE, Woloszyn, K, Hewitt, SC, Hamilton, K, Sugg, SL, et al. An Estrogen Receptor-Alpha Knock-in Mutation Provides Evidence of Ligand-Independent Signaling and Allows Modulation of Ligand-Induced Pathways In Vivo. Endocrinology (2008) 149:2970–9. doi: 10.1210/en.2007-1526

52. Rulli, SB, and Huhtaniemi, I. What Have Gonadotrophin Overexpressing Transgenic Mice Taught Us About Gonadal Function? Reproduction (2005) 130:283–91. doi: 10.1530/rep.1.00661

53. Couse, JF, Yates, MM, Sanford, R, Nyska, A, Nilson, JH, and Korach, KS. Formation of Cystic Ovarian Follicles Associated With Elevated Luteinizing Hormone Requires Estrogen Receptor-Beta. Endocrinology (2004) 145:4693–702. doi: 10.1210/en.2004-0548

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

55. Dupont, S, Krust, A, Gansmuller, A, Dierich, A, Chambon, P, and Mark, M. Effect of Single and Compound Knockouts of Estrogen Receptors Alpha (ER Alpha) and Beta (ER Beta) on Mouse Reproductive Phenotypes. Development (2000) 127:4277–91. doi: 10.1242/dev.127.19.4277

56. Couse, JF, Yates, MM, Deroo, BJ, and Korach, KS. Estrogen Receptor-Beta Is Critical to Granulosa Cell Differentiation and the Ovulatory Response to Gonadotropins. Endocrinology (2005) 146:3247–62. doi: 10.1210/en.2005-0213

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

58. Couse, JF, and Korach, KS. Estrogen Receptor Null Mice: What Have We Learned and Where Will They Lead Us? (Vol 20, Pg 358, 1999). Endocrine Rev (1999) 20:459–9. doi: 10.1210/edrv.20.3.0370

59. Maeda, K, Adachi, S, Inoue, K, Ohkura, S, and Tsukamura, H. Metastin/kisspeptin and Control of Estrous Cycle in Rats. Rev Endocr Metab Disord (2007) 8:21–9. doi: 10.1007/s11154-007-9032-6

60. Wintermantel, TM, Campbell, RE, Porteous, R, Bock, D, Grone, HJ, Todman, MG, et al. Definition of Estrogen Receptor Pathway Critical for Estrogen Positive Feedback to Gonadotropin-Releasing Hormone Neurons and Fertility. Neuron (2006) 52:271–80. doi: 10.1016/j.neuron.2006.07.023

61. Cheong, RY, Porteous, R, Chambon, P, Abrahám, I, and Herbison, AE. Effects of Neuron-Specific Estrogen Receptor (ER) α and Erβ Deletion on the Acute Estrogen Negative Feedback Mechanism in Adult Female Mice. Endocrinology (2014) 155:1418–27. doi: 10.1210/en.2013-1943

62. Antal, MC, Krust, A, Chambon, P, and Mark, M. Sterility and Absence of Histopathological Defects in Nonreproductive Organs of a Mouse ERbeta-Null Mutant. Proc Natl Acad Sci USA (2008) 105:2433–8. doi: 10.1073/pnas.0712029105

63. Mitchner, NA, Garlick, C, and Ben-Jonathan, N. Cellular Distribution and Gene Regulation of Estrogen Receptors Alpha and Beta in the Rat Pituitary Gland. Endocrinology (1998) 139:3976–83. doi: 10.1210/endo.139.9.6181

64. Gieske, MC, Kim, HJ, Legan, SJ, Koo, Y, Krust, A, Chambon, P, et al. Pituitary Gonadotroph Estrogen Receptor-Alpha is Necessary for Fertility in Females. Endocrinology (2008) 149:20–7. doi: 10.1210/en.2007-1084

65. Singh, SP, Wolfe, A, Ng, Y, DiVall, SA, Buggs, C, Levine, JE, et al. Impaired Estrogen Feedback and Infertility in Female Mice With Pituitary-Specific Deletion of Estrogen Receptor Alpha (Esr1). Biol Reprod (2009) 81:488–96. doi: 10.1095/biolreprod.108.075259

66. Arao, Y, Hamilton, KJ, Wu, SP, Tsai, MJ, DeMayo, FJ, and Korach, KS. Dysregulation of Hypothalamic-Pituitary Estrogen Receptor Alpha-Mediated Signaling Causes Episodic LH Secretion and Cystic Ovary. FASEB J (2019) 33:7375–86. doi: 10.1096/fj.201802653RR

67. Wang, C, Prossnitz, ER, and Roy, SK. Expression of G Protein-Coupled Receptor 30 in the Hamster Ovary: Differential Regulation by Gonadotropins and Steroid Hormones. Endocrinology (2007) 148:4853–64. doi: 10.1210/en.2007-0727

68. Wang, C, Prossnitz, ER, and Roy, SKJE. G Protein-Coupled Receptor 30 Expression is Required for Estrogen Stimulation of Primordial Follicle Formation in the Hamster Ovary. Endocrinology (2008) 149:4452–61. doi: 10.1210/en.2008-0441

69. Otto, C, Fuchs, I, Kauselmann, G, Kern, H, Zevnik, B, Andreasen, P, et al. GPR30 Does Not Mediate Estrogenic Responses in Reproductive Organs in Mice. Biol Reprod (2009) 80:34–41. doi: 10.1095/biolreprod.108.071175

70. Novaira, HJ, Negron, AL, Graceli, JB, Capellino, S, Schoeffield, A, Hoffman, GE, et al. Impairments in the Reproductive Axis of Female Mice Lacking Estrogen Receptor β in GnRH Neurons. Am J Physiol Endocrinol Metab (2018) 315:E1019–e33. doi: 10.1152/ajpendo.00173.2018

71. Hu, M, Li, J, Zhang, Y, Li, X, Brannstrom, M, Shao, LR, et al. Endometrial Progesterone Receptor Isoforms in Women With Polycystic Ovary Syndrome. Am J Transl Res (2018) 10:2696–705.

72. Chang, J, Azziz, R, Legro, R, Dewailly, D, Franks, S, Tarlatzis, BC, et al. Revised 2003 Consensus on Diagnostic Criteria and Long-Term Health Risks Related to Polycystic Ovary Syndrome. Fertil Steril (2004) 81:19–25. doi: 10.1016/j.fertnstert.2003.10.004

73. Carmina, E, and Lobo, RA. Polycystic Ovaries in Hirsute Women With Normal Menses. Am J Med (2001) 111:602–6. doi: 10.1016/S0002-9343(01)00979-2

74. Kowalczyk, K, Franik, G, Kowalczyk, D, Pluta, D, Blukacz, L, and Madej, P. Thyroid Disorders in Polycystic Ovary Syndrome. Eur Rev Med Pharmacol Sci (2017) 21:346–60.

75. Artimani, T, Saidijam, M, Aflatoonian, R, Amiri, I, Ashrafi, M, Shabab, N, et al. Estrogen and Progesterone Receptor Subtype Expression in Granulosa Cells From Women With Polycystic Ovary Syndrome. Gynecol Endocrinol (2015) 31:379–83. doi: 10.3109/09513590.2014.1001733

76. Qiao, GY, Dong, BW, Zhu, CJ, Yan, CY, and Chen, BL. Deregulation of WNT2/FZD3/beta-Catenin Pathway Compromises the Estrogen Synthesis in Cumulus Cells From Patients With Polycystic Ovary Syndrome. Biochem Biophys Res Commun (2017) 493:847–54. doi: 10.1016/j.bbrc.2017.07.057

77. Jakimiuk, AJ, Weitsman, SR, Yen, H-W, Bogusiewicz, M, and Magoffin, DA. Estrogen Receptor α and β Expression in Theca and Granulosa Cells From Women With Polycystic Ovary Syndrome. J Clin Endocrinol Metab (2002) 87:5532–8. doi: 10.1210/jc.2002-020323

78. Ferreira, SR, and Motta, AB. Uterine Function: From Normal to Polycystic Ovarian Syndrome Alterations. Curr Med Chem (2018) 25:1792–804. doi: 10.2174/0929867325666171205144119

79. Piltonen, TT. Polycystic Ovary Syndrome: Endometrial Markers. Best Pract Res Clin Obstet Gynaecol (2016) 37:66–79. doi: 10.1016/j.bpobgyn.2016.03.008

80. Gregory, CW, Wilson, EM, Apparao, K, Lininger, RA, Meyer, WR, Kowalik, A, et al. Steroid Receptor Coactivator Expression Throughout the Menstrual Cycle in Normal and Abnormal Endometrium. J Clin Endocrinol Metab (2002) 87:2960–6. doi: 10.1210/jcem.87.6.8572

81. Kim, JY, Song, H, Kim, H, Kang, HJ, Jun, JH, Hong, SR, et al. Transcriptional Profiling With a Pathway-Oriented Analysis Identifies Dysregulated Molecular Phenotypes in the Endometrium of Patients With Polycystic Ovary Syndrome. J Clin Endocrinol Metab (2009) 94:1416–26. doi: 10.1210/jc.2008-1612

82. Quezada, S, Avellaira, C, Johnson, MC, Gabler, F, Fuentes, A, and Vega, M. Evaluation of Steroid Receptors, Coregulators, and Molecules Associated With Uterine Receptivity in Secretory Endometria From Untreated Women With Polycystic Ovary Syndrome. Fertil Steril (2006) 85:1017–26. doi: 10.1016/j.fertnstert.2005.09.053

83. Villavicencio, A, Bacallao, K, Avellaira, C, Gabler, F, Fuentes, A, and Vega, M. Androgen and Estrogen Receptors and Co-Regulators Levels in Endometria From Patients With Polycystic Ovarian Syndrome With and Without Endometrial Hyperplasia. Gynecol Oncol (2006) 103:307–14. doi: 10.1016/j.ygyno.2006.03.029

84. Maliqueo, M, Clementi, M, Gabler, F, Johnson, MC, Palomino, A, Sir-Petermann, T, et al. Expression of Steroid Receptors and Proteins Related to Apoptosis in Endometria of Women With Polycystic Ovary Syndrome. Fertil Steril (2003) 80:812–9. doi: 10.1016/S0015-0282(03)00987-7

85. Hulchiy, M, Nybacka, Å, Sahlin, L, and Hirschberg, AL. Endometrial Expression of Estrogen Receptors and the Androgen Receptor in Women With Polycystic Ovary Syndrome: A Lifestyle Intervention Study. J Clin Endocrinol Metab (2016) 101:561–71. doi: 10.1210/jc.2015-3803

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

87. Hu, M, Zhang, Y, Egecioglu, E, Li, X, Shao, LR, and Billig, H. Uterine Glycolytic Enzyme Expression is Affected by Knockout of Different Estrogen Receptor Subtypes. Biomed Rep (2019) 11:135–44. doi: 10.3892/br.2019.1234

88. Imamov, O, Shim, GJ, Warner, M, and Gustafsson, JA. Estrogen Receptor Beta in Health and Disease. Biol Reprod (2005) 73:866–71. doi: 10.1095/biolreprod.105.043497

89. Silva, F, Sóter, M, Sales, M, Candido, A, Reis, F, Silva, I, et al. Estrogen Receptor αlpha Gene (ESR1) PvuII and XbaI Polymorphisms Are Associated to Metabolic and Proinflammatory Factors in Polycystic Ovary Syndrome. Gene (2015) 560:44–9. doi: 10.1016/j.gene.2015.01.037

90. Liaqat, I, Jahan, N, Krikun, G, and Taylor, HS. Genetic Polymorphisms in Pakistani Women With Polycystic Ovary Syndrome. Reprod Sci (Thousand Oaks Calif) (2015) 22:347–57. doi: 10.1177/1933719114542015

91. Jiao, X, Chen, W, Zhang, J, Wang, W, Song, J, Chen, D, et al. Variant Alleles of the ESR1, PPARG, HMGA2, and MTHFR Genes Are Associated With Polycystic Ovary Syndrome Risk in a Chinese Population: A Case-Control Study. Front Endocrinol (Lausanne) (2018) 9:504. doi: 10.3389/fendo.2018.00504

92. Kim, JJ, Choi, YM, Choung, SH, Yoon, SH, Lee, GH, and Moon, SY. Estrogen Receptor Beta Gene+ 1730 G/A Polymorphism in Women With Polycystic Ovary Syndrome. Fertil Steril (2010) 93:1942–7. doi: 10.1016/j.fertnstert.2008.12.040

93. Levin, JH, Carmina, E, and Lobo, RA. Is the Inappropriate Gonadotropin-Secretion of Patients With Polycystic-Ovary-Syndrome Similar to That of Patients With Adult-Onset Congenital Adrenal-Hyperplasia. Fertil Steril (1991) 56:635–40. doi: 10.1016/S0015-0282(16)54592-0

94. Mahesh, VB, and Brann, DW. Regulation of the Preovulatory Gonadotropin Surge by Endogenous Steroids. Steroids (1998) 63:616–29. doi: 10.1016/S0039-128X(98)00075-0

95. Scully, KM, Gleiberman, AS, Lindzey, J, Lubahn, DB, Korach, KS, and Rosenfeld, MG. Role of Estrogen Receptor-Alpha in the Anterior Pituitary Gland. Mol Endocrinol (1997) 11:674–81. doi: 10.1210/mend.11.6.0019

96. Zhou, S, Wen, S, Sheng, Y, Yang, M, Shen, X, Chen, Y, et al. Association of Estrogen Receptor Genes Polymorphisms With Polycystic Ovary Syndrome: A Systematic Review and Meta-Analysis Based on Observational Studies. Front Endocrinol (Lausanne) (2021) 12:726184. doi: 10.3389/fendo.2021.726184

97. Gonzalez, F. Adrenal Involvement in Polycystic Ovary Syndrome. Semin Reprod Endocrinol (1997) 15:137–57. doi: 10.1055/s-2007-1016296

98. Yildiz, BO, and Azziz, R. The Adrenal and Polycystic Ovary Syndrome. Rev Endocr Metab Dis (2007) 8:331–42. doi: 10.1007/s11154-007-9054-0

99. Greenblatt, RB, and Mahesh, VB. The Androgenic Polycystic Ovary. Am J Obstet Gynecol (1976) 125:712–26. doi: 10.1016/0002-9378(76)90801-2

100. Fruzzetti, F, De Lorenzo, D, Ricci, C, and Teti, G. Ovarian Influence on Adrenal Androgen Secretion in Polycystic Ovary Syndrome. Fertil Steril (1995) 63:734–41. doi: 10.1016/S0015-0282(16)57474-3

101. Carmina, E, Gonzalez, F, Chang, L, and Lobo, RA. Reassessment of Adrenal Androgen Secretion in Women With Polycystic Ovary Syndrome. Obstet Gynecol (1995) 85:971–6. doi: 10.1016/0029-7844(95)00065-Y

102. Pang, Y, Dong, J, and Thomas, P. Estrogen Signaling Characteristics of Atlantic Croaker G Protein-Coupled Receptor 30 (GPR30) and Evidence It Is Involved in Maintenance of Oocyte Meiotic Arrest. Endocrinology (2008) 149:3410–26. doi: 10.1210/en.2007-1663

103. Majumder, S, Das, S, Moulik, SR, Mallick, B, Pal, P, and Mukherjee, D. G-Protein Coupled Estrogen Receptor (GPER) Inhibits Final Oocyte Maturation in Common Carp, Cyprinus Carpio. Gen Comp Endocr (2015) 211:28–38. doi: 10.1016/j.ygcen.2014.11.011

104. Peyton, C, and Thomas, P. Involvement of Epidermal Growth Factor Receptor Signaling in Estrogen Inhibition of Oocyte Maturation Mediated Through the G Protein-Coupled Estrogen Receptor (Gper) in Zebrafish (Danio Rerio). Biol Reprod (2011) 85:42–50. doi: 10.1095/biolreprod.110.088765

105. Ferlay, J, Soerjomataram, I, Dikshit, R, Eser, S, Mathers, C, Rebelo, M, et al. Cancer Incidence and Mortality Worldwide: Sources, Methods and Major Patterns in GLOBOCAN 2012. Int J Cancer (2015) 136:E359–86. doi: 10.1002/ijc.29210

106. Lheureux, S, Gourley, C, Vergote, I, and Oza, AM. Epithelial Ovarian Cancer. Lancet (2019) 393:1240–53. doi: 10.1016/S0140-6736(18)32552-2

107. Englert-Golon, M, Andrusiewicz, M, Zbikowska, A, Chmielewska, M, Sajdak, S, and Kotwicka, M. Altered Expression of ESR1, ESR2, PELP1 and C-SRC Genes Is Associated With Ovarian Cancer Manifestation. Int J Mol Sci (2021) 22:6216. doi: 10.3390/ijms22126216

108. Li, SR, Li, Y, Wen, ZF, Kong, FJ, Guan, XL, and Liu, WH. microRNA-206 Overexpression Inhibits Cellular Proliferation and Invasion of Estrogen Receptor Alpha-Positive Ovarian Cancer Cells. Mol Med Rep (2014) 9:1703–8. doi: 10.3892/mmr.2014.2021

109. Qiu, JJ, Ye, LC, Ding, JX, Feng, WW, Jin, HY, Zhang, Y, et al. Expression and Clinical Significance of Estrogen-Regulated Long Non-Coding RNAs in Estrogen Receptor Alpha-Positive Ovarian Cancer Progression. Oncol Rep (2014) 31:1613–22. doi: 10.3892/or.2014.3000

110. O’Donnell, AJ, Macleod, KG, Burns, DJ, Smyth, JF, and Langdon, SP. Estrogen Receptor-Alpha Mediates Gene Expression Changes and Growth Response in Ovarian Cancer Cells Exposed to Estrogen. Endocr Relat Cancer (2005) 12:851–66. doi: 10.1677/erc.1.01039

111. Chan, KKL, Leung, THY, Chan, DW, Wei, N, Lau, GTY, Liu, SS, et al. Targeting Estrogen Receptor Subtypes (ER Alpha and ER Beta) With Selective ER Modulators in Ovarian Cancer. J Endocrinol (2014) 221:325–36. doi: 10.1530/JOE-13-0500

112. Treeck, O, Pfeiler, G, Mitter, D, Lattrich, C, Piendl, G, and Ortmann, O. Estrogen Receptor Beta 1 Exerts Antitumoral Effects on SK-OV-3 Ovarian Cancer Cells. J Endocrinol (2007) 193:421–33. doi: 10.1677/JOE-07-0087

113. Bossard, C, Busson, M, Vindrieux, D, Gaudin, F, Machelon, R, Brigitte, M, et al. Potential Role of Estrogen Receptor Beta as a Tumor Suppressor of Epithelial Ovarian Cancer. PloS One (2012) 7:e44787. doi: 10.1371/journal.pone.0044787

114. Moore, JT, McKee, DD, Slentz-Kesler, K, Moore, LB, Jones, SA, Horne, EL, et al. Cloning and Characterization of Human Estrogen Receptor Beta Isoforms. Biochem Bioph Res Co (1998) 247:75–8. doi: 10.1006/bbrc.1998.8738

115. Ciucci, A, Zannoni, GF, Travaglia, D, Petrillo, M, Scambia, G, and Gallo, D. Prognostic Significance of the Estrogen Receptor Beta (ER Beta) Isoforms ER Beta 1, ER Beta 2, and ER Beta 5 in Advanced Serous Ovarian Cancer. Gynecol Oncol (2014) 132:351–9. doi: 10.1016/j.ygyno.2013.12.027

116. Kolkova, Z, Casslen, V, Henic, E, Ahmadi, S, Ehinger, A, Jirstrom, K, et al. The G Protein-Coupled Estrogen Receptor 1 (GPER/GPR30) Does Not Predict Survival in Patients With Ovarian Cancer. J Ovarian Res (2012) 5:9. doi: 10.1186/1757-2215-5-9

117. Ignatov, T, Modl, S, Thulig, M, Weissenborn, C, Treeck, O, Ortmann, O, et al. GPER-1 Acts as a Tumor Suppressor in Ovarian Cancer. J Ovarian Res (2013) 6:51. doi: 10.1186/1757-2215-6-51

118. Yan, Y, Jiang, XL, Zhao, Y, Wen, HX, and Liu, GY. Role of GPER on Proliferation, Migration and Invasion in Ligand-Independent Manner in Human Ovarian Cancer Cell Line SKOV3. Cell Biochem Funct (2015) 33:552–9. doi: 10.1002/cbf.3154

119. Albanito, L, Madeo, A, Lappano, R, Vivacqua, A, Rago, V, Carpino, A, et al. G Protein-Coupled Receptor 30 (GPR30) Mediates Gene Expression Changes and Growth Response to 17 Beta-Estradiol and Selective GPR30 Ligand G-1 in Ovarian Cancer Cells. Cancer Res (2007) 67:1859–66. doi: 10.1158/0008-5472.CAN-06-2909

120. Miller, SM, Green, ML, Depinto, JV, and Hornbuckle, KC. Results From the Lake Michigan Mass Balance Study: Concentrations and Fluxes of Atmospheric Polychlorinated Biphenyls and Trans-Nonachlor. Environ Sci Technol (2001) 35:278–85. doi: 10.1021/es991463b

121. Solomon, KR, Giesy, JP, LaPoint, TW, Giddings, JM, and Richards, RP. Ecological Risk Assessment of Atrazine in North American Surface Waters. Environ Toxicol Chem (2013) 32:10–1. doi: 10.1002/etc.2050

122. Albanito, L, Lappano, R, Madeo, A, Chimento, A, Prossnitz, ER, Cappello, AR, et al. G-Protein-Coupled Receptor 30 and Estrogen Receptor-Alpha Are Involved in the Proliferative Effects Induced by Atrazine in Ovarian Cancer Cells (Retracted Article. See Vol. 122, Pg. A42, 2014). Environ Health Perspect (2008) 116:1648–55. doi: 10.1289/ehp.11297

123. Coulam, CB, Adamson, SC, and Annegers, JF. Incidence of Premature Ovarian Failure. Obstet Gynecol (1986) 67:604–6.

124. Meskhi, A, and Seif, MW. Premature Ovarian Failure. Curr Opin Obstet Gyn (2006) 18:418–26. doi: 10.1097/01.gco.0000233937.36554.d3

125. Welt, CK. Primary Ovarian Insufficiency: A More Accurate Term for Premature Ovarian Failure. Clin Endocrinol (2008) 68:499–509. doi: 10.1111/j.1365-2265.2007.03073.x

126. Goswami, D, and Conway, GS. Premature Ovarian Failure. Hum Reprod Update (2005) 11:391–410. doi: 10.1093/humupd/dmi012

127. Bretherick, KL, Hanna, CW, Currie, LM, Fluker, MR, Hammond, GL, and Robinson, WP. Estrogen Receptor Alpha Gene Polymorphisms Are Associated With Idiopathic Premature Ovarian Failure. Fertil Steril (2008) 89:318–24. doi: 10.1016/j.fertnstert.2007.03.008

128. M’Rabet, N, Moffat, R, Helbling, S, Kaech, A, Zhang, H, and de Geyter, C. The CC-Allele of the PvuII Polymorphic Variant in Intron 1 of the Alpha-Estrogen Receptor Gene is Significantly More Prevalent Among Infertile Women at Risk of Premature Ovarian Aging. Fertil Steril (2012) 98:965–72.e965. doi: 10.1016/j.fertnstert.2012.05.048

129. Cordts, EB, Santos, AA, Peluso, C, Bianco, B, Barbosa, CP, and Christofolini, DM. Risk of Premature Ovarian Failure Is Associated to the PvuII Polymorphism at Estrogen Receptor Gene ESR1. J Assisted Reprod Genet (2012) 29:1421–5. doi: 10.1007/s10815-012-9884-x

130. Yang, JJ, Cho, LY, Lim, YJ, Ko, KP, Lee, KS, Kim, H, et al. Estrogen Receptor-1 Genetic Polymorphisms for the Risk of Premature Ovarian Failure and Early Menopause. J Womens Health (2010) 19:297–304. doi: 10.1089/jwh.2008.1317

131. Yoon, SH, Choi, YM, Hong, MA, Lee, GH, Kim, JJ, Im, HJ, et al. Estrogen Receptor Alpha Gene Polymorphisms in Patients With Idiopathic Premature Ovarian Failure. Hum Reprod (2010) 25:283–7. doi: 10.1093/humrep/dep375

132. Martinkovich, S, Shah, D, Planey, SL, and Arnott, J. Selective Estrogen Receptor Modulators: Tissue Specificity and Clinical Utility. Clin Interv Aging (2014) 9:1437. doi: 10.2147/CIA.S66690

133. Metivier, R, Penot, G, Flouriot, G, and Pakdel, F. Synergism Between ER Alpha Transactivation Function 1 (AF-1) and AF-2 Mediated by Steroid Receptor Coactivator Protein-1: Requirement for the AF-1 Alpha-Helical Core and for a Direct Interaction Between the N- and C-Terminal Domains. Mol Endocrinol (2001) 15:1953–70. doi: 10.1210/mend.15.11.0727

134. Kato, S, Endoh, H, Masuhiro, Y, Kitamoto, T, Uchiyama, S, Sasaki, H, et al. Activation of the Estrogen-Receptor Through Phosphorylation by Mitogen-Activated Protein-Kinase. Science (1995) 270:1491–4. doi: 10.1126/science.270.5241.1491

135. Kumar, V, Green, S, Stack, G, Berry, M, Jin, JR, and Chambon, P. Functional Domains of the Human Estrogen-Receptor. Cell (1987) 51:941–51. doi: 10.1016/0092-8674(87)90581-2

136. Berry, M, Metzger, D, and Chambon, P. Role of the 2 Activating Domains of the Estrogen-Receptor in the Cell-Type and Promoter-Context Dependent Agonistic Activity of the Antiestrogen 4-Hydroxytamoxifen. EMBO J (1990) 9:2811–8. doi: 10.1002/j.1460-2075.1990.tb07469.x

137. Michalides, R, Griekspoor, A, Balkenende, A, Verwoerd, D, Janssen, L, Jalink, K, et al. Tamoxifen Resistance by a Conformational Arrest of the Estrogen Receptor Alpha After PKA Activation in Breast Cancer. Cancer Cell (2004) 5:597–605. doi: 10.1016/j.ccr.2004.05.016

138. Webb, P, Nguyen, P, Valentine, C, Lopez, GN, Kwok, GR, McInerney, E, et al. The Estrogen Receptor Enhances AP-1 Activity by Two Distinct Mechanisms With Different Requirements for Receptor Transactivation Functions. Mol Endocrinol (1999) 13:1672–85. doi: 10.1210/mend.13.10.0357

139. Zwart, W, de Leeuw, R, Rondaij, M, Neefjes, J, Mancini, MA, and Michalides, R. The Hinge Region of the Human Estrogen Receptor Determines Functional Synergy Between AF-1 and AF-2 in the Quantitative Response to Estradiol and Tamoxifen. J Cell Sci (2010) 123:1253–61. doi: 10.1242/jcs.061135

140. Clark, JH, and Markaverich, BM. The Agonistic-Antagonistic Properties of Clomiphene - A Review. Pharmacol Therapeut (1981) 15:467–519. doi: 10.1016/0163-7258(81)90055-3

141. Medicine, P.C.o.t.A.S.f.R. Use of Clomiphene Citrate in Women. Fertil Steril (2003) 80:1302–8. doi: 10.1016/S0015-0282(03)01184-1

142. Mikkelson, TJ, Kroboth, PD, Cameron, WJ, Dittert, LW, Chungi, V, and Manberg, PJ. Single-Dose Pharmacokinetics of Clomiphene Citrate in Normal Volunteers. Fertil Steril (1986) 46:392–6. doi: 10.1016/S0015-0282(16)49574-9

143. Kettel, LM, Roseff, SJ, Berga, SL, Mortola, JF, and Yen, SSC. Hypothalamic-Pituitary-Ovarian Response to Clomiphene Citrate in Women With Polycystic-Ovary-Syndrome. Fertil Steril (1993) 59:532–8. doi: 10.1016/S0015-0282(16)55795-1

144. Sir, T, Alba, F, Devoto, L, and Rossmanith, W. Clomiphene Citrate and Lh Pulsatility in Pco Syndrome. Horm Metab Res (1989) 21:583–3. doi: 10.1055/s-2007-1009293

145. Bhagavath, B, and Carson, SA. Ovulation Induction in Women With Polycystic Ovary Syndrome: An Update. Am J Obstet Gynecol (2012) 206:195–8. doi: 10.1016/j.ajog.2011.06.007

146. Gadalla, MA, Huang, S, Wang, R, Norman, RJ, Abdullah, SA, El Saman, AM, et al. Effect of Clomiphene Citrate on Endometrial Thickness, Ovulation, Pregnancy and Live Birth in Anovulatory Women: Systematic Review and Meta-Analysis. Ultrasound Obst Gyn (2018) 51:64–76. doi: 10.1002/uog.18933

147. Legro, RS, Barnhart, HX, Schlaff, WD, Carr, BR, Diamond, MP, Carson, SA, et al. Clomiphene, Metformin, or Both for Infertility in the Polycystic Ovary Syndrome. N Engl J Med (2007) 356:551–66. doi: 10.1056/NEJMoa063971

148. Casper, RF, and Mitwally, MFM. A Historical Perspective of Aromatase Inhibitors for Ovulation Induction. Fertil Steril (2012) 98:1352–5. doi: 10.1016/j.fertnstert.2012.10.008

149. Mitwally, MFM, and Casper, RF. Use of an Aromatase Inhibitor for Induction of Ovulation in Patients With an Inadequate Response to Clomiphene Citrate. Fertil Steril (2001) 75:305–9. doi: 10.1016/S0015-0282(00)01705-2

150. Walker, G, MacLeod, K, Williams, AR, Cameron, DA, Smyth, JF, and Langdon, SP. Estrogen-Regulated Gene Expression Predicts Response to Endocrine Therapy in Patients With Ovarian Cancer. Gynecol Oncol (2007) 106:461–8. doi: 10.1016/j.ygyno.2007.05.009

151. Bowman, A, Gabra, H, Langdon, SP, Lessells, A, Stewart, M, Young, A, et al. CA125 Response Is Associated With Estrogen Receptor Expression in a Phase II Trial of Letrozole in Ovarian Cancer: Identification of an Endocrine-Sensitive Subgroup. Clin Cancer Res (2002) 8:2233–9.

152. Legro, RS, Brzyski, RG, Diamond, MP, Coutifaris, C, Schlaff, WD, Casson, P, et al. Letrozole Versus Clomiphene for Infertility in the Polycystic Ovary Syndrome. N Engl J Med (2014) 371:119–29. doi: 10.1056/NEJMoa1313517

153. Bruni, V, Dei, M, Pontello, V, and Vangelisti, P. The Management of Polycystic Ovary Syndrome. Ann N Y Acad Sci (2003) 997:307–21. doi: 10.1196/annals.1290.034

154. Yildiz, BO. Approach to the Patient: Contraception in Women With Polycystic Ovary Syndrome. J Clin Endocrinol Metab (2015) 100:794–802. doi: 10.1210/jc.2014-3196

155. Kahn, JA, and Gordon, CM. Polycystic Ovary Syndrome. Adolesc Med (Philadelphia Pa) (1999) 10:321–36.

156. Yildiz, BO. Assessment, Diagnosis and Treatment of a Patient With Hirsutism. Nat Clin Practice Endocrinol Metab (2008) 4:294–300. doi: 10.1038/ncpendmet0789

157. Morin-Papunen, L, Vauhkonen, I, Koivunen, R, Ruokonen, A, Martikainen, H, and Tapanainen, JS. Metformin Versus Ethinyl Estradiol-Cyproterone Acetate in the Treatment of Nonobese Women With Polycystic Ovary Syndrome: A Randomized Study. J Clin Endocrinol Metab (2003) 88:148–56. doi: 10.1210/jc.2002-020997

158. Yang, YM, and Choi, EJ. Efficacy and Safety of Metformin or Oral Contraceptives, or Both in Polycystic Ovary Syndrome. Ther Clin Risk Manage (2015) 11:1345–53. doi: 10.2147/TCRM.S89737

159. Wiegratz, I, and Kuhl, H. Long-Cycle Treatment With Oral Contraceptives. Drugs (2004) 64:2447–62. doi: 10.2165/00003495-200464210-00006

160. Group, ECW. Noncontraceptive Health Benefits of Combined Oral Contraception. Hum Reprod Update (2005) 11:513–25. doi: 10.1093/humupd/dmi019

161. Prossnitz, ER, and Barton, M. The G-Protein-Coupled Estrogen Receptor GPER in Health and Disease. Nat Rev Endocrinol (2011) 7:715–26. doi: 10.1038/nrendo.2011.122

162. Yasar, P, Ayaz, G, User, SD, Gupur, G, and Muyan, M. Molecular Mechanism of Estrogen-Estrogen Receptor Signaling. Reprod Med Biol (2017) 16:4–20. doi: 10.1002/rmb2.12006

163. Le Romancer, M, Poulard, C, Cohen, P, Sentis, S, Renoir, J-M, and Corbo, L. Cracking the Estrogen Receptor’s Posttranslational Code in Breast Tumors. Endocrine Rev (2011) 32:597–622. doi: 10.1210/er.2010-0016

164. Maggi, A. Liganded and Unliganded Activation of Estrogen Receptor and Hormone Replacement Therapies. Biochim Biophys Acta (BBA)-Mol Basis Dis (2011) 1812:1054–60. doi: 10.1016/j.bbadis.2011.05.001

165. Taylor, HS. Designing the Ideal Selective Estrogen Receptor Modulator—an Achievable Goal? Menopause (New York NY) (2009) 16:609. doi: 10.1097/gme.0b013e3181906fa3

166. Maximov, Y, Lee, M, and Craig Jordan, V. The Discovery and Development of Selective Estrogen Receptor Modulators (SERMs) for Clinical Practice. Curr Clin Pharmacol (2013) 8:135–55. doi: 10.2174/1574884711308020006




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


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

Copyright © 2022 Xu, Huang, Yu, Li, Fu and Deng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not co7mply with these terms.




CLINICAL TRIAL

published: 07 March 2022

doi: 10.3389/fendo.2022.797121

[image: image2]


Down-Regulation Ovulation-Induction Leads to Favorable Outcomes in a Single Frozen-Thawed Blastocyst Transfer RCT


Shi-Bin Chao 1,2, Yan-Hong Wang 2, Jian-Chun Li 2,3, Wen-Ting Cao 3, Yun Zhou 2 and Qing-Yuan Sun 4*


1 Department of Clinical Medicine, Fuzhou Medical College of Nanchang University, Fuzhou, China, 2 ART Centre, Maternal and Child Health Care Hospital, Shangrao, China, 3 Department of Clinical Laboratory, The First Affiliated Hospital of Nanchang University, Nanchang, China, 4 Fertility Preservation Lab, Guangdong-Hong Kong Metabolism and Reproduction Joint Laboratory, Reproductive Medicine Centre, Guangdong Second Provincial General Hospital, Guangzhou, China




Edited by: 

Jing Li, Nanjing Medical University, China

Reviewed by: 

Xue Jiao, Shandong University, China

Zhiqin Bu, Zhengzhou University, China

*Correspondence: 

Qing-Yuan Sun
 sunqy@gd2h.org.cn

Specialty section: 
 This article was submitted to Reproduction, a section of the journal Frontiers in Endocrinology


Received: 18 October 2021

Accepted: 08 February 2022

Published: 07 March 2022

Citation:
Chao S-B, Wang Y-H, Li J-C, Cao W-T, Zhou Y and Sun Q-Y (2022) Down-Regulation Ovulation-Induction Leads to Favorable Outcomes in a Single Frozen-Thawed Blastocyst Transfer RCT. Front. Endocrinol. 13:797121. doi: 10.3389/fendo.2022.797121




Objective

Elective single embryo transfer (eSET) has been increasingly advocated to achieve the goal of delivering a single healthy baby. A novel endometrial preparation approach down-regulation ovulation-induction (DROI) proposed by our team was demonstrated in an RCT that DROI could significantly improve the reproductive outcome compared with modified natural cycle. We aimed to evaluate whether DROI improved clinic pregnancy rate in this single frozen-thawed blastocyst transfer RCT compared with hormone replace treatment (HRT).



Method

Eligible participants were recruited and randomized into one of two endometrial preparation regimens: DROI or HRT between March 15, 2019 and March 12, 2021. The primary outcome was clinical pregnancy rate (CPR). The secondary endpoints included ongoing pregnancy rate (OPR), biochemical miscarriage and first trimester pregnancy loss. This trial is registered at the Chinese Clinical Trial Registry, number ChiCTR2000039804.



Result (s)

A total of 330 women were randomized in a 1:1 ratio between two groups and 289 women received embryo transfer and completed the study (142 DROI; 147HRT). Pregnancy outcomes were significantly different between the two groups. The CPR and OPR in the DROI group were significantly higher than those of the HRT group (64.08% versus 46.94%, P<0.01; 56.34% versus 38.78%,P<0.01). The biochemical miscarriage and first trimester pregnancy loss were comparable between the two groups.



Conclusion (s)

The findings of this RCT support the suggestion that the DROI might be a more efficient and promising alternative endometrial preparation approach for FET. Moreover, DROI could play a critical role in promoting uptake of single embryo transfer strategies in FET.





Keywords: down-regulation ovulation-induction, elective single embryo transfer, frozen-thawed embryo transfer, endometrial receptivity, endometrial preparation



Introduction

Due to the well-known advantages of frozen-thawed embryo transfer (FET), such as prevention of ovarian hyperstimulation syndrome (OHSS) and increasing cumulative live birth rates (CLBRs) (1, 2), the proportion and the number of FET cycles performed have increased dramatically in recent years (3). In contrast to the complex COS, FET procedures are simpler, with the primary objective being to adequate preparation of the endometrium to receive the thawed embryo(s). Various endometrial preparation regimens have been developed for FET. However, there is no consensus on the optimal approach for endometrial preparation (4).

Multiple gestations are iatrogenic complications during IVF and bring a series of negative maternal and infant complications such as premature birth and low birth weight (5, 6). Elective single embryo transfer (eSET) is the most efficient approach to reduce the risk of multiple gestations (7). Despite strong advocacy for its universal adoption, its widespread uptake is slow because reducing the number of embryos transferred compromise the pregnancy rate (8). Many efforts have been made to increase the pregnancy rate after eSET (9). Extending embryo culture to blastocyst from cleavage stage allows for better evaluation of the implantation potential of the embryo (10). As a result, single blastocyst transfer strategy is recommended (11).

Whether in fresh ET or FET, successful implantation involves interactions between the endometrium and the embryo. It is estimated that embryos account for 30% of implantation failures, while suboptimal endometrial receptivity and altered embryo–endometrial dialogue are responsible for the remaining 70% (12, 13). However, embryo quality has been the most focused aspect of IVF over the past four decades while more and more studies are paying attention to endometrial receptivity (14, 15).

Inspired by preferable endometrial receptivity of the depot GnRH-a COS protocol (16, 17), we proposed the DROI as an endometrial preparation protocol and demonstrated in a pilot RCT that DROI could significantly improve the reproductive outcome of FET compared to modified natural cycle (18). In the previous pilot RCT, as the average number of embryos transferred in DROI group reached 1.67, the multiple pregnancy rates reached 30.28% that was unacceptable in modern IVF practice. Therefore, we designed this single blastocyst transfer RCT study. The main objective of this study was to demonstrate whether DROI regimen can improve the pregnancy outcome of single blastocyst FET compared with HRT.



Materials and Methods


Study Design and Participants

This study was conducted as a randomized clinical trial at the ART centre of Shangrao Maternal and Child Health Care Hospital, Jiangxi, China. The study conformed to the ‘Declaration of Helsinki for Medical Research involving Human Subjects’ and was approved by ethics committees of the hospital. This RCT trial was registered at the Chinese Clinical Trial Registry (ChiCTR2000039804). The candidate patients obtained detailed information of both approaches, including the duration of the down-regulation and the potential risk of pituitary suppression. All the couples gave written informed consent for the procedures.

Participants scheduled for FET were randomly assigned to two study groups in a 1:1 ratio. Random allocation was performed by a study doctor at endometrial preparation by means of computer-generated random numbers in sealed, unlabelled envelopes. This trial included women who had at least one blastocyst cryopreserved and were undergoing their first FET cycle. Other inclusion criteria were aged 20–40 years at the time their embryos were frozen, BMI 18–28 kg/m2, and basal FSH level<10 IU/ml. Women with hyperprolactinemia, endometriosis, hydrosalpinx and uterine abnormalities, thyroid disease were excluded from this study.



COS and Embryo Vitrification, Thawing, and Transfer

All participants were given gonadotropin releasing hormone (GnRH) antagonist or Progestin-primed ovarian stimulation (PPOS) regimen for ovarian stimulation as extensively described elsewhere (19, 20). When at least two leading follicles were18 mm or greater in mean diameter, human chorionic gonadotropin (HCG) at a dose of 4000–10 000 IU or 0.2 mg of triptorelin was administered to trigger ovulation. Oocytes were retrieved transvaginally 35–37 h after trigger. Embryo morphology was assessed and graded on Day 3according to the Cummins criteria (21). Generally, two Grade I or Grade II embryos were vitrified or transferred on Day 3, and the surplus embryos were cultured to Day 5 or 6 to reach blastocyst stage for later FET cycles. The vitrification procedure was performed following standard protocols using Kitazato Freeze Kit (Kitazato Corporation, Japan). Blastocysts were graded according to the Gardner criteria, based on the expansion of the blastocoel cavity, number of cells and cohesiveness of the inner cell mass and trophectoderm (22). Blastocysts graded ≧4BB according to Gardner morphological criteria were classified as good-quality embryo.



Endometrial Preparation Before Embryo Transfer

The procedure of DROI protocol was summarized in our previous report (18). Briefly, 75–150 IU of HMG (Lizhu Pharmaceutical Trading Co, Zhuhai, China) started after 35-42 Day administration of a full dose (3.75 mg) Leuprorelin Acetate (Lizhu Pharmaceutical Trading Co, Shanghai, China). Gonadotropin stimulation continued until endometrial thickness ≥7 mm and met one of the following two criteria (1): If there were dominant follicles, the number of leading follicles that had a mean diameter of ≥16 mm was between 1-3, with serum estradiol levels 200-800ng/l and progesterone<1.5ng/ml (2); If there was no dominant follicle, at most four follicles reached the diameter between 12-15mm, with serum estradiol levels between 150-1000ng/l and progesterone<1.5ng/ml. A dose of HCG 5000-10000 IU was injected at 9:00 PM, and ET was arranged 7 days later. Oral 30mg/d DYG (Dupbaston, Abbott, Netherlands) as luteal support was initiated 2 days after HCG trigger and continued to 6 weeks of gestation if a pregnancy occurred.

In HRT protocols, oral estradiol valerate (Progynova; Bayer, Germany) was commenced on the 2nd or 3rd day of a natural or progesterone-induced menstrual cycle, and 10–12 days later, ultrasound examination was carried out to measure endometrial thickness. When the endometrial thickness attained ≥7 mm, oral 20mg/d DYG (Dupbaston, Abbott, Netherlands) and 90 mg daily progesterone vaginal gel (Crinone, MERCK, UK) were initiated. Embryo transfer was performed 5 days later. Luteal support was continued to 10 weeks of gestation if a pregnancy occurred.



Sample Size Calculation and Statistical Analysis

The CPR after single blastocyst transfer was about 50% in our retrospective clinical database. We assumed that an absolute difference of 15% in CPR from our pilot trial and thus aimed to test a difference of 15% of CPR between two groups at a significance level of 0.05 with statistical power of 80%. The minimal sample size was 132 for each group as calculated by PASS 11.0 software (https://www.ncss.com/software/pass/). In consideration of a cancellation rate of 20%, we planned to enroll 165 women in each group.

The primary outcome was analyzed according to the intention-to-treat principle. The difference in the primary outcome (CPR) and other categoric variables between the two treatment groups was analyzed by the Pearson χ² test. Continuous data were compared with the Student’s t-test. All statistical analyses were performed by using the Statistical Package for Social Sciences (SPSS) version 18.0. A P value <0.05 was considered to be statistically significant.




Results


Study Population

Recruitment was done between March 15, 2019, and March 12, 2021. A total of 330 women were randomized and 289 had FET eventually and completed the study. Reasons for dropout are summarized in Figure 1. Remaining patients received treatment according to study group allocation, resulting in 142 patients (49.13%) receiving DROI-FET and 147 (50.87%) receiving HRT-FET.




Figure 1 | Flowchart showing of enrollment and randomization of study patients.





Baseline Characteristics

Patients’ baseline demographics and clinical characteristics are detailed in Table 1. No significant difference was observed between the two treatment groups regarding age, BMI, AMH, duration of infertility, total antral follicle count, indication for IVF, or type of infertility. The baseline hormone profiles and COS protocols proportion in fresh cycles were similar between the two groups.


Table 1 | Basic characteristics of patients at the cycle level.





Cycle Characteristics of FET

The quality and developmental stage of blastocysts are the key factors that affect the outcome of FET. As presented in Table 2, the proportions of patients with good/poor quality and D5/D6 blastocysts transferred between the two groups were comparable. The expansion of the blastocoel cavity is also an important aspect of blastocyst quality. The majority of blastocysts transferred in this study were at stage 4 or 5 (96.48% VS 98.63%), and only a small number of stage 3 and 6 blastocysts were found in each group. The proportion of 3-6 stage expansion of the blastocoel cavity was not statistically significant between the two groups. The endometrium thickness on embryo transfer day was slightly thicker in the DROI group than in the HRT group (11.37 VS 10.96), but there was no statistical significance.


Table 2 | Cycle characteristics at transfer level.





Reproductive Outcomes of FET

The main reproductive outcomes of FET are presented in Table 3. Our primary outcome, the clinical pregnancy rate in the DROI group, was statistically higher than that in the HRT group (64.08% versus 46.94%, P<0.01). The rate of ongoing pregnancy in the DROI group was also higher than that in the HRT group (56.34% versus 38.78%, P<0.01). The biochemical miscarriage and first trimester pregnancy loss were comparable between two groups (11.26% versus 11.56%, P>0.05; 9.89% versus 15.94%, P>0.05). There were 2 cases of ectopic pregnancy in the DROI group and 1 case in the HRT group.


Table 3 | Reproductive outcomes.






Discussion

To the best of our knowledge, Down-regulation ovulation-induction is a novel endometrial preparation protocol first proposed and practiced in FET by our team (18). The results of this study showed that the DROI approach could significantly improve CPR and OPR in single blastocyst FET (64.08% VS 46.94%, P<0.01; 56.34% VS 38.78%, P<0.01). We assumed that the underlying mechanism for this better pregnancy outcome is favorable endometrial receptivity. Since Rock and Bartlett described the histological changes of the endometrium around the time of implantation (23), many studies and efforts have been made to improve endometrial receptivity, but there is little consensus (13). Depot GnRH-a protocol has been widely used in China and it dramatically improved reproductive outcomes (16, 24). The success of the protocol proved to be due to improved endometrial receptivity (17, 25). DROI mimics the depot GnRH-a regimen procedure to take advantage of its favorable endometrial receptivity. Prolongation of downregulation increased the expression of the enzymes and cytokines directly and promoted the level of endometrial receptivity markers such as integrin-b3 and leukemia inhibitory factors (26–28). The combination of endogenous estrogen, progesterone, and HCG trigger in DROI regimen might promote endometrial receptivity marker expression by some mechanism that we don’t know yet.

In recent years, FET has become more widely used and played an increasingly important role in IVF. Therefore, the quality of FET is a key element of IVF quality. Endometrial preparation is the most critical step for FET. The options range from natural cycle, over ovarian stimulation, to HRT with or without GnRH-a (1). Indeed, in the latest review, it was concluded that no regimen was superior to another in relation to reproductive outcomes (29, 30). A more effective approach is highly desirable for doctors and patients. In the previous and present studies, we have shown that DROI outperforms both mNC and HRT.

The goal of all fertility treatments is the delivery of a single healthy baby. In the early days of IVF, the guidelines involved the transfer of multiple embryos to achieve a relatively acceptable CPR. High multiple birth rates present a substantial problem and have consequently poorer obstetric and neonatal outcomes. ESET was proposed as the best method to reduce multiple gestations (31). The reduction in the number of embryos transferred has also resulted in a reduction in CPR, thus limiting the uptake of eSET strategies (32–34). Strategies to screen out embryos with the best developmental potential seem ineffective (35–37). Improving endometrial receptivity may be a more promising approach. The favorable outcomes of DROI in this RCT may be a beneficial effect on endometrial receptivity.

There are limitations in this study that should be taken into account when interpreting the findings. First, it is a small sample size, single-centre study which may be subject to selection bias. Second, participants recruited for this RCT were patients with a good prognosis. We should be cautious to generalize the outcomes to women with an unfavorable or even less favorable prognosis. Third, live birth rate and obstetric and perinatal complications are not yet presented in the study. Larger sample size, multi-centre RCT and a more detailed study are needed to verify the practicability of the protocol in future studies.

In conclusion, DROI showed significant advantages in single frozen-thawed blastocyst transfer over HRT. A possible explanation for the better outcomes with the DROI may benefit effect on endometrial receptivity as the depot GnRH-a COS protocol. Therefore, DROI would be a more effective and promising alternative endometrial preparation regimen and might play an irreplaceable role in promoting uptake eSET strategy in FET.
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Alkylating agents (AAs) that are commonly used for cancer therapy cause great damage to the ovary. Pyrroloquinoline-quinine (PQQ), which was initially identified as a redox cofactor for bacterial dehydrogenases, has been demonstrated to benefit the fertility of females. The aim of this study was to investigate whether PQQ dietary supplementation plays a protective role against alkylating agent-induced ovarian dysfunction. A single dose of busulphan (20 mg/kg) and cyclophosphamide (CTX, 120 mg/kg) were used to establish a mouse model of ovarian dysfunction. Feed containing PQQNa2 (5 mg/kg) was provided starting 1 week before the establishment of the mouse model until the date of sacrifice. One month later, estrous cycle period of mice were examined and recorded for consecutive 30 days. Three months later, some mice were mated with fertile male mice for fertility test. The remaining mice were sacrificed to collect serum samples and ovaries. One day before sacrifice, some mice received a single injection of BrdU to label proliferating cells. Serum samples were used for test hormonal levels. Ovaries were weighted and used to detect follicle counts, cell proliferation, cell apoptosis and cell senescence. In addition, the levels of inflammation, oxidative damage and Pgc1α expression were detected in ovaries. Results showed that PQQ treatment increased the ovarian weight and size, partially normalized the disrupted estrous cycle period and prevented the loss of follicles of mice treated with AAs. More importantly, we found that PQQ treatment significantly increased the pregnancy rate and litter size per delivery of mice treated with AAs. The protective effects of PQQ appeared to be directly mediated by promoting cell proliferation of granulosa, and inhibiting cell apoptosis of granulosa and cell senescence of ovarian stromal cells. The underlying mechanisms may attribute to the anti-oxidative stress, anti-inflammation and pro-mitochondria biogenesis effects of PQQ.Our study highlights the therapeutic potential of PQQ against ovarian dysfunction caused by alkylating agents.
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Introduction

Alkylating agents (AAs) which have been widely used in the treatment of cancer also attack normal organs, and result in organ dysfunction (1, 2). Of these organs, the ovary is extremely sensitive to AAs (3). The ovarian dysfunction caused by AAs is mainly characterized by elevated FSH (Follicle-stimulating hormone) and LH (Luteinizing hormone) levels, decreased E2 (estradiol) production, disrupted estrous cycle periods, depleted ovarian reserves, ovarian stroma fibrosis and ovarian vessel damages (4). It has been demonstrated that treatment with AAs in childhood is strongly associated with the occurrence of premature ovarian insufficiency (POI) (5). Animal studies also demonstrate the serious toxic effect of AAs on the ovary, and AAs, are commonly used to establish mouse models of ovarian dysfunction (6–8). Busulphan (BUL) and cyclophosphamide (CTX) are two kinds of AAs which are frequently used in cancer therapy. Use of either BUL or CTX alone can damage the ovary. Sometimes, these two drugs will be used in combination. Jiang et al. showed that only a single injection of BUL and CTX can cause accelerated follicles depletion in mice, mimicking the process of ovarian aging (6). This mouse model has been widely adopted as a mouse model of POI for study (9–11).

The precise mechanisms underlying the ovarian damage caused by AAs are complicated and remain unclear. First wave of damage is directly caused by the toxicity of AAs. AAs can induce inter-and intra-strand DNA crosslinking that leads to apoptosis and cell death (4). Extensive cell death may create a specific microenvironment within ovary characterized by high level of oxidative stress and inflammation. That is consistent with the finding that ovary damage caused by AAs could be alleviated by inhibiting oxidative stress and inflammation (12). In addition, a recent study showed that mitochondrial protection could be a strategy against alkylating agent-induced ovarian damage, indicating a role of mitochondra impairment in mediating the ovarian toxicity of alkylating agents (13). Therefore, AAs damage ovary via multiple mechanisms. Finding a safe agent that can protect the ovary from being damaged by alkylating agents by targeting multiple pathways is an important issue to be addressed.

Pyrroloquinoline-quinine (PQQ) was first shown to function as a redox cofactor for dehydrogenases in bacteria (14). Later studies revealed that PQQ may also act as a cofactor for enzymes in eukaryote, such as PQQ-dependent sugar oxidoreductase activity in mushrooms and PQQ-mediated regulation of lactate dehydrogenase activity in mammals (15, 16). Although PQQ cannot be synthesized in mammals, it is available in foods such as milk, vegetables and meat (17, 18). Lack of PQQ in food resulted in developmental abnormalities in mice, including decreased fertility of female mice and survival of their offspring, growth retardation and impaired immune response (19, 20). In contrast, supplementation with PQQ was reported to alleviate the progression of multiple diseases in mice (21–29). More importantly, it has been reported that PQQ supplementation increased the reproductive performance of SD rats, and protected the ovaries of mice from ischemia-reperfusion injury (30, 31). In addition, a recent study showed that PQQ supplementation increased the pups per delivery of C57BL 6 background mice (32).

The mechanisms underlying the beneficial effects of PQQ on health may depend on its several biological effects including its anti-oxidative stress, anti-inflammation, and pro-mitochondria biogenesis effects. PQQ is known as the strongest water-soluble antioxidant (the singlet molecular oxygen-quenching activity of PQQ was approximately 6.3-times higher than that of vitamin C) (33). Uptake of PQQ has been shown to decrease the levels of plasma C-reactive protein and interleukin (IL)-6 and promote the biogenesis of mitochondria in humans (34, 35). In addition, dietary supplements containing PQQ have been available in the United States since 2009 (36). However, it remains unknown whether PQQ supplementation alleviates the ovary dysfunction caused by AAs. Therefore, we proposed that PQQ may be an ideal agent to alleviate damage to the ovary caused by AAs.

In the present study, we aimed to test the effect of PQQ supplementation on alkylating agent-induced ovarian dysfunction in mice. The main measures included fertility, hormone levels, estrous cycle period, follicle counts, ovarian cell proliferation/apoptosis/senescence, oxidative damage, inflammation, and mitochondrial marker in the ovary.



Materials and Methods


Animals, Establishment of Ovarian Dysfunction Mouse Model and Treatment

All the mice (C57BL/6 background) were maintained in a specific pathogen free (SPF) animal laboratory in Changzhou Kawensi Laboratory Animal Centre. A total of 60 female mice (8-week) were randomly divided into 3 groups, the control group (CON), ovary dysfunction group (O) and ovary dysfunction with PQQ supplementation group (OP). To establish an ovarian dysfunction mouse model, female mice aged 8 weeks received a single dose of BUL (Sigma, China, 20 mg/kg) and CTX (Selleck, China, 120 mg/kg) by intraperitoneal injection. The reagents were dissolved in DMSO, and further diluted in saline. The injected volume was 10 µL/g (body weight). The control mice were injected with an equal amount of solvent. For the mice in the OP group, feed containing PQQNa2 (5 mg/kg) was provided starting 1 week before the establishment of the mouse model until the date of sacrifice. For the mice in the CON and O groups, feed without PQQ was provided. Three months later, the mice were mated with 10-week old fertile male mice or sacrificed for further analysis. Twenty-four hours before sacrifice, 3 mice in each group were injected with BrdU (Sigma, 50 mg/kg). All the animal procedures and experiments were approved by the ethics committee of Changzhou Maternal and Healthy Care Hospital and Nanjing Medical University.



Fertility Test

Three months after a single injection of BUL and CTX, seven female mice in each group were mated with 10-week old fertile male mice (C57BL/6 background) for 2 month. The fertility of the male mice was confirmed by mating experiment. The 8 week old male mice mated with 3 adult females, if one of the female mice got pregnancy, we considered that the male mice were fertile. After a confirmation of fertility of male mice, one female mouse was mated with one male mouse in per cage. The pregnancy, litter size of each mouse and the days from mating to delivery were recorded.



Detection of the Estrous Cycle Period

Six mice for each group were used for monitoring estrous cycles starting 1 month after a single injection of BUL and CTX for consecutive 30 days. The estrous cycle was determined by analyses of vaginal smears. Ten microliters of saline was injected into the vagina and collected by suction 3 times. Then, the saline was smeared on a slide. After air drying, the smear was fixed with 95% ethanol. Then, HE staining was performed to analyze the estrous cycle period. The experiment of vaginal smear was conducted between 9:00 and 10:00 am every day.



AMH, FSH and E2 Assays

Mice were sacrificed at 3 months after a single injection of BUL and CTX. Serum samples from mice in the diestrus phase were chosen to measure serum hormone levels. AMH, FSH and E2 were determined by ELISA, and anti-AMH (RJ-17440), anti-FSH (RJ-17024) and anti-E2 (RJ-17014) ELISA kits were used. All the ELISA kits were purchased from Shanghai Renjie Biological Company. All the procedures were performed strictly according to the instructions provided by the manufacturer.



Follicle Counts

The paraffin-embedded ovaries were serially sectioned at 30 µm intervals, starting from the appearance of ovary tissue in the section. The thickness of the section was 5 µm. A total of 30 sections for each ovary were mounted on the slides. HE staining was performed and photos were taken with a light microscope. The numbers of the various types of follicles, including primordial follicles, primary follicles, secondary follicles, mature follicles and degenerative follicles, were counted. The criteria for the classification of follicles were previously described by Umehara et al. (37).



Immunohistochemistry

Following dewaxing, hydration, antigen-retrieval with citrate buffer (0.01 M) by the high pression method, inactivation of endogenous peroxidase by 3% H2O2, and blocking of nonspecific binding sites by 10% donkey serum, the ovarian sections were incubated with primary antibodies and stored at 4°C overnight. The slides were washed with PBS 3 times (5 min/wash) to remove the unbound primary antibodies, and the sections were incubated with HRP-labeled secondary antibodies at room temperature for 1 hour. Following removal of the unbound secondary antibodies, positive staining of the sections was visualized by staining with a DAB solution (Beyotime Biotechnology). For BrdU immunohistochemistry, additional steps were needed. Concentrated hydrochloric acid was diluted in water at a ratio of 1:5 (v:v). The sections were incubated with diluted hydrochloric acid for 30 min at RT. Then, a boric acid solution was directly added to the sections for 20 min at RT. The primary antibodies for IHC in the present study included anti-p65 antibody (GB11142, Servicebio, China), anti-BrdU antibody (B2531,Millipore, China), anti-β-gal antibody (#2372, Cell Signaling Technology, China) and anti-8-OHdG antibody (sc-393871, Santa Cruz, China). The secondary antibodies included HRP-labeled goat anti-mouse and anti-rabbit antibodies (A0208 and A0216, Beyotime Biotechnology, China). Ovarian section without incubating with primary antibody was set as a negative control (Supplementary Figure 1).



q-PCR

Total RNA was extracted by the TRIzol reagent. Single-strand DNA was synthesized by a reverse transcription kit (Vazyme, China). To detect the expression of the mRNA levels, real-time fluorescence quantitative PCR (SYBR green) was performed. The cycle conditions were as follows: a. denaturation at 95°C for 5 min. b. reaction cycles: 40 cycles of 95°C for 10 s and 60°C for 30 s. c. melt curve: 95°C for 15 s, 60°C for 60 s and 95°C for 15 s. The sequences of the primers specific for each mRNA detected in this study are listed in Supplementary Table 1. The relative expression of the mRNA levels was calculated by using the 2△△Ct method.



TUNEL Assay

The TUNEL assay was performed using a TUNEL assay kit (Roche, Switzerland). Ovarian sections were used for detection. All the procedures were performed strictly according to the instructions provided by the manufacturer.



MDA Assay

The ovaries were removed and homogenized in cold normal saline. The homogenates were centrifuged at 2500 r/min for 10 min. The supernatants were collected for preparation. The MDA kit was purchased from Nangjing Jiancheng Bioengenineering Institute. All the procedures were performed strictly according to the instructions provided by the manufacturer.



Statistical Analysis

All the values are presented as mean ± SD. P<0.05 was considered statistically significant. One-way ANOVA followed by post-hoc Tukey’s honestly significant difference test was used to compare data among 3 groups. SPSS software (ver. 18.0; SPSS Inc., Chicago, IL, USA) was used for the statistical analyses.




Results


The Effect of PQQ Treatment on the Fertility and Ovarian Function of Female Mice Treated With CTX in Combination With BUL (CTX/BUL)

To determine whether estrus cycles in the mice in each group were normal, we detected estrous cycle period for each mice. Our results showed that the mice in group O showed irregular estrus cycles compared to the mice in group Control and group OP (Figure 1A). Statistical analysis revealed that the mice in group O had extended diestrus duration, and shortened proestrus and estrus durations, compared to the mice in group Control and group OP (Figure 1B). Subsequently, we tested the fertility of the mice in each group. We showed that the rate of pregnancy was significantly decreased in group O (3/7) compared to that in group Control (7/7) and group OP (7/7) (Figure 1C). Consistently, the litter size in group O was significantly reduced compared to group Control and group OP (Figure 1C). Group OP also showed a significantly reduced litter size compared to group Control (Figure 1C). However, the days from mating to delivery were similar among groups (Figure 1D). To further determine the ovarian function, we tested the related hormone levels. We found that the level of serum AMH which is a maker of ovarian reserve was significantly reduced in group O, compared to group Control and group OP (Figure 1E). The level of serum AMH in group OP was also decreased significantly compared to group Control (Figure 1E). In addition, we found that the level of serum FSH was significantly increased while the level of E2 was significantly decreased in group O, compared to group Control and group OP (Figures 1F, G). These results indicated that PQQ treatment partially protected ovarian function and fertility of the mice challenged by CTX/BUL.




Figure 1 | PQQ treatment improved the fertility and ovarian function of female mice treated with CTX in combination with BUL (CTX/BUL). (A) Record of estrous cycles of mice for each day, n = 6 mice in each group. (B) Estrous cycle period distribution for 30 consecutive days, n = 6 mice in each group. (C) Fertility test of female mice, n = 7 mice in each group. (pregnancy mice/total mice). (D) Days from mating to delivery, n = 7 mice in each group. ELISA analysis of serum (E) AMH, (F) FSH and (G) E2 levels, n = 4 samples in group Con, n=7 samples in group O, and n=5 samples in group OP. D, diestrus; M, metestrus; E, estrus; P, proestrus; AMH, anti-Mullerian hormone; FSH, follicle-stimulating hormone; E2, estradiol; PQQ, pyrroloquinoline; CTX, cyclophosphamide; BUL, busulfan. Compared with Con: *P < 0.05; **P < 0.01; ***P < 0.001; compared with O: #P < 0.05; ###P < 0.001.





The Effect of PQQ Treatment on Follicle Counts of Female Mice Treated With CTX/BUL

To directly determine the ovarian reserve of mice in each group, we counted the follicles within ovaries. First, we collected the ovaries from mice and weighted the ovaries. We found that the size and weight of ovaries were significantly reduced in group O compared to group Control and group OP (Figures 2A, B). Compared to group Control, the size and weight of ovaries were significantly reduced in group OP (Figures 2A, B). Then we performed HE staining on serial ovarian sections and counted the follicles in each stage. We found that the follicle counts in each stage of ovaries were significantly reduced while the degenerative follicles were significantly increased in group O compared to group Control and group OP (Figures 2C, D). Compared to group Control, the follicle counts in each stage of ovaries were also significantly reduced while the degenerative follicles were significantly increased in group OP (Figures 2C, D). These results indicated that PQQ treatment partially protected the ovary against follicles depletion caused by CTX/BUL.




Figure 2 | PQQ treatment partially prevented follicles loss in the ovaries of female mice treated with CTX/BUL. (A) Ovarian size, n = 6 mice in each group. (C) Representative photos of ovarian sections stained with HE, n = 3 mice. Black arrow indicates the primordial follicle; red triangle indicates the degenerative follicle. (B) Ovarian weight, n=6 mice. (D) Follicle counts in each stage, Pr, primordial follicle; Pm, primary follicles; Se, secondary follicle; Ma, mature follicle; De, degenerative follicle; PQQ, pyrroloquinoline; CTX, cyclophosphamide; BUL, busulfan. Compared with Con: *P < 0.05; **P < 0.01; ***P < 0.001; compared with O: #P < 0.05.





The Effect of PQQ Treatment on Ovarian Cell Proliferation, Apoptosis and Senescence in Female Mice Treated With CTX/BUL

To determine ovarian cell proliferation, apoptosis and senescence, we performed IHC and TUNEL assay on ovarian sections. We found that the proliferating cells within the ovary were granulosa cells, and the apoptosis occurred also in granulosa cells (Figures 3A, B). However, the senescence was evident in ovarian stromal cells (Figure 3C). The number of BrdU-positive cells was significantly reduced while the number of TUNEL- and β-gal-positive cells was significantly increased in group O compared to group Control and group OP (Figures 3A–C). To further explore molecules that may be responsible for reduced cell proliferation, increased cell senescence and apoptosis observed in group O, we detected the expression of well-known genes that play an important role in mediating cell proliferation, apoptosis and senescence. Our results showed that the gene expression of cell cycle inhibitors including p53, p21 and p27, as well as the p53-regulated pro-apoptosis genes including noxa, puma and bax were significantly up regulated while the oncogene Bmi1 was significantly down regulated in group O, compared to group Control and group OP (Figures 3D–J). In addition, the expression of p27 and noxa were significantly up-regulated in group OP, compared to those in group Control (Figures 3F, I). These results indicated that PQQ treatment partially prevented the reduction of ovarian cell proliferation and increase of ovarian cell apoptosis and senescence caused by CTX/BUL.




Figure 3 | PQQ treatment promoted ovarian cell proliferation and inhibited ovarian cell apoptosis and senescence in the female mice treated with CTX/BUL. (A) Representative photos of ovarian sections stained with anti-BrdU antibody, n = 3 mice in each group. (B) Representative photos of TUNEL assay on ovarian sections, n = 3 mice in each group. (C) Representative photos of ovarian sections stained with anti- β-gal antibody, n = 3 mice in each group. q-PCR analysis of ovarian extracts to detect the expression of the (D) Bmi1 gene, n = 6 mice in each group, (E) p21 gene, n = 6 mice in each group, (F) p27 gene, n = 6 mice in each group, (G) p53 gene, n = 6 mice in each group, (H) Bax gene, n = 6 mice in each group, (I) Noxa gene, n = 6 mice in each group and (J) puma gene, n = 6 mice in each group. PQQ, pyrroloquinoline; CTX, cyclophosphamide; BUL, busulfan. Compared with Con: *P < 0.05; **P < 0.01; ***P < 0.001; compared with O: #P < 0.05; ##P < 0.01.





The Effect of PQQ Treatment on Inflammation in the Ovaries of Female Mice Treated With CTX/BUL

To determine the level of inflammation in ovaries in each group, first we detected the gene expression of inflammatory factors including IL1- α, IL1-β, IL-6 and TNF-α. We found that the gene expression of IL1- α, IL1-β, IL-6 and TNF-α was significantly up-regulated in group O, compared to group Control and group OP (Figures 4A–D). Compared to group Control, the gene expression of TNF-α was also significantly up regulated in group OP (Figure 4D). Then, we performed IHC on ovarian sections to detect the expression of p65 in ovaries. We found that the p65-positive cells were significantly increased in group O, compared to group Control and group OP (Figure 4E). These results indicated that PQQ treatment partially prevented inflammation in ovaries caused by CTX/BUL.




Figure 4 | PQQ treatment decreased inflammation in the ovaries of female mice treated with CTX/BUL. q-PCR analysis of ovarian extracts to detect the expression of the (A) IL-1α gene, n = 6 mice in each group, (B) IL-1β gene, n = 6 mice in each group, (C) IL-6 gene, n = 6 mice in each group, and (D) TNF α gene, n = 6 mice in each group. (E) Representative photos of ovarian sections stained with anti-p65 antibody, n = 3 mice in each group. PQQ, pyrroloquinoline; CTX, cyclophosphamide; BUL, busulfan. Compared with Con: *P < 0.05; **P < 0.01; ***P < 0.001; compared with O: #P < 0.05; ###P < 0.001.





The Effect of PQQ Treatment on Oxidative Damage and the Expression of Pgc1α in the Ovaries of Female Mice TreatedWith CTX/BUL

To determine the effect of PQQ treatment on oxidative damage and the expression of PGC1α in the ovaries in each group, first we detected the level of MDA (a kind of lipid hydroperoxides) and 8-OHdG (a kind of oxidation products of DNA). We found that the level of MDA and the number of 8-OHdG-positive cells, were significantly increased in group O compared to group Control and group OP (Figures 5A, B). Compared to group Control, the level of MDA and the number of 8-OHdG-positive cells were significantly increased in group OP (Figures 5A, B). These results indicated that PQQ treatment partially reduced the oxidative damage in ovaries caused by CTX/BUL. Then, we detected gene expression of PGC 1α which plays a critical role in promoting the biogenesis of mitochondria. We showed that the gene expression of Pgc1α was significantly lower in group O than in group Control and group OP (Figure 5C). These results indicated that PQQ treatment partially prevented the increased oxidative damage and impaired biogenesis of mitochondria caused by CTX/BUL.




Figure 5 | PQQ treatment decreased oxidative damage and increased the expression of Pgc1α in the ovaries of female mice treated with CTX/BUL. (A) Detection of MDA concentration from ovarian extracts, n = 6 mice in each group. (B) Representative photos of ovarian sections stained with anti-8-OHdG antibody, n = 3 mice in each group. (C) q-PCR analysis of ovarian extracts to detect the expression of the Pgc1α gene, n = 6 mice in each group. PQQ, pyrroloquinoline; CTX, cyclophosphamide; BUL, busulfan. Compared with Con: *P < 0.05; **P < 0.01; ***P < 0.001; compared with O: #P < 0.05; ##P < 0.05.






Discussion

It is clearly demonstrated that AAs can deplete follicles in each stage within ovaries, and significantly increase the risk of POI (4). In the present study, we tested whether PQQ could protect the ovary from being damaged by CTX/BUL. We found that PQQ treatment could alleviate the loss of follicles in each stage and the increase of atretic follicles in ovaries of CTX/BUL-treated female mice and largely preserve the fertility of CTX/BUL- treated female mice.

A certain number of the primordial follicles (PMFs) which lay the foundation of female fertility exists within the ovary. Activation of PMFs initiates folliculogenesis and finally leads to ovulation. The exhausting of PMFs means the end of the reproductive lifespan. The use of AAs can significantly accelerate the loss of PMFs and the process of ovarian ageing (38). The mechanisms of AAs-induced depletion of PMFs are complicated, including the direct death of PMFs, the indirect loss of PMFs as a result of impaired microenvironment and over activation of PMFs (39). The first one may result in rapid loss of PMFs and it is not likely that this effect of AAs can be prevented by agents. Because, as anti-tumor medicines, AAs directly promote cell death by crosslinking inter-and intra-strand DNA. In contrast, the latter two may lead to gradual loss of PMFs, and provide the chance for intervention. Previous studies showed that resveratrol and stem cell transplantation could alleviate the loss of PMFs caused by AAs (11, 12). In the present study, we found that pre-treatment with PQQ also alleviated AAs-induced depletion of PMFs. We deduce that the protective effect of PQQ on preserving PMFs may rely on its effects on improving the micro-environment of PMFs and/or slowing down the rate of activation of PMFs. These still need to be further studied.

Ovarian folliculogenesis is a complicated process, filled with the communication between oocytes and granulosa cells, and supported by ovarian stroma (40). Growing follicles with activated cell proliferation of granulosa are more sensitivity to the toxicity of AAs. In the present study, the alterations of molecules in ovaries among groups were examined in 3 months after a single injection of CTX/BUL. Therefore, the alterations should not be as a result of direct toxicity of AAs but as a result of indirect toxicity of AAs. The indirect toxicity caused by AAs may have a long detrimental effects on folliculogenesis. This is demonstrated by observing an accelerated depletion of follicles even in two months after a single injection of CTX/BUL (6). One kind of the indirect toxicities caused by AAs is ROS. A high level of ROS not only damages the oocytes but attacks also ganulosa cells, leading to poor quality oocyte, even follicle atresia (41). It has been demonstrated that inhibiting the high level ROS caused by AAs could effectively improve the number of follicles in each stage (12, 42). Consistently, in the present study, we found that PQQ could significantly alleviate oxidative damage in ovaries of mice treated with CTX/BUL.

In addition to ROS, inflammation may be another kind of indirect toxicities elicited by AAs. It is known that moderate inflammation plays key physiologic roles in ovarian folliculogenesis and ovulation (43). It is clear that abnormal inflammation status in ovary may correlate with PCOS (43). Recent studies have proposed that inflammaging contributes to the development of POI (44). Said et al. have implicated that resveratrol attenuated the radiation induced POI by inhibiting inflammatory signaling (45). Consistently, Jiang et al. found that resveratrol improved the follicle counts of mice treated with CTX/BUL, at least partly by lowering the level of inflammation in ovary (12). It is well demonstrated that PQQ plays a critical role in inhibiting the inflammatory response, and the inflammation-inhibitory effect is associated with inactivation of the p65 signaling pathway (46, 47). As expected, in the present study, we found that PQQ down-regulated the gene expression of pro-inflammatory factors in ovary and inactivated the expression of p65 in ovarian stromal cells. It has been demonstrated that numerous kinds of immune cells present in ovarian stroma (48). It is possible that these immune cells may contribute to the abnormal inflammation in ovary of mice treated with CTX/BUL, and PQQ may exert a role in regulating these cells. However, these need to be further studied.

Mitochondria called energy factory is important for somatic cells, and particular important for oocytes. Optimal mitochondrial function is required for oocyte maturation, fertilization, and embryonic development (49). It has been demonstrated the feasibility of mitochondrial replacement therapy for treatment of infertility (50). Mitochondria is a target of AAs, and AAs-induced ROS may further damage the intracellular mitochondria (51). A previous study showed a protective effect of Crocetin and AS101 against the ovarian damage caused by CTX partly by increasing the biogenesis of mitochondria (13). PQQ is known as a potent stimulator of mitochondrial genesis (34). As expected, in the present study, we found that PQQ treatment increased the gene expression of Pgc 1α which plays a critical role in promoting mitochondrial biogenesis, indicating that PQQ treatment may promote the biogenesis of mitochondria.

Indirect toxicities of AAs including ROS, inflammation and mitochondrial damage may result in chronic stress that directly damage the process of folliculogenesis. In the present study, the number of BrdU positive cells was reduced significantly in ovaries of CTX/BUL-treated mice, however, the remaining growth follicles in the ovaries of CTX/BUL-treated mice had normally proliferating granulosa cells, indicating a reduced number of growth follicles in the ovaries of CTX/BUL-treated mice. We found that the number of apoptotic granulosa cells and the expression of genes promoting cell apoptosis were increased in ovaries of CTX/BUL-treated mice. A recent study conducted by Victor et al. indicated that cellular hallmarks of aging emerge in the ovary prior to primordial follicle depletion (52). In that study, they observed a significantly increased expression of genes related to pro-inflammatory stress and cell-cycle inhibition in naturally aged ovaries of mice. Consistently, in the present study, we also observed an increased number of senescent stromal cells and an increased expression of genes related to cell-cycle inhibition in the ovaries of CTX/BUL-treated mice. As expected, PQQ pre-treatment attenuated granulosa apoptosis and stromal cell senescence in the ovaries of CTX/BUL-treated mice. Therefore, we concluded that PQQ may attenuate the indirect toxicities caused by AAs including oxidative stress, inflammation and mitochondrial damage, thereby protect the follicles in each stage from being damaged, finally preserve the fertility of mice.

Oxidative stress, poor mitochondrial genesis and inflammation are also involved in the process of naturally ovarian aging (41, 53, 54). Therefore, we deduced that PQQ may exert a protective effect against natural ovarian aging. This will be investigated in our future study. As we mentioned before, AAs are used for treatment of cancers. A concern is whether PQQ may promote the growth and migration of cancer cells. Although, a previous study has demonstrated an anti-tumor effect of PQQ on in vitro cultural cancer cell lines (55). It is possible that PQQ protects both normal and cancer cells. Therefore, before excluding a non-tumor promoting effect of PQQ, PQQ should not be advocated for the purpose of fertility preservation in women with cancer.



Conclusion

In conclusion, our study demonstrated a role of PQQ in improving ovarian function following damage by AAs, suggesting that PQQ could be potentially used as an agent for preventing ovarian aging and preserving fertility.
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Polycystic ovary syndrome (PCOS) is a complicated reproductive endocrine disease that is closely related to obesity. Metabolic surgery ameliorates a series of clinical manifestations and related comorbidities of PCOS. However, the overall efficacy of metabolic surgery on PCOS remains uncertain. This systematic review and meta-analysis aimed to evaluate the therapeutic effects of metabolic surgery on obese patients with PCOS. A systematic literature search for relevant studies was conducted on PubMed, Embase, Web of Science, and the Cochrane Library from inception to June 2021. Data extraction and quality evaluation were performed by three researchers, and RevMan 5.4 software was used to conduct the meta-analysis. A total of 14 studies involving 501 obese patients with PCOS were included. Incidence of PCOS in obese women ranged from 5.5% to 63.5% among the included studies. The results showed the incidence of abnormal menstruation decreased from 81% to 15% (OR=0.03, 95% confidence interval (CI): 0.01–0.08), while the incidence of hirsutism dropped from 71% to 38% (OR=0.21, 95% CI: 0.06–0.74). Serum total testosterone and free testosterone levels decreased by 25.92 ng/dL (MD = -25.92, 95% CI: -28.90– -22.93) and 2.28 ng/dL (SMD = -2.28, 95% CI: -3.67– -0.89), respectively. Sex hormone-binding globulin (SHBG) levels increased by 26.46 nmol/L (MD = 26.46, 95% CI: 12.97–39.95). Serum anti-Mullerian hormone (AMH) levels decreased by 1.29 ng/mL (MD = -1.29, 95% CI: -1.92– -0.66). Small sample size studies revealed that pregnancy rates ranged from 95.2% to 100% postoperatively. Metabolic surgery contributed to marked improvement of abnormal menstruation, hirsutism, and levels of free testosterone, total testosterone, SHBG, and AMH in patients with PCOS. Our findings indicate that patients with PCOS are expected to benefit from metabolic surgery, and could help potentially improve their reproductive outcomes. Metabolic surgery could thus be a new viable option for the clinical treatment of PCOS.


Systematic Review Registration

PROSPERO https://www.crd.york.ac.uk/PROSPERO/, identifier CRD42021251524.
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1 Introduction

Polycystic ovary syndrome (PCOS) is the most common endocrinopathy affecting women of reproductive age and is characterized by ovulation dysfunction, hyperandrogenism, and polycystic ovarian morphology (PCOM). The prevalence of PCOS ranges from 8% to 13% depending on the diagnostic criteria and study population (1, 2). Women with PCOS exhibit menstrual irregularities, hirsutism, and infertility. In addition, this syndrome can lead to long-term comorbidities, including obesity, type 2 diabetes mellitus, cardiometabolic diseases, endometrial carcinoma, and psychological disorders (3–5).

The pathogenesis of PCOS is multifactorial and remains unclear. However, a close relationship between obesity and the development of PCOS has been reported, with >50% of patients with PCOS as obese or overweight (6). In addition, hyperandrogenism, chronic inflammation, and family history of diabetes contributed to insulin resistance as the main pathogenetic mechanism of PCOS, with 50-70% of patients with PCOS exhibiting insulin resistance and compensatory hyperinsulinism (7, 8). Insulin resistance is considered an intrinsic feature of the syndrome, independent of body weight. However, obesity, a frequent feature among PCOS patients (60-70%), has a major contribution to the aggravation of insulin resistance (9). Studies have suggested that weight loss improves reproductive and metabolic dysfunction and reduces the risk of diabetes and cardiovascular disease (10, 11). Currently, lifestyle management targeting weight reduction is the first-line treatment for PCOS (12).

Metabolic surgery is the most effective and sustainable treatment for morbid obesity. Its therapeutic effects include resolution of type 2 diabetes, hypertension, hyperlipidemia, cardiovascular disease, and obstructive sleep apnea (13, 14). In addition, a few small-scale studies have indicated the positive effects of metabolic surgery on PCOS, including improvement of abnormal menstruation, hirsutism, fertility, and associated metabolic problems (10, 15). These findings suggested that metabolic surgery could be a potential treatment for PCOS; therefore, it has been recommended as an experimental therapy (2). However, there is no consensus on the use of metabolic surgery for the treatment of PCOS due to insufficient evidence. In the present study, we conducted a systematic review and meta-analysis to evaluate the therapeutic effects of metabolic surgery on PCOS.



2 Methods

This systematic review and meta-analysis was conducted and reported according to the Systematic Reviews and Meta-analyses guidelines (16, 17) (a checklist of the guidelines is provided in the Supplementary Material). A prespecified study protocol was developed and registered on PROSPERO (registration number: CRD42021251524).


2.1 Data Sources and Search Strategy

A comprehensive literature search was conducted on PubMed, Embase, Web of Science, and the Cochrane Library from their inception to June 2021. The search was focused on trials of metabolic surgery for treating PCOS and included the following search terms: (bariatric OR “metabolic surgery” OR “gastric bypass” OR “sleeve gastrectomy” OR “gastric banding”) AND (“polycystic ovary syndrome” OR “polycystic ovarian” OR “PCOS”). An email was forwarded to the corresponding author when there was no access to the full text. Supplementary Table 1 lists the detailed search term.



Eligibility Criteria

The inclusion criteria were as follows: (1) studies were randomized controlled trials (RCTs) or observational trials of metabolic surgery on patients with PCOS; (2) participants were diagnosed with obesity and PCOS and had undergone metabolic surgery; (3) participants were premenopausal women, with no restrictions for race or country; (4) studies should include at least ten patients, and study design had at least 6-month follow-up; (5) studies were published in English; and (6) studies reported at least one of the listed outcomes of interest–abnormal menstruation, hirsutism, and levels of total testosterone, free testosterone, anti-Mullerian hormone (AMH), and sex hormone-binding globulin (SHBG).

The exclusion criteria were as follows: (1) studies were in the form of abstracts, case reports, letters, comments, reviews, meta-analyses, and animal studies; (2) studies included no surgical intervention, lacked data on the outcome of interest; and (3) studies had unreliable designs or obvious statistical errors.



2.3 Study Selection and Data Extraction

Three independent reviewers (WY, WZ and XH) screened the titles and abstracts, conducted preliminary screening according to inclusion and exclusion criteria, further reviewed, screened, and cross-checked the full texts. Disagreement was settled by consensus.

The same reviewers extracted data independently into electronic data extraction forms, and discrepancies were resolved by consensus. Extracted data included information on study characteristics (author, publication date, country, study design, surgical procedure, duration of follow-up, sample size, PCOS cases), participant characteristics (age, body mass index [BMI]), and the outcomes mentioned above.



2.4 Quality Assessment and Risk of Bias

The methodological quality of RCTs was assessed using the Cochrane risk of bias tool (31). The quality of non-randomized studies was assessed using the MINORS scale (32). A higher score indicated a higher quality study. Disagreement among the reviewers was resolved by discussion. Funnel plots were examined to assess the publication bias.



2.5 Statistical Analysis

Statistical analyses were performed using Review Manager 5.4 (from the Cochrane Collaboration, http://www.cochrane.org). Odds ratios (OR) with 95% confidence intervals were calculated for dichotomous data. Mean difference (MD) or standardized mean difference (SMD) with 95% confidence intervals was calculated for continuous data. Heterogeneity was evaluated using Cochran’s Q test, and the degree of inconsistency (I2). I2 values <30%, 30% to 50%, and >50% were interpreted as low, moderate, and considerable heterogeneity, respectively. We performed the meta-analysis using a fixed-effect model if there was no significant heterogeneity among studies; otherwise, a random-effect model was applied, and sensitivity analysis was performed to confirm the validity of the analysis results. In this meta-analysis, the test level was set to α=0.05. Publication bias was evaluated using funnel plots.




3 Results


3.1 Search Results and Quality of Studies

The study selection process is summarized (Figure 1). From a total of 879 records, 192 were excluded due to duplication, 629 were excluded by title and abstract screening, and 44 were excluded after a further detailed review. A total of 14 studies conducted on 501 obese patients with PCOS were eligible and were in the meta-analysis (10, 18–30). After the quality assessment, no study was excluded because of lack of reliability (Supplementary Table 2).




Figure 1 | PRISMA diagram of the systematic review.





3.2 Characteristics of Studies and Participants

The characteristics of the included studies are summarized in Table 1. These articles were published between 2005 and 2021. Overall, 3674 participants and 501 obese patients with PCOS were included in our analyses. Among the included studies, incidence of PCOS in obese women ranged from 5.5% to 63.5%.


Table 1 | Baseline characteristics of included studies and participants.





3.3 Meta-Analysis Results


3.3.1 Abnormal Menstruation

Ten studies reported at least 6-month follow-up outcomes of abnormal menstruation (10, 19, 21, 24–30). Heterogeneity was considerable among studies (I2 = 66%, P=0.002); thus, the random-effects model was used for analysis. Meta-analysis results showed that metabolic surgery could reduce the incidence of menstrual abnormalities from 82% to 15% in women with PCOS [OR=0.03, 95%CI (0.01, 0.08), P<0.001] (Figure 2A).




Figure 2 | Forrest plots showing changes of abnormal menstruation (A), hirsutism (B), total testosterone (C), and free testosterone (D) in women with PCOS after metabolic surgery.





3.3.2 Hirsutism

Changes in hirsutism were reported in five studies with 105 patients (21, 24, 25, 27, 28). Due to the high heterogeneity (I2 = 69%, P<0.1), the random-effects model was employed. Data from the analysis revealed that metabolic surgery reduced the incidence of hirsutism from 71% to 38% [OR=0.21, 95%CI (0.06, 0.74), P=0.01] (Figure 2B).



3.3.3 Total Testosterone

Seven articles reported changes in total testosterone levels (18, 21, 25, 26, 28–30). The fixed-effects model was used for analysis because the heterogeneity was low (I2 = 0%, P>0.1). The results showed a decrease of 25.92 ng/dL in total testosterone in patients with PCOS after surgery [MD = -25.92, 95%CI (-28.90, -22.93), P< 0.00001] (Figure 2C).



3.3.4 Free Testosterone

Four studies contributed to the meta-analysis in terms of free testosterone levels (18, 21, 25, 26) in 128 women with PCOS. Heterogeneity was considerable (I2 = 94%, P<0.1) with regard to the measurement methods; hence, we adopted the standard mean difference (SMD) to summarize the data. The results of the meta-analysis showed that free testosterone in women with PCOS decreased by approximately 2.28 ng/dL after metabolic surgery [SMD = -2.28, 95%CI (-3.67, -0.89), P=0.001] (Figure 2D).



3.3.5 AMH

Two studies compared the pre and postoperative differences in AMH (19, 20); a total of 72 women with PCOS were included. As there was low heterogeneity (I2 = 0%, P>0.1), the estimate was assessed with fixed-effects model. There was a significant difference between groups [MD = -1.29, 95%CI (-1.92, -0.66), P<0.00001)] (Figure 3A), and the results showed that AMH decreased by approximately 1.29 ng/mL after surgery.




Figure 3 | Forrest plots showing changes of AMH (A), SHBG (B), and BMI (C) in women with PCOS after metabolic surgery.





3.3.6 SHBG

Two studies on 66 patients reporting pre and postoperative SHBG data were included (18, 29). The analysis was performed using a fixed-effects model because of low heterogeneity (I2 = 11%, P=0.29). The results showed that SHBG in women with PCOS increased by approximately 26.46 nmol/L after metabolic surgery [MD = 26.46, 95%CI (12.97, 39.95), P = 0.001] (Figure 3B; Table 2).


Table 2 | Summary for outcomes.





3.3.7 Body Mass Index

Eleven studies reported BMI among 414 patients (10, 18, 19, 21, 23–27, 29, 30). There was considerable heterogeneity detected (I2 = 95%, P<0.00001), and the meta-analysis was performed with the random-effects model. BMI of the patients decreased by approximately 13.30 kg/m2 after surgery [MD = -13.30, 95%CI (-16.00, -10.59), P< 0.00001] (Figure 3C).



3.3.8 Fertility and Pregnancy Outcomes

Three studies reported the reproductive outcomes of women after surgery and revealed that 31/32 patients with PCOS with a desire to conceive became pregnant after surgery (18, 24, 27). Jamal et al. (27) found that no pregnancy or postpartum complications were reported after surgery. The study by Benito et al. (18) showed that the live birth rates were 81.0% after surgery.




3.4 Publication Bias

Publication bias was assessed using funnel plots for two outcomes (abnormal menstruation and BMI) as the number of included studies was more than 10. The results suggested the presence of publication bias in these studies (Figure 4).




Figure 4 | Evaluate of publication bias by funnel plots of studies reporting on abnormal menstruation (A) and BMI (B).






4 Discussion

This study is an updated systematic review and meta-analysis of the effects of metabolic surgery on PCOS. Fourteen high-quality studies including 501 patients were analyzed. The primary outcomes included changes in abnormal menstruation, hirsutism, and total and free testosterone levels. In addition, data on AMH and SHBG levels were integrated to gain a more comprehensive understanding of the beneficial effects of metabolic surgery. BMI and reproductive outcomes were also discussed. The principal findings of this study were as follows: (1) the incidence of abnormal menstruation decreased from 81% to 15% after metabolic surgery; (2) the incidence of hirsutism decreased from 71% to 38%; and (3) serum free testosterone, total testosterone, and AMH levels decreased, while SHBG levels increased postoperatively.

IR has been implicated in the pathogenesis of anovulation and infertility in PCOS, and abnormalities in insulin action have been observed in a variety of reproductive tissues in PCOS women (33). Obese women are more likely to have ovulatory dysfunction due to compensatory hyperinsulinism, hyperandrogenism and dysregulation of the hypothalamic-pituitary-ovarian axis, which manifests as sparse ovulation and menstrual abnormalities (34). Escobar-Morreale et al. (26) reported that weight reduction induced by Roux-en-Y gastric bypass (RYGB)/biliopancreatic diversion (BPD) contributed to the restoration of menstruation. In this study, the BMI decreased by 13.30 kg/m2, and the incidence of abnormal menstruation decreased from 81% to 15%. Two similar meta-analyses conducted previously revealed that the remission rates of abnormal menstruation were 49% and 77%, respectively (15, 35). Although metabolic surgery improved abnormal menstruation, a few patients still experienced menstrual irregularities after surgery. Therefore, predictors of improvement in abnormal menstruation after surgery need to be clarified.

Furthermore, hyperandrogenemia is considered a core pathophysiological feature of PCOS. It impairs follicular growth and maturation and causes abnormal menstruation, sparse ovulation, and hirsutism (36, 37). As previously suggested, obese patients are more prone to IR, and both obesity and IR represent the fundamental features of PCOS, which contribute to its pathogenesis and reinforce hyperandrogenemia (38). SHBG binds testosterone and reduces free testosterone levels in the blood (39). Women with PCOS and lower serum SHBG levels have a higher risk of developing hyperandrogenism, obesity, type 2 diabetes, metabolic syndrome, and cardiovascular disease (39, 40). Our study showed that SHBG levels increased by 26.46 nmol/L postoperatively, while free testosterone and total testosterone levels decreased by 2.28 ng/dL and 25.92 ng/dL, respectively. In addition, the incidence of hirsutism decreased from 71% to 38%. We considered that metabolic surgery was superior to medication for improving hyperandrogenemia. In a previous meta-analysis, SHBG levels increased by 7.8 nmol/L and free testosterone levels decreased by 1.77 ng/dL after metformin + GLP-1 receptor agonist treatment (41).

AMH is a glycoprotein produced by granulosa cells when follicle growth is initiated (42). Excessive production of AMH in the ovaries, which inhibits normal follicle growth, is considered an important feature of PCOS (43, 44). Elevated serum AMH levels lead to PCOM and oligomenorrhea among women with PCOS (45). The present study initially integrated data on AMH levels in patients after metabolic surgery, and the findings indicated a decrease of 1.29 ng/mL. Changes in PCOM were not analyzed due to the lack of data; only one study reported a decrease from 50% to 44% (21). Weight loss helps regulate serum AMH levels, improve PCOM, and restore menstruation (46). Therefore, further studies are required to determine the effects of metabolic surgery on AMH and PCOM in patients with PCOS.

The reproductive outcomes of patients in three studies were reviewed, and a significant improvement in pregnancy and fertility outcomes was noted postoperatively. In a review of six studies, Butterworth et al. (6) reported that pregnancy rates ranged from 33% to 100% after metabolic surgery in patients with PCOS. However, the sample size was very small (2–11), and the follow-up time was short. Hence, Further studies are needed to outline the advantages and disadvantages of metabolic surgery in terms of reproductive outcomes. According to a previous study, metabolic surgery reduced the risk of gestational diabetes, excessive fetal growth, and shorter gestation; however, it also increased the risk of small-for-gestational-age infants and stillbirth or neonatal death (47). Based on consensus recommendations, pregnancy should be postponed to 1 year after sleeve gastrectomy/RYGB, when a stable weight is achieved (48). For obese patients with PCOS who aim for fertility and are thus seeking metabolic surgery, the appropriate time to conceive needs further discussion.

Few studies have discussed the mechanisms that improve PCOS symptoms after metabolic surgery (49–51). In obese women, IR and hyperinsulinemia promote androgen secretion leading to hyperandrogenemia. Furthermore, serum SHBG and growth hormone levels decrease, while leptin and luteinizing hormone levels increase. Thus, neuroregulation of the hypothalamic-pituitary-ovarian axis is severely disturbed, and these factors affect the occurrence and progression of PCOS at multiple levels (52, 53). Although PCOS is known to improve with weight loss and that weight loss is effective in restoring IR, hyperandrogenism, and the hypothalamic-pituitary-ovarian axis (54–56), there is a possible weight-loss-independent mechanism for PCOS improvement after metabolic surgery. Eid et al. (25) reported that menstruation recovery occurred within a few weeks after surgery, while there was no significant weight loss, which is consistent with the clinical experience of our center. And improvements in PCOS were not correlated with the degree of weight loss. There is a weight-loss-independent mechanism of diabetes mellitus control after metabolic surgery that involves changes in gut hormones, bile acids, and gut microbiota (57). These factors are also associated with the pathogenesis of PCOS (49). Therefore, we believe that changes in gut hormones, bile acids, and gut microbiota contribute to the improvement of PCOS after metabolic surgery. Nonetheless, further studies are needed to elucidate the underlying mechanism.

There has been existing reviews and meta-analyses with the same topic (15, 35, 56). However, it did not impair the innovation or value of the present study. The major strength of this study is as follows: firstly, five extra newly published articles were included (10, 18, 20, 22, 23), the latest ones of which were published in 2020 (18, 22) and 2021 (10). Secondly, AMH and SHBG, two indicators closely related to PCOS, but never evaluated in any of the existing reviews and meta-analyses mentioned above, were assessed and discussed in the present study for the first time. Thirdly, we reviewed the pregnancy rates and fertility outcomes of patients with PCOS after metabolic surgery through three articles included in this meta-analysis (18, 24, 27). We also discussed the advantages and disadvantages of metabolic surgery on reproductive outcomes in patients with PCOS, as well as the optimal timing to conceive after surgery. Furthermore, all the articles included in the present study are with a follow-up time of >6 months and the number of PCOS cases>10, thus providing more credible and convincing evidence.

It should be noted that the present study had a few limitations. The heterogeneity was considerable in a part of outcomes which may resulted due to the differences in population characteristics, duration of follow-up, and diagnostic criteria for PCOS used among studies included. Moreover, potential publication bias was observed in the current study due to unpublished articles with negative results.



5 Conclusion

This study demonstrated that metabolic surgery significantly improved abnormal menstruation, hirsutism, and hyperandrogenism in women with PCOS. Serum AMH levels increased, and SHBG levels decreased postoperatively. Metabolic surgery may be a new viable treatment option for obese patients with PCOS. Further studies are required to confirm these beneficial effects and elucidate the underlying mechanisms.
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Objectives

The aim of this study was to compare the predictive capability of antral follicle count (AFC) and the anti-Müllerian hormone (AMH) on ovarian response in infertile women and to identify potential factors influencing retrieved oocytes.



Methods

A total of 2585 infertile women who underwent in vitro fertilization/intracytoplasmic sperm injection (IVF/ICSI) cycles had been enrolled in this study. Spearman correlation was used to investigate the correlation between retrieved oocytes and AFC. Multiple linear regression analysis was used to study the parameters affecting the number of retrieved oocytes.



Results

Spearman correlation and multiple linear regression analysis revealed that the oocyte retrieval number was positively correlated with AFC (r = 0.651, p < 0.001) and AMH (r = 0.566, p < 0.001) and negatively correlated with age (r = -0.425, p < 0.001) and regimen selection (r = -0.233 p < 0.001). There was no significant correlation between retrieved oocytes and BMI (p = 0.913). ROC analysis revealed that AFC was a better predictor of adverse effects than AMH, BMI, and age (AUC: 0.916 VS 0.791, 0.575, 0.752). Meanwhile, AFC and AMH were comparable in predicting high response (AUC = 0.731 and AUC = 0.733, respectively).



Conclusions

This study showed that retrieved oocytes were positively correlated with serum AMH and AFC and negatively correlated with age and BMI. AFC had an ideal predictive performance in ovarian response prediction. The mechanism of the effect of AFC on ovarian response during controlled ovarian hyperstimulation (COH) needs to be further investigated.
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Introduction

The term ovarian response to controlled ovarian hyperstimulation (COH) refers to women undergoing in vitro fertilization and embryo transfer to exogenous gonadotropin stimulation (1). COH is an important component of in vitro fertilization and embryo transfer (IVF-ET) technology. Different COH protocols can elicit different ovarian responses in the same patient. Meanwhile, the ovarian response to COH is an important factor affecting the clinical pregnancy outcome in patients, and different ovarian responses can have different effects on pregnancy (2). However, there is still a lack of validated biomarkers to predict ovarian response.

Anti-Müllerian hormone (AMH) is considered a member of the transforming growth factor B family (3) and has been shown in recent years to exist as a dimeric glycoprotein. Serum AMH levels are closely related to the number of antral follicles and can be a valuable parameter for predicting ovarian response and pregnancy in assisted reproductive technology (ART) cycles (4–6). Serum AMH levels vary with follicle-stimulating hormone (FSH) levels and may remain stable throughout the menstrual cycle. The absence of changes in serum AMH levels may be related to the continued development of small follicles, which have the potential to grow independently of cyclic changes. Therefore, AMH can be a valuable and intuitive indicator (7–11).

In this study, the data had been collected from patients who were treated with in vitro fertilization/intracytoplasmic sperm injection (IVF/ICSI) at the reproductive center in our hospital. The relationship between serum AMH level, the ovarian antral follicle count (AFC), body mass index (BMI), age and other factors, and ovarian response was analyzed. The knowledge gained from the study can better guide clinicians in choosing the most appropriate ovulation promotion regimen, therefore improving the pregnancy rate in infertile women.



Methods


Patient enrollment

This was a retrospective study of data from infertile women who underwent the first cycle of in vitro fertilization/intracytoplasmic sperm injection (IVF/ICSI) cycles at the reproductive center of the affiliated hospital of Southwest Medical University (Luzhou, China) from October 2018 to September 2020.

Inclusion criteria were as follows:

	Infertile women treated with IVF-ET or ICSI-ET treatment at the reproductive center;

	Use of different protocols;

	The presence of bilateral ovaries confirmed by color Doppler ultrasonography.



Exclusion criteria were as follows:

	Ovarian surgery or ovarian lesions;

	Ultrasonography showing unclear and absent ovaries;

	Systemic endocrine diseases such as polycystic ovary syndrome, hyperprolactinemia, etc.

	Severe endometriosis.





Data collection

Data collected included age, BMI, AMH, AFC, Gn medication days, Gn dosage, E2 on the hCG triggering day, retrieved oocytes, available embryos, etc.



AMH test

Blood samples from all patients were stored at -20°C and tested using an enzyme-linked immunosorbent assay kit (AMH quantitative kit, Guangzhou Kangrun Biotechnology Co., Ltd.). The minimum detectable AMH concentration was 0.06 ng/ml; the correlation coefficient, r ≥ 0.9900; the relative deviation of the assay results, within 10%; and the coefficient of variation (CV), ≤10%.



AFC measurement

The antral follicle count (AFC) numbers were counted using the Color Doppler ultrasonic diagnostic apparatus (LOGIQ-400BW model, GE, USA) on day 2.



Controlled ovarian hyperstimulation

The ovarian stimulation program was selected according to the patient’s age, body mass index (BMI), basal endocrine level, and the number of antral follicles.



The definition of ovarian response

In this study, patients were divided into groups according to ovarian response. Low ovarian response group: number of eggs retrieved ≤3 or cancelled due to low ovarian response; Normal ovarian response group: 3< number of eggs retrieved ≤15; High ovarian response group: number of eggs retrieved >15.



The treatment protocols

Depending on the basal secretion of the patients, the follicle-stimulating hormone (FSH) (Gonal-F, EMD Serono, Rockland, MA, USA) combined with the gonadotropin-releasing hormone (GnRH) agonist (Decapeptyl; Ferring, Kiel, Germany) and antagonist (Cetrotide; Merck Serono, Darmstadt, Germany), was mainly used in controlled ovarian hyperstimulation proposals for ovarian stimulation. Controlled ovarian hyperstimulation protocols include GnRH agonist long protocols, GnRH agonist short protocols, GnRH antagonist protocols, and luteal-phase ovarian stimulation protocols. The choice of FSH injection dose is based on the women’s ages, ovarian reserve, and various reactions. Follicular development was monitored by transvaginal ultrasound. Therefore, 10,000 U of recombinant human chorionic gonadotropin (r-hCG) (Ovidrel; Merck Serono, Darmstadt, Germany) was used to induce ovulation 36 h before puncture egg retrieval when the dominant follicle grew to a diameter of 18 mm or more, or when the average diameter of the three dominant follicles reached 17 mm.



Statistical analysis

Statistical analyses were performed using the SPSS statistical software (v. 23, IBM Crop, Armonk, NY, USA). The Kolmogorov–Smirnov test was used to determine whether the measures showed a normal distribution. Data not conforming to a normal distribution were expressed as median (25th–75th percentiles), and the Kruskal-Wallis test was used because the distribution of the parameters was non-normal. Count data were expressed as percentages (%), and when the proportions were very small (<1.0%), Fisher’s exact test was used for comparison. Multiple stepwise linear regression analysis was used to analyze the factors affecting the oocyte recovery rate. Spearman’s correlation coefficient was applied for correlation analysis. The area under the ROC curves (AUCs) was calculated to analyze the relationship between the retrieved oocytes, AFC, age, BMI, and AMH. The Youden index was calculated, and the maximum value of the Youden index was used as the cut-off value. The predictive value was determined using the Youden index, and a p-value less than 0.05 (p  <  0.05) indicated a statistically significant analysis.




Results


Basic clinical information of all patients in different groups

A total of 2,585 patients undergoing their first cycle of in vitro fertilization and embryo transfer or intracytoplasmic sperm injection and embryo transfer treatment (IVF-ET/ICSI-ET) were included in this study. Patients were divided into three groups according to ovarian response (low ovarian response, n = 441; normal ovarian response, n = 1,738; high ovarian response, n = 406). Baseline characteristics are shown in Table 1. Our findings showed that the mean age and BMI of the patients gradually decreased, and the average AMH level gradually increased from the low ovarian response group to the normal ovarian response group and from the normal ovarian response group to the high ovarian response group. The difference between the three groups was statistically significant (p < 0.05). The detailed protocols used by the patients were as follows: 34 natural cycles, 212 short protocols, 998 long protocols, 1097 antagonist protocols, 230 PPOS protocols, and 14 mild stimulation protocols. PPOS protocol was used mainly in the low ovarian response group. The antagonist protocol was mainly used in the normal ovarian response group, and the long protocol was used in the normal ovarian response group.


Table 1 | Comparison of conditions in different ovarian response groups.



The mean AFC, E2 on the hCG trigger day, and Gn days gradually decreased from the high ovarian response group to the normal ovarian response group and from the normal ovarian response group to the low ovarian response group. The mean total Gn dose was greatest in the normal ovarian response group and lowest in the ovarian high response group. The differences between the three groups were statistically significant (p < 0.05) for the short protocols, long protocols, PPOS protocols, AFC, Gn dosing days, Gn dosage, and hCG trigger day E2. The retrieved oocytes and available embryos decreased from the high ovarian response group to the normal ovarian response group and from the normal to the low ovarian response group. The difference between the three groups was statistically significant (p < 0.05).



Correlation analysis between retrieved oocytes and affecting factors

Stepwise multiple linear regression analysis revealed that AFC and AMH were positively correlated with oocyte retrieval (B = 0.500 and B = 0.399, p = 0.000 and p = 0.000). Similarly, stepwise multiple linear regression analysis also showed that age and treatment regimen were negatively associated with oocyte retrieval (B = –0.154 and B = –0.355, p = 0.000 and p = 0.000, respectively). There was no significant correlation between retrieved oocytes and BMI (p = 0.913) (Table 2). Correlation analysis using Spearman’s correlation analysis showed a positive correlation between retrieved oocytes and AMH and AFC (r = 0.566, p < 0.001; r = 0.651, p < 0.001) (Table 3, Figures 1B, C), while the retrieved oocytes were negatively correlated with age and protocols (r = -0.425, p < 0.001;r = -0.233, p < 0.001) (Table 3) (Figures 1A, D).


Table 2 | Analysis of the factors affecting the number of retrieved oocytes by multivariate-linear regression (stepwise method).




Table 3 | The correlation between the number of retrieved oocytes and different influence factors by Spearman analysis.






Figure 1 | Correlation analysis between retrieved oocytes and affecting factors. (A) The correlation between retrieved oocytes and protocals. (B) The correlation between retrieved oocytes and AMH. (C) The correlation between retrieved oocytes and AFC. (D) The correlation between retrieved oocytes and Age.





Comparison of the prediction performance of retrieved oocytes vs. AFC, AMH, BMI, and age in the low ovarian response group

The receiver operating curve (ROC) was used to analyze the predictive ability of AFC, AMH, BMI, and age in infertile women with low ovarian response (Table 4). The area under the ROC curves (AUC) for AFC, AMH, BMI, and age was statistically significant (p < 0.05). The AUC for AFC and AMH was significantly higher than that for BMI and age (p < 0.05). The Youden Index (Youden Index = sensitivity + specificity - 1) for AMH was 0.462, with a critical value of 2.23 μg/l, sensitivity of 88%, and specificity of 58.2% (Figure 2B). Meanwhile, the Youden Index of AFC was 0.663, with a critical value of 8.5, sensitivity of 95.5%, and specificity of 70.8% (Table 4) (Figure 2A).




Figure 2 | Comparison of prediction performance of Retrieved oocytes vs AFC, AMH, BMI, and age in the group of low ovarian response. (A) The ROC of AFC in low ovarian response; (B) The ROC of AMH in low ovarian response.




Table 4 | Predictive comparison of different influence factors and low ovarian response.





Comparison of the prediction performance of retrieved oocytes vs. AFC, AMH, BMI, and age in the high ovarian response group

The AUCs of AFC, AMH, BMI, and age in infertile women with high ovarian response were 0.731, 0.733, 0.511, and 0.654, respectively, as analyzed by the subject ROC (Table 5). The AUCs of AFC and AMH were significantly higher than those of BMI and age (p < 0.05). The Youden Index (Youden Index = sensitivity + specificity - 1) for AFC was 0.364, with a critical value of 11.5, sensitivity of 91.4%, and specificity of 45.1% (Figure 3A). Meanwhile, the Youden Index of AMH was 0.329, with a critical value of 3.56 μg/l, sensitivity of 69.5%, and specificity of 63.5% (Figure 3B).


Table 5 | Predictive comparison of different influence factors and high ovarian response.






Figure 3 | Comparison of prediction performance of Retrieved oocytes vs AFC, AMH, BMI, and age in the group of high ovarian response. (A) The ROC of AFC in high ovarian response; (B) The ROC of AMH in high ovarian response.






Discussion

The number of retrieved oocytes and the quality of eggs can be improved by a correct and reasonable assessment of the ovarian response. Wise and correct evaluation (12) of ovarian response in women with ovarian stimulation can lead to poor ovarian response and ovarian hyperstimulation syndrome, reduce cycle cancellation rates, and improve in vitro fertilization and embryo transfer (IVF-ET) success rates. However, current predictors of ovarian response have some limitations and the accuracy is controversial (13–16). Therefore, a large sample of statistical data is needed to draw more accurate conclusions to guide assisted reproductive technology (ART).

It is generally accepted that the female reproductive function declines gradually from age 30 and rapidly after age 35 until it begins to decline in the decade before menopause, when fertility is almost lost. This decline in fertility is accompanied by the degeneration of the oocyte, which is manifested by a decrease in the number of normal, healthy, usable eggs. For patients >35 years of age, or <35 years of age but has risk factors for reduced ovarian reserve capacity such as adnexectomy or a history of previous ovarian surgery, radiotherapy, or chemotherapy, we recommend the aggressive evaluation of ovarian function to prevent a delay in eventual fertility. It is also important to assess ovarian function prior to the start of an IVF cycle.

Earlier studies have shown a positive correlation between serum anti-Müllerian hormone (AMH) levels and the number of antral follicles (17). Serum AMH levels provide a more realistic picture of the size of the primordial follicular pool (18). Meanwhile, anti-Müllerian hormone (AMH) levels are widely considered to be a good indicator for assessing ovarian reserve and response (19). In our study, the number of retrieved oocytes was significantly and positively correlated with antral follicle count (AFC) and the anti-Müllerian hormone (AMH) and negatively correlated with age and protocol selection. Meanwhile, multiple linear regression analysis showed no significant correlation between retrieved oocyte count and BMI. The results of our study are consistent with those of other studies (20). Other studies have also shown that relevant clinical indicators such as AMH and AFC can better predict the number of retrieved oocytes in infertility treatment (21, 22). Our study also found that serum AMH levels were better predictors of retrieved oocyte count than other clinical indicators in this study, which could guide clinicians in the rational use of drugs and reduce cycle cancellation rates to practice levels. The possible reason is that AMH levels are relatively stable throughout the menstrual cycle, and blood samples can be collected for testing at any time, reflecting the trend of ovarian reserve in a timely manner. Although AFC is essentially constant and does not change much throughout the menstrual cycle, ultrasound levels and the presence or absence of follicles or cysts in the ovary can still interfere with the results of AFC. Also, the AFC test is time-limited, during menstruation or within a few days of menstruation. Also, the effect of AFC, age, and protocol selection on the number of retrieved oocytes for female infertility deserves the physician’s attention.

In our study, data from 2,585 patients who underwent IVF-ET treatment in the first cycle had been collected and counted. We found that the women’s mean age and body mass index (BMI) gradually increased from the high ovarian response group to the low ovarian response group. The results of the study showed that AMH and AFC levels were significantly lower in infertile women in both the high ovarian response group and the low ovarian response group. The average number of oocytes retrieved and the average number of available embryos also gradually decreased. Currently, serum AMH levels and AFC are crucial indicators for the clinical assessment of ovarian response in reproductive medicine centers. In addition, serum AMH levels and AFC are considered the main parameters for assessing ovarian response (23, 24). A large retrospective study found that AMH and AFC are important indicators for developing individualized treatment for COH (25). Age has been reported in the literature to predict ovarian function. In general, ovarian function is negatively correlated with age. With increasing age, ovarian function gradually declines and ovarian response decreases, with significantly fewer oocytes being retrieved (26). In this study, age was not a good predictor of ovarian response. Individuals of the same age showed different ovarian responses, thus suggesting that many factors affect individual differences in ovarian response in the treatment of infertility, including genetic factors (27). Serum AMH and AFC tests in some young patients in the reproductive medicine clinic suggest decreased ovarian function. Thus, our data are consistent with previous studies indicating that age is not a good predictor for assessing ovarian response (26). The area under the receiver operating characteristic curves (AUCs) for AMH and AFC was 0.791 and 0.916, respectively, and was a predictor of the low ovarian response group in this study. The results for both AMH and AFC were significantly higher than those for BMI (AUC = 0.575) and age (AUC = 0.752). The AUCs of AFC and AMH (0.916 and 0.791, respectively) were significantly higher than those of BMI and age (0.575 and 0.752, respectively). Therefore, we concluded that BMI and Age had no diagnostic value in predicting ovarian response in the low- and high-response groups. In contrast, AMH and AFC have diagnostic value and can accurately predict ovarian response. The predicted value of serum AMH was 2.23 μg/l, and the sensitivity, specificity, and Youden index of AMH in the low ovarian response group was 88%, 58.2%, and 0.462, respectively. The predictive value of AFC was 8.5, and the sensitivity, specificity, and Youden index of AFC in the low ovarian response group was 95.5%, 70.8%, and 0.663, respectively. It was concluded that AFC was more sensitive in predicting low ovarian response. The predictive value of serum AFC was 11.5; the sensitivity, specificity, and Youden index of AFC in the high ovarian response group were 91.4%, 45.1%, and 45.1%, respectively. The predictive value of AMH was 3.56 µg/;, and the sensitivity, specificity, and Youden index of AMH in the high ovarian response group was 69.5%, 63.5%, and 0.329, respectively. Conclusively, AFC was also more sensitive in predicting high ovarian response.

Therefore, we suggest that AFC preferentially predicts ovarian response in the case of inconsistent AFC and AMH levels. Although AFC has a high predictive value, the measurement of AFC is affected by many objective and subjective factors such as the ultrasound instrument’s resolution and the ultrasonographer’s clinical skill level. In contrast to AFC, AMH levels remain relatively stable throughout the menstrual cycle and have little relationship with the menstrual cycle (28). Retrieved oocytes showed a significant positive correlation with AFC and serum AMH levels. We can speculate that AMH combined with AFC may be a more accurate predictor of ovarian response.

There are several potential contributions. First, in the current absence of validated biomarkers to predict ovarian response, we revealed the predictive power of AFC through a retrospective analysis of 2585 infertile women who underwent in vitro fertilization/embryo transfer. This finding could help physicians in making clinical decisions. Second, these findings will help inspire clinical researchers to conduct randomized controlled trials to further investigate the predictive power of AFC vs. AMH.

Our study was a retrospective analysis, and had several limitations. First, it was a single-center retrospective analysis with possible selection bias. Secondly, endometrial thickness and morphology, another major factor affecting pregnancy outcome, was not monitored. Live birth and miscarriage rates were not reported in this study. This is a shortcoming of this study, and follow-up studies should further improve the above indicators. The strength of this study is that we revealed the association between serum anti-Müllerian hormone levels and ovarian response in infertile women undergoing in vitro fertilization and embryo transfer in the economically underdeveloped Sichuan region.



Conclusions

In this study, we found that the retrieved oocytes were positively correlated with serum AMH and AFC and negatively correlated with age and BMI. AFC was superior to AMH in predicting low response. Meanwhile, AFC and AMH were comparable in predicting high response. Randomized controlled prospective trials are warranted to confirm our findings and thus to help develop more effective treatment strategies for infertile women.
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Exclude other causes of infertility
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- Chromosomal abnormalities: 2

Included in study: 278 patients Included in study: 189 patients
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63 fresh 51 frozen
embryo embryo
transfer transfer

10 not
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22 Live birth 1 Ongoing pregnancy
1 Ongoing pregnancy 3 Early miscarriage
3 Early miscarriage 1 Ectopic pregnancy
1 Induced abortion

Total live birth: 38

168 Ul

168 start first cycle 1
11 Live birth

1 Ongoing pregnancy
5 Early miscarriage

2 Ectopic pregnancy
1 fetal death

87 startfirst cycle 2

7 Live birth
1 Early miscarriage
1 Ectopic pregnancy

23 start first cycle 3

6 start first cycle 4

Total live birth: 19

4 poor follicle growth

3 multiple follicle growth

2 abnormal semen analysis
2 abnormal endometrium

3 personal reasons

3 poor ovarian response

10 Cancel AIH 1 multiple follicle growth
6 personal reasons

1 personal reasons
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Characteristics

Advanced age (=35 years old)
Yes
No
Prepregnancy BMI
Underweight (<18.5 kg/m?)
Optimal weight (18.5-23 kg/m?)
Overweight (23-27.5 kg/m?)
Obesity (>27.5 kg/m?)
Ethnicity
Minority
Majority
Shanghai origin
Yes
No
Parity
Nulliparous
Parous
Positivity TPOAb
Yes
No

Gestational age at thyroid measurement (days)*

Euthyroid (n = 52,907)

6,798 (12.85)
46,109 (87.15)

7,569 (14.31)

34,205 (64.65)
8,918 (16.86)
2,215 (4.19)

1,435 (2.71)
51,472 (97.29)

36,213 (68.45)
16,694 (31.55)

39,774 (75.18)
13,133 (24.82)

4,727 8.93)
48,180 (91.07)
85 (60-114)

Hypothyroxinemia (n = 6,556)

1,138 (17.37)
5,418 (82.64)

701 (10.69)

4,078 (62.20)

1,432 (21.84)
345 (5.26)

200 (3.05)
6,356 (96.95)

4,751 (72.47)
1,805 (27.53)

4,493 (68.53)
2,063 (31.47)

784 (11.96)
5,772 (88.04)
103 (64-144)

p-value

<0.001

<0.001

0.114

<0.001

<0.001

<0.001

<0.001

BMI, body mass index; TPOADb, thyroid peroxidase antibody. *Median (interquartile ranges).
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No. of observations

FT4 (pmol/L)

TSH (mIU/L)

Hypothyroxinemia
Mild
Moderate
Severe
Euthyroid

9,491
4,641
2,316
2,534
69,965

12.77 (12.12-13.55)
13.02 (12.72-13.93)
12.42 (12.17-13.37)
11.82 (11.35-12.57)
16.11 (14.85-17.56)

1.55 (1.04-2.16)
1.52 (1.03-2.12)
1.53 (1.02-2.16)
1.63 (1.10-2.25)
1.30 (0.79-1.91)
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BMI (kg/m?)

Primary infertility,

Years of infertility

AFC

FSH (miU/mi)

LH (miU/m)

E2 (no/L)

AMH (ng/mi)

Endometrium thickness (mm)

Total
N =826

23.44 (21.83, 25.90)
180 (21.79%)
428
8(6,11)

7.78 (6.49,10.00)
3.93 (2.94,5.40)
39.00 (27.00, 59.00)
1.49 (0.90,2.57)
10(9.11)

38/39y
N =424

23.34 (21.60, 25.70)
103 (24.29%)
428
9(6,12)

7.62 (6.37,9.74)
3.93(292,5.54)
39.00 (26.50, 55.00)
1.74(1.09,2.71)
10 9,11)

40/41y
N =226

23.90 (22.12, 25.99)
46 (20.35%)
428
8(6,11)

7.76 (6.44,9.67)
4.11(2.95,5.26)
42.00 (28.00, 61.00)
1.64 (1.06,2.57)
10(9,12)

42/43 y
N=118

23.42 (21.86, 26.04)
22 (18.64%)
25(1,6.75)

6 (4.5,10)

8.42 (6.82,10.85)
3.82 (2.95,5.36)
37.00 (25.00, 59.00)
1.10 (0.52,2.67)
10 (8.1,11)

44y
N =58

24,61 (22.00, 26.73)
9 (1551%)
2(1,9
5(4,7)

8.95 (7.22,11.30)
3.9 (3.00,8.64)
44.00 (26.50, 69.00)
0.83 (0.48,1.25)
10(9.11)

0.061
0.277
0.229
<0.001
0.008
0.989
0.401
0231
0.832
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Total 38/39%y 40/41y 42/43y 244y
N=424 N=226 N=118 N=58
GnRH antagonist 22.0% 27.4% 29.6% 10.7% 2.7%
(68/309) (37/135) (24/81) (6/56) (1/37)

GnRH-a long 33.2% 38.7% 23.4% 231% -
(73/220) (65/142) (11/47) (6/26) (1/5)

Micro-stimulation 20.5% 221% 24.1% 17.9% -
(36/176) 17/77) (14/58) (5/28) (0/13)

GnRH-a ultra-long 38.2% 42.2% 37.5% = =
(39/102) (27/64) (12/32) (0/5) /1)

Progestin primed ovarian stimulation 10.5% = = . =
(2/19) (1/6) (1/8) (/3 0/2)

<0.001 0.014 0.482 0.307 =

P
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Total 38/39y 40/41y 42/43y 44y P
N =826 N =424 N =226 N=118 N=58

Cumulative five birth 26.27% (217/826) 32.31% (137/424) 26.99% (61/226) 14.40% (17/118) 3.44% (2/58) <0.001
Fresh ET cydle 66.95% (553/826) 62.03% (263/424) 67.70% (153/226) 77.97% (92/118) 77.58% (45/58) 0.003
Clinical pregnancy rate (%) 26.15% (216/826) 29.48% (125/424) 29.20% (66/226) 17.80% (21/118) 6.89% (4/58) <0.001
Live birth rate(%) 21.43% (177/826) 25.94% (110/424) 22.57% (51/226) 11.86% (14/118) 3.44% (2/58) <0.001
Abortion rate(%) 24.54% (53/216) 17.60% (22/125) 31.82% (21/66) 38.10% (8/21) 50.00% (2/4) 0035
Multiple pregnancy rate (%) 13.43% (29/216) 16.80% (21/125) 9.09% (6/66) 9.52% (2/21) 25.00% (1/4) 0407
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GnRH antagonist

GnRH-a long

Micro-stimulation

GnRH-a ultra-long

Progestin primed ovarian stimulation
Number of cocytes

Number of transferable embryos

1

2

3

4-11

Number of transplant cycles

i

2
>3

Total
N =826

37.41% (309/826)
26.63% (220/826)
21.31% (176/826)
12.35% (102/826)
2.30% (19/826)
6 (3,10

130
342
160
194

678
129
19

38/39y
N =424

31.83% (135/424)
33.49% (142/424)
18.16% (77/424)
15.00% (64/424)
1.42% (6/424)

7 (4,10)

12.50% (53/424)
46.46% (197/424)
13.21% (56/424)
27.83% (118/424)

77.12% (327/424)
20.75% (88/424)
2.12% (9/424)

40/41y
N =226

35.84% (81/226)
20.80% (47/226)
25.66% (58/226)
14.16% (32/226)
3.54% (8/226)
6(4,10)

15.93% (36/226)
34.51% (78/226)
27.43% (62/226)
22.12% (50/226)

86.28% (195/226)
10.62% (24/226)
3.10% (7/226)

42/43 y
N =118

47.46% (56/118)
22.03% (26/118)
23.73% (28/118)
4.24% (5/118)
2.54% (3/118)
5(38)

22.88% (27/118)
36.44% (43/118)
23.73% (28/118)
16.95% (20/118

87.29% (103/118)
10.17% (12/118)
2.54% (3/118)

>44y
N =58

63.79% (37/58)
8.62% (5/58)
22.41% (13/58)
1.72% (1/58)
3.44% (2/58)
3(2,5.25)

24.14% (14/58)
41.37% (24/58)
24.14% (14/58)
10.34% (6/58)

91.38% (53/58)
8.62% (5/58)
0.0% (0/58)

<0.001
<0.001
1.38
<0.001
0.335
<0.001

0.012
0.018
<0.001
0.004

0.002
0.001
0.553
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Newborn outcomes

Singleton %(n)

Twin %(n)

Birth weight (g)

Birth height (cm)
Gestational days (day)
Gestational weeks<37%(n)
Gestational weeks<32%(n)
Birth weight<2500g %(n)
Birth weight<1500g %(n)
Fetal death %(n)

Birth defect %(n)

IVF
38

84.6 (32/38)
15.4 (6/38)
2956 + 676
475+8.1
268 + 19
15.8 (6/38)
7.9 (3/38)
15.8 (6/38)
2.6 (1/38)
0
5.3 (1/38)

i
19

100 (19/19)
0
2886 + 811
492 £2.1
271 £ 16
26.3 (5/19)
5.3 (1/19)
21.1 (4/19)
0
5.3 (1/19)
0

0.1642

0.537
0.356
0.490
0.478°
1.000°
0.7172
1.000°
0.333°
1.000?

afisher exact test was used.
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Age (years)
BMI (kg/m?)
Infertility duration (years)
Cause of infertility
Female factor
Male factor
Combined factors
Unexplained infertility
Baseline sex hormone
FSH (IUL)
LH (UL)
Estradiol (pg/mL)
AMH (ng/mL)
AFC
GH starting time
Luteal phase of the previous cycle
Follicular phase of the previous cycle
GH dosage per day
21U
151U
11U

POSEIDON
group 1 (n = 151)

30.15 + 2.50
23.44 +3.52
3.39£2.09

109 (72.19)
27 (17.89)
12 (7.95)
3(1.99)

7.02+1.71

5.32+3.05
37.77 £ 14.73
322 +246

11.87 +5.32

93 (61.59)
58 (38.41)

129 (85.43)
8(5.30)
149.27)

POSEIDON
group 2 (n = 101)

38.80 + 2.86
24.26 + 2.94
5.14 + 4.46

90 (89.11)
7(6.99)
3(2.97)
1(0.99)

714 +£1.98
4.38 +2.05
41.63 £ 16.74
229 +£1.70
9.50 + 4.35

57 (56.44)
44 (43.56)

91 (90.10)
2(1.98)
8(7.92)

POSEIDON

group 3 (n=71)

30.63 £ 2.77
23.54 +3.30
3.54 £2.59

55 (77.46)
9 (12.68)
5 (7.04)

2(2.82)

8.31 £3.44
4.18 +1.93
42.06 £ 17.52
0.77 +0.31
6.86 +2.54

32 (45.07)
39 (54.99)

62 (87.32)
3(4.29)
6 (8.45)

POSEIDON

group 4 (n = 105)

38.77 + 2.89
2413 £2.74
4.30 £ 3.52

85 (80.95)
12 (11.43)
8(7.62)

00

8.98 + 3.52
4.86 + 3.40
43.56 £ 17.31
0.65 + 0.33
6.10 £2.38

57 (54.29)
48 (45.71)

97 (92.38)
2(1.90)
6(5.71)

All values presented as mean + SD or n (%).
BMI, body mass index; FSH, follicle-stimulating hormone; LH, luteinizing hormone; AMH, anti-M(illerian hormone; AFC, antral follicle count; GH, growth hormone.
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IVF group (n = 168) 1UI group (n = 168) RR (95% Cl) P

Fresh ET Frozen ET Total Cycle 1 Cycle 2 Cycle 3 Cycle 4 Total
No. of cycles 63 51 114 168 87 23 6 284
No. of IUI cycles® 154 7 22 6 259
Livebirth 22 16 38 1" 7 1 0 19 2.00 (1.204-3.32) 0.006
Ongoing pregnancy 1 1 2 1 0 0 0 1 NA NA
Clinical pregnancy 26 22 48 20 9 1 0 30 1.60 (1.07-2.39) 0.020
Miscarriage 3 3 6 5 1 0 0 6 1.00 (0.33-3.04) 1.000
Ectopic pregnancy 0 1 1 1 0 0 3 0.33 (0.04-3.17) 0.623°
Others 0 1° 1 1° 0 0 0 1 NA NA

aExclude cycles cancelled without performing IUI. Cinduced abortion due to major birth defects. €1 still birth; ®Fisher exact test.





OPS/images/fendo.2021.768975/table5.jpg
IVF 1Y) RR (95% CI) P
Intention-to-treat analysis 22.6 (38/168) 11.3 (19/168) 2.00 (1.20-3.32) 0.006
Intention-to-treat analysis® 22.6 (38/168) 6.7 (19/284) 3.38 (2.02-5.67) 8.230E-7
Per-protocol analysis® 23.0 (38/165) 11.7 (19/162) 1.96 (1.18-3.26) 0.007
Post-hoc per-protocol analysis® 23.0 (38/165) 20.7 (18/87) 1.11 (0.68-1.83) 0.675
Post-hoc per-protocol analysis® 33.3 (38/114) 20.7 (18/87) 1.61 (0.99-2.62) 0.048

“One started cycle of IVF vs. one started cycle of IUI. ®Excluded 6 cycles in the IUI group (cancelled IUJ) and 3 cycles in the IVF groups (cancelled the oocyte retrieval). °Two IUI cycles vs.
one oocyte retrieval cycle (Excluded 81 IUI cycles that had <1 cycle without live birth. For IUI patients with >3 cycles of IU, only the CLBR of the first two cycles were calculated. Exclude 3
IVF cycles that cancelled the oocyte retrieval). °2 IUl cycles vs. 1 embryo transfer cycle (Excluded 81 IUI cycles that had <1 cycle and no live birth. For IUl patients with =3 cycles of IUI, only
the cumuilative live birth of the first two cycles were calculated. Only the 63 fresh ET and 51 frozen ET were included in the IVF groups).
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Type of cycles Total hospital livebirths Hospital visits/

visits livebirth

AlH total hospital 1612 19 85
visits

Female 1209

Male 403
IVF total hospital 1836° 38 48
visits

Female 1377

Male 4597

*hospital visits of the male were calculated as 1/3 of the female. ®Ten patients in the IVF
groups weren't calculated in the time spendiing, because they had not any embryo transfer
though they had frozen embryos.
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Type of cycles Total cost (¥)

Ul total costs® 2500608
Medical costs 2057308
Non-medical costs® 443300

IVF total costs 5025209
Medical costs 4520309
Non-medical costs 504900

Livebirths

19

38

Cost/livebirth (¥)

131611
108279
23332
132242
118955
13287

couples

168

158°

Cost/couple (¥)

14885
12246
2639
31805
28610
3196

total costs=medical costs+ non-medical costs. PIndirect costs=costs of transportation, lodging, and time away from work. °Ten patients in the IVF groups weren'’t calculated in the cost.

The frozen embryos from the first cycle had not been transferred since they had begun another IVF cycle and had live births.
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Characteristics

Before matching

After matching

IVF group
N 278
Female age (year) 31.0+26
infertility duration (year) 3.94+22
AMH (ng/mL) 0.60 +0.33
BMI (kg/m?) 21.3+33
No. of previous deliveries 0.10 £ 0.35
Male age (year) 32835
AFC 6.4+26
Baseline FSH (IU/L) 8.39 + 4.65

1UI group

189
30.7£24
352+213
0.86 +0.27
21.5+31
0.18+0.35
32.6+39

79+23
6.84 +2.63

PSM for female age, infertility duration, AMH and BMI. NA, not applicable.

Standardized
difference

0.095
0.190
-0.583
-0.067
NA
NA
NA
NA

IVF group

168
31.0£25
3.72 +£1.93
0.82 +0.28
21.4 + 31
0.13 £0.37
329+36

7.0+£26
7.65 +4.10

1UI group

168
30924
3.64 +2.20
0.83 £ 0.27
21.3+28
0.13 + 0.36
328+38

TT+22
6.86 + 2.64

Standardized difference

-0.005
0.034
-0.013
0.024
NA
NA
NA
NA
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Parameters

IVF/ICSI group

n
Stimulation protocols % (n)
Mild stimulation
Agonist protocol
Antagonist protocol
Others
Starting dose of Gn (IU)
Days of Gn
Total dose of Gn (IU)
No. of oocyts retrieved
No. of transferrable embryos
Embryo transfer %(n)
Fresh
Frozen
Not transferred
No useful embryos
No. of embryos transferred %(n)
1
2
Pregnancy rate per transfer cycle %(n)
Fresh
Frozen
Ongoing pregnancy rate per transfer cycle %(n)
Fresh
Frozen

qIncluded all the started cycles.

168%

435 (73)
226 (38)
16.7 (28)
17.3 (29)

186 + 62.6
9.5+ 3.1

1977 + 1144
43131

1.64 +1.55

37.5 (63)
30.4 (51)
6.0 (10)
26.2 (44)

421 (48)
57.9 (66)

41.3 (26/63)
43.1 (22/51)

36.5 (23/63)
33.3 (17/51)
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Parameters AlH group
n 259°
Stimulation protocols %(n)
Natural cycle 35.5 (92/259)
Stimulation cycle 64.5 (167/
259)
Gn 74.8 (125/
167)
cC 18.0 (30/167)
LE 7.2 (12/167)
No. of follicles >14mm on trigger day 12+05
Endometrium thickness on trigger day (mm) 9.3+22
Sperm with progressive motility after processing (%) 89.9+10.7
No. of sperm with progressive motility after processing 30.5+ 236
(million/ml)
Time of insemination
Before ovulation 74.9 (194/
259)
After ovulation 20.8 (54/249)
Not follow up 4.3 (11/249)
Pregnancy rate per insemination cycle %(n) 11.58 (30/
259)
Ongoing pregnancy rate per insemination cycle %(n) 8.11 (21/259)

AExclude the cancelled IUI cycles.
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Oocyte Retrieved Fertilized Oocytes Available Embryos Top-quality Embryos

AMH < 1.1 ng/ml 6.10 + 3.45 4.74£3.09 2.13+1.82 0.22 +0.54
1.1 <AMH < 4.7 ng/ml 10.48 = 4.38" 8.12£391* 3.65 + 2.49* 0.47 +0.92*
AMH > 4.7 ng/ml 15.09 + 4.62* 11.87 + 409" 5.87 + 3.36* 0.98 +1.37*
Age < 35 years 12.43 + 4.99 9.75+ 4.37 461310 0.69 + 1.16
35 < Age < 40 years 9.08 + 4.87" 6.94 + 4,121 312 +2.41% 0.37 + 0.82"
BMI < 20 kg/m* 10.94 + 4.85™ 871421 4.00 +2.84 0.59 +1.05
20 < BMI < 25 kg/m? 11.64 +5.12 9.06 + 4.40 4.31+£3.03 0.62 +1.07
BMI > 25 kg/m? 12.32 + 5.88" 9.39+ 527 417 £3.18 0.72 +1.39

Values are presented as mean + standard deviation.

*tand” signify P < 0.05 for pos-hoc comparison. * refers to comparison between the group with AMH < 1.1 ng/ml and the group with AMH between 1.1 and 4.7 ng/ml or the group with
AMH > 4.7 ng/ml. * refers to comparison between group with age < 35 years and the group with age between 35 and 40 years. " refers to comparison between the group with BMI > 25
Kq/mz and the group with BMI < 20 Kq/mZ. # The incidence of polycystic ovarian syndrome (PCOS) in patients with BMI > 25 Kq/m2 was higher than in patients with BMI lower than 20 kg/
m? (12.67% (19/150) vs 0.76% (2/263), p < 0.05). AMH, anti-Millerian hormone: BMI, body mass index.
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Embryological Outcomes Group A Group B P

AMH < 1.1ng/ml n=73 n=48

AMH (ng/mi) 0.73+£0.27 0.71 £0.25 0.509
Number of oocytes retrieved 6.08 + 3.44 6.13 + 3.50 0.827
Maturation rate (%)* 92/119 (77.3%) 108/138 (78.2%) 0.855
Number of fertilized oocytes 4.82 +3.16 4,63 +2.99 0.812
Fertilization rate (2PN) of IVF (%)° 239/325 (73.5%) 114/156 (73.1%) 0915
Fertiization rate (2PN) of ICSI (%)° 78/92 (84.8%) 93/108 (86.1%) 0.790
Number of available embryos 227 +£191 1.92 + 1.66 0.321
Proportion of day 3 embryos (%)® 134/166 (80.7%) 74/92 (80.4%)

Proportion of blastocysts (%)* 32/166 (19.3%) 18/92 (19.6%)

Proportion of day 3 good quality embryos’ 26/317 (8.20%) 17/207 (8.21%) 0.997
Number of top-quality embryos 0.22 +£0.48 0.23 + 0.63 0.598
1.1 < AMH < 4.7ng/ml n =473 n =261

AMH (ng/mi) 272 +0.93 259 +1.02 0.038
Number of oocytes retrieved 10.16 + 4.15 11.06 + 4.73 0.018
Maturation rate (%)* 1065/1310 (81.3%) 724/842 (86.0%) 0.005
Number of fertilized oocytes 7.86 +3.75 8.50 +4.13 0.026
Fertilization rate (2PN) of IVF (%)° 2559/3498 (73.2%) 1596/2044 (78.1%) <0.001
Fertilization rate (2PN) of ICSI (%)° 882/1065 (82.8%) 606/724 (83.7%) 0.623
Number of available embryos 3.48 +2.38 3.95 + 2.66 0.037
Proportion of day 3 embryos (%)® 1223/1644 (74.4%) 754/1032 (73.1%)

Proportion of blastocysts (%)° 421/1644 (25.6%) 278/1032 (26.9%)

Proportion of day 3 good quality embryos' 271/3441 (7.88%) 210/2202 (9.54%) 0.029
Number of top-quality embryos 0.40 £ 0.81 0.59 +1.08 0.020
AMH > 4.7ng/ml n =286 n =130

AMH (ng/mi) 8.06 + 2.63 7.75 £3.11 0.042
Number of oocytes retrieved 14.57 + 4.47 16.22 + 4.75 0.002
Maturation rate (%)* 992/1124 (88.3%) 445/495 (89.9%) 0.335
Number of fertilized oocytes 11.49 + 4.01 12.69 + 4.17 0.006
Fertiization rate (2PN) of IVF (%)° 2222/3044 (73.0%) 1238/1613 (76.8%) 0.005
Fertiization rate (2PN) of ICSI (%)° 768/992 (77.4%) 361/445 (81.1%) 0114
Number of available embryos 5.80 + 3.19 6.00 + 3.72 0.995
Proportion of day 3 embryos (%)° 1062/1660 (64.0%) 481/780 (61.7%)

Proportion of blastocysts (%)° 598/1660 (36.0%) 299/780 (38.3%)

Proportion of day 3 good quality embryos f 230/2990 (7.69%) 154/1599 (9.63%) 0.024
Number of top-quality embryos 0.88 +1.18 1.19+1.71 0.304

Group A received cetrorelix daily until the trigger day; Group B received cetrorelix daily, ceasing cetrorelix on the trigger day. Three subgroups were divided according to AMH values, AMH
<1.1 ng/ml, 1.1 < AMH < 4.7 ng/ml, AMH > 4.7 ng/ml. Data is expressed as mean + SD, or number (percentage). AMH, anti-Muillerian hormone.

*Maturation rate (%) = No. of Metaphase Il oocytes/No. of oocytes retrieved in ICSI cycles.

“Fertilization rate (2PN) of IVF (%) = No. of 2PN zygotes in IVF/No. of inseminated oocytes.

“Fertilization rate (2PN) of ICSI (%) = No. of 2PN zygotes in ICSI/No. of microinjected oocytes.

IProportion of day 3 embryos (%) = No. of the day 3 available embryos/No. of the available embryos.

°Proportion of blastocysts (%) = No. of the available blastocysts/No. of the available embryos.

"Proportion of day 3 good quality embryos (%) = No. of day 3 good quality embryos/No. of 2PN embryos.
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Embryological Outcomes Group A Group B P

Age < 35 years n =620 n=2324

Number of oocytes retrieved 12.11 £4.80 18.056 + 5.30 0.012
Maturation rate (%)* 1754/2051 (85.5%) 1031/1169 (88.2%) 0.033
Number of fertilized oocytes 9.50 £ 4.23 10.28 + 4.59 0.025
Fertiization rate (2PN) of IVF (%)° 4022/5459 (73.7%) 2380/3060 (77.8%) <0.001
Fertilization rate (2PN) of ICSI (%)° 1405/1754 (80.1%) 850/1031 (82.4%) 0.128
Number of available embryos 4.51 +£298 4.80 +3.33 0.398
Proportion of day 3 embryos (%)° 1980/2799 (69.0%) 1032/1556 (66.3%)

Proportion of blastocysts (%)° 869/2799 (31.0%) 524/1556 (33.7%)

Proportion of day 3 good quality embryos (%) 427/5407 (7.90%) 310/3230 (9.60%) 0.006
Number of top-quality embryos 0.60 + 1.00 0.87 + 1.42 0.025
35 < Age < 40 years n=212 n=115

Number of oocytes retrieved 9.01 +4.66 9.21 £527 0.803
Maturation rate (%)* 395/502 (78.7%) 246/306 (80.4%) 0.561
Number of fertilized oocytes 6.92 £ 4.05 6.97 + 4.27 0.975
Fertilization rate (2PN) of IVF (%)° 1018/1408 (72.3%) 568/753 (75.4%) 0.117
Fertiization rate (2PN) of ICSI (%)° 323/395 (81.8%) 210/246 (85.4%) 0.237
Number of available embryos 317 £2.49 3.083 +2.26 0.798
Proportion of day 3 embryos (%)® 489/671 (72.9%) 277/348 (79.6%)

Proportion of blastocysts (%) 182/671 (27.1%) 71/348 (20.4%)

Proportion of day 3 good quality embryos (%) 100/1341 (7.46%) 71/778 (9.13%) 0.174
Number of top-quality embryos 0.39 £0.83 0.35 £ 0.81 0.477

Group A received cetrorelix daily until the trigger day; Group B received cetrorelix daily, ceasing cetrorelix on the trigger day. Two subgroups were divided according to age, Age < 35 years
and 35 < Age < 40 years. Data is expressed as mean + SD, or number (percentage).

“Maturation rate (%) = No. of Metaphase Il oocytes/No. of oocytes retrieved in ICSI cycles.

“Fertilization rate (2PN) of IVF (%) = No. of 2PN zygotes in IVF/No. of inseminated oocytes.

“Fertilization rate (2PN) of ICSI (%) = No. of 2PN zygotes in ICSI/No. of microinjected oocytes.

IProportion of day 3 embryos (%) = No. of the day 3 available embryos/No. of the available embryos.

°Proportion of blastocysts (%) = No. of the available blastocysts/No. of the available embryos.

"Proportion of day 3 good quality embryos (%) = No. of day 3 good quality embryos/No. of 2PN embryos.
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1731 undergoing initial GnRH-antagonist IVF regimen

460 excluded
128 LH > 10 IU/L during COS
56 history of repeated implantation failure
21 chromosomal aberration
104 endometriesis
79 adenomyosis

72 submucous myomas

1271 enrolled into this study

832 patients received cetrorelix on trigger day (Group A)

AMHI.1-4.Tng/ml

73 patients in Group A: 20 cycles fresh embryo transfer, 4 clinical pregnancy,?2 live birth, 1 abortion

48 patients in Group B: 13 cycle fresh embryo transfer, 5 clinical pregnancy, 3 live birth, labortion

—»| 473 patients in Group A: 60 cycles fresh embryo transfer, 26 clinical pregnancy, 19 live birth, 7 abortion

] 1 cancelled due to preouvlatory

439 patients omitted cetrorelix on trigger day (Group B)

] 1 cancelled due to proovulatory

—»| AMH>4.7ng/ml

—p Age<35 years

—P»| Age35-40 years

261 patients in Group B: 109 cycles fresh embryo transfer, 41 clinical pregnancy, 30 live birth, 3 abortion

patients in Group A: 29 cycles fresh embryo transfer, 13 clinical pregnancy, 10 live birth, 2 abortion

130 patients in Group B: 30 cycle fresh embryo transfer, 12 clinical pregnancy, S live birth, 4 abortion

patients in Group A: 76 cycle fresh embryo transfer, 34 clinical pregnancy, 25 live birth, 7 abortion

— | 324 patients in Group B: 103 cycle fresh embryo transfer, 41 clinical pregnancy, 31 live birth , 6 abortion

212 patients in Group A: 33 cycle fresh embryo transfer, 9 clinical pregnancy , 5 live birth, 4 abortion
115 patients in Group B: 49 cycle fresh embryo transfer, 17 clinical pregnancy 13 live birth 4 abortion
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Group A (n = 832) Group B (n = 439) P

DEMOGRAPHIC CHARACTERISTICS

Age (years) 31.51 +4.13 31.63 + 4.20 0.751
BMI (kg/m?) 21.84 + 2,50 2217 +3.22 0.123
AMH (ng/ml) 4.38 + 320 391+3.17 0.003
Basal FSH level (IU/L) 7.32+£217 7.38 +2.26 0.479
Basal LH level (IU/L) 4.56 +2.37 4.44 +2.47 0.122
Basal E; level (pg/ml) 40.75 + 16.89 40.09 £ 16.73 0.529
Basal P, level (ng/ml) 0.65 + 0.34 0.66 +0.63 0.069
Antral follicle count 11.66 + 4.32 11.90 + 4.62 0.229
INFERTILITY CAUSES

Male factor (%) 277/832 (33.2%) 134/439 (30.5%) 0.316
Tubal factor (%) 625/832 (75.1%) 345/439 (78.6%) 0.167
Polycystic ovary syndrome (%) 33/832 (3.97%) 15/439 (3.42%) 0.625
Ovulation disorders (%) 5/832 (0.60%) 5/439 (1.14%) 0.328
Others* 52/832 (6.25%) 32/439 (7.29%) 0.478
OVARIAN STIMULATION

Starting dose of Gn (IU) 188.82 + 51.15 190.69 + 50.55 0.139
Stimulation duration of Gn (day) 10.06 + 1.35 10.02 + 1.54 0.051
Total Gn (IU) 2480.57 + 636.05 2447 .49 + 727.56 0.073
Duration of Cetrorelix (day) 5.04 + 1.41 3.82+1.44 <0.001
Total Cetrorelix (mg) 0.88 + 0.36 0.74 + 0.36 <0.001
LH level on start day of Cetrorelix (IU/L) 581576 5.96 + 5.94 0.994
E. level on start day of Cetrorelix (pg/mi) 1271.81 £ 1005.40 1259.70 + 1092.61 0.422
P, level on start day of Cetrorelix (ng/mi) 0.87 £ 0.48 0.88 +0.68 0.098
LH level on trigger day (IU/L) 1.91+£1.19 1.87 +1.39 0.056
Ez level on trigger day (pg/ml) 4565.52 + 2297.81 4462.43 + 2701.06 0.112
P, level on trigger day (ng/mi) 1.31 +0.57 1.38 +0.95 0.295
Number of cycles canceled for pre-ovulation 1/832 (0.12%) 1/439 (0.23%) 0.647
Triggered with hCG 597/832 (71.8%) 300/439 (70.4%) 0.608
Triggered with GnRH-a 235/832 (28.2%) 1307439 (29.6%) 0.608

Group A received cetrorelix daily until the trigger day; Group B received cetrorelix daily, ceasing cetrorelix on the trigger day. *Indiicates unexplained infertility after 2 or more attempts of
intrauterine insemination. Data is expressed as mean + standard deviation, or number (percentage). BMI, body mass index; AMH, anti-Mdillerian hormone.





OPS/images/fendo.2021.758896/table2.jpg
Group A Group B P
EMBRYOLOGICAL OUTCOMES
Number of oocytes retrieved 11.32 £ 4.95 12.05 + 5.55 <0.001
Maturation rate (%)* 2149/2553 (84.2%) 1277/1475 (86.6%) 0.040
Number of fertilized oocytes 8.84 +4.33 9.37 +4.73 <0.001
Fertiization rate (2PN) of IVF (%)° 5020/6867 (73.1%) 2948/3813 (77.3%) <0.001
Fertiization rate (2PN) of ICS (%)° 1728/2149 (80.4%) 1060/1277 (83.0%) 0.059
Number of available embryos 417 £2.92 434 +3.18 <0.005
Proportion of day 3 embryos (%)° 2419/3470 (69.7%) 1235/1812 (68.2%)
Proportion of blastocysts (%)° 1051/3470 (30.3%) 577/181 (31.8%)
Proportion of day 3 good quality embryos' 527/6748 (7.80%) 381/4008 (9.51%) 0.002
Number of top-quality embryos 0.55 £ 0.97 0.73 £1.31 0.040
FRESH EMBRYO TRANSFER
Number of cycles transferred 109 152
Number of embryos transferred 187 269
Endometrial thickness on trigger day (cm) 1.01 £0.18 1.00 £ 0.15 0.673
Average number of embryos transferred 1.72 +£ 0.45 1.77 £ 0.42 0.323
Average score of cleavage embryos transferred 7.01+1.06 715 +1.17 0.310
Embryos transferred at blastocyst stage 4BB*1 4BB*2

4BC*5 4BC*14

CLINICAL OUTCOMES
Implantation rate (%) 54/187 (28.9%) 69/269 (25.7%) 0.445
Biochemical pregnancy rate (%) 54/109 (49.5%) 72/152 (47.4%) 0.622
Clinical pregnancy rate (%) 43/109 (39.4%) 58/152 (38.2%) 0.833
Ongoing pregnancy rate (%) 33/109 (30.3%) 45/152 (29.6%) 0.907
Multiple pregnancy rate (%) 7/109 (6.42%) 9/162 (56.92%) 0.868
Live birth rate (%) 31/109 (28.4%) 44/152 (28.9%) 0.929
Abortion rate (%) 11/43 (25.6%) 8/58 (13.8%) 0.134
Ectopic pregnancy rate (%) 1/43 (2.33%) 6/58 (10.3%) 0.234

Group A received cetrorelix daily until the trigger day; Group B received cetrorelix daily, ceasing cetrorelix on the trigger day. Data is expressed as mean + SD, or number (percentage).
“Maturation rate (%) = No. of Metaphase Il oocytes/No. of oocytes retrieved in ICSI cycles.
®Fertilization rate (2PN) of IVF (%) = No. of 2PN zygotes/No. of inseminated oocytes.
“Fertilzation rate (2PN) of ICSI (%) = No. of 2PN zygotes/No. of microinjected oocytes.

IProportion of day 3 embryos (%) = No. of the day 3 available embryos (%)/No. of the available embryos.

°Proportion of blastocysts (%) = No. of the available blastocysts (%)/No. of the available embryos.

"Proportion of day 3 good quality embryos (%) = No. of day 3 good quality embryos/No. of 2PN embryos.
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Normal (AMH 1.3-6.24 ng/mL)

High (AMH26.25 ng/mL)

Total

AGE Low (AMH<1.3 ng/mL)

<25 8.69% 71.43% 19.87% 6.45%
26-30 14.39% 66.59% 19.02% 17.27%
31-35 24.69% 65.29% 10.02% 22.40%
36-40 48.03% 47.18% 4.79% 23.45%
41-45 69.31% 29.34% 1.35% 20.76%
46-50 87.94% 11.35% 0.71% 5.65%
Total 40.60% 50.78% 8.62% 100.00%

Bold values are the age categories.
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n HIJAB (mean + SD) NIQAB (mean = SD) p value

AGE (years)  2323" 34.59 + 6.55 34.84 +6.97 ns
AFC 2273 13.01 £9.58 11.97 £9.78 0.021
AMH (ng/mL) 2323 2.63 +2.84 245 +2.93 0.043

*Patients with dress code and AMH data included for the analysis, out of the
total population (n=2495). n, number of patients included; SD, standard deviation; ns,
non significative.





OPS/images/fendo.2021.735116/table6.jpg
AFC (n=2273)

Age

BMI

Dress Code (Hijab - Nigab)
AMH (n=2323)

Age

BMI

Dress Code (Hijab - Nigab)

Std.Err., Standard Error; 95% Cl, 95% Confidence Interval: BMI, Body Mass Index.

Coefficient

-0.758
0.187
-0.860
Coefficient
-0.194
0.028
-0.147

Std. Err.

0.026
0.031
0.382

Std. Err.

0.008
0.010
0.121

95% Cl

-0.808/-0.707
0.126/-0.249
-1.609/-0.110
95% CI
-0.210/-0.178
0.009/-0.048
-0.384/-0.089

P value

<0.0001
<0.0001
0.025
P value
<0.0001
0.004
0.223





OPS/images/fendo.2021.777152/crossmark.jpg
©

2

i

|





OPS/images/fendo.2021.735116/fendo-12-735116-g004.jpg
Distribution of patients based on AMH levels per age categories
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Age categories

AMH LOW = NORMAL mHIGH
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n Percentage Mean sD Median Min - Max
AGE (years) 2495 34.62 6.61 34.81 18.68-49.60
INFERTILITY DURATION (years) 2489 3.865 37 3.00 0-29
BMI (kg/m?) 2495 28.57 5.49 28.03 14.34-53.42
AMH (ng/mL) 2495 2.59 2.90 1.76 0.01-23.80
AFC 2441 12.72 9.43 11.00 0-80
DRESS CODE 2395
Hijab 1706 71.23%
Nikab 617 25.76%
None 72 3.01%
SMOKING 2461
No 2399 97.48%
Yes 59 2.40%
Ex-smoker 3 0.12%
TYPE OF INFERTILITY 2494
Primary 1045 41.88%
Secondary 1392 55.79%
Oncologic fertility preservation 3 0.12%
Gestational desire because of genetic disease 48 1.92%
No oncological fertility preservation 6 0.04%
PREVIOUS ADNEXAL SURGERY 2495
No 2210 88.57%
Yes 285 11.43%
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Age

19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
4
42
43
44
45
46
47
48
49
50

n AMH

10
10
17
33
40
54
90
74
96
89
109
100
133
112
112
126
124
113
132
115
122
123
107
122
107

AMH Mean

3.03
417
4.18
4.69
5.05
4.57
411
4.80
4.05
3.87
4.38
2.66
3.82
3.79
2.85
2.56
2.44
2.39
2.29
1.45
1.51
1.53
1.43
1.36
0.82
0.61
0.71
0.53
0.47
0.30
0.10
0.01

SD

125
2.14
2.31
3.09
3.66
327
3.18
420
3.66
371
426
197
3.80
337
2.29
2.33
251
2.35
2.23
152
140
154
1.53
1.56
0.92
0.84
146
0.54
061
0.56
0.12

AMH Median

3.10
3.81
3.61
4.26
4.41
3.83
3.42
3.63
3.04
2.88
3.18
219
2.89
3.00
2.50
2.01
1.68
1.57
1.61
1.03
1.07
0.96
0.94
0.85
0.44
0.29
0.26
0.31
0.16
0.06
0.04
0.01

nAFC

10

16

33

40

53

88

72

93

88
108
98
128
11
m
125
124
108
130
114
119
18
101
121
104

AFC Mean

21.7
19.8
25.1
19.9
19.7
20.4
19.6
19.5
191
17.4
17.2
14.0
17.2
15.7
13.4
13.7
1.9
12.4
1.3
8.7
9.2
8.8
8.7
79
6.1
5.3
5.1
4.3
4.2
3.8
1.7
0

LR RONADNNO DN ®® N

AFC Median

215
17
24
21
20
20
18
18
17

155
14
12

1565
15
12
12
10
1
10

8

ONNDWW®WAEONNNO©

Units, ng/mL; n, number of patients; age, years.
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Age Cate-
gory (vears)

<25

26-30
31-35
36-40
41-45
46-50

n

205
469
596
611
499
115

AMH
Mean

4.45
4.06
3.14
1.94
1.09
0.48

AMH
Median

3.70
3.06
250
1.35
0.62
0.24

AMH Median Decrease
Per Age Category

-0.64
-0.57
-1.15
-0.73
-0.38

Yearly AMH
median Decrease

-0.13
-0.11
-0.23
-0.15
-0.08

AFC
Mean

20.22
17.88
14.67
10.49
7.09
4.04

AFC
Median

20
16
13
9
5
3

AFC Median Decrease
Per Age Category

Yearly AFC
median Decrease

-0.8
-0.6
-0.8
-0.8
-0.4

Bold values are the age categories.
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Tissue Specific location Method Results References

Ovary the granulosa cells of the developing follicles Immunocytochemistry ERo+; ERB+ (ERa and B are differentially expressed) (15, 24)
Ovary pre-antral follicles Immunohistochemistry ERB+ (24)
Ovary mature antral follicles Immunohistochemistry ERo+; ERB+ (24)
Ovary in the surface epithelium RT-PCR ERo+; ERB+ (25)
Ovary granulosa cells, endothelial cells Immunocytochemistry ERP2+; ERB4+; ERPS+ (26)
Ovary granulosa cells RT-PCR; Western blotting GPER+ 27, 28)

+, expressed; ER, estrogen receptor; RT-PCR, reverse transcription-polymerase chain reaction.
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PCOS (n = 24) CONTROL (n = 24) P
Age (year) 2492 +513 28.20 + 3.00 0.037
BMI (kg/m?) 25.90 + 4.68 21.39 + 3.00 0.017
Oligomenorrhea 23 0 -
PCOM 16 0 -
Hyperandrogenism 13 1 -
Leukocyte (10%/L) 6.23 + 152 596+ 1.76 0.638
Neutrocyte (10%/L) 350+ 125 3.90 + 153 0.885
Neutrophil percentage (%) 56.54 + 8.70 64.81 +7.94 0.891
Hemoglobin (g/L) 137.44 + 8.87 134.00 + 14.99 0.159
TSH (ulU/ml) 2.38+1.58 2.34 £ 1.54 0.629
FPG (mmol/L) 5.08 +2.49 4.62 +0.47 0.169

BMI, body mass index; PCOM, polycystic ovarian morphology: TSH, thyroid-stimulating hormone; FPG, fasting plasma glucose.
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Models
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Subfertility
Infertile
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of fertility

Infertile

Subfertile or
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NA
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testosterone
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Plasma
testosterone
levelst
Testosterone
levelst

Plasma
testosterone

levelst

NA

NA

NA

NA

Testosterone
levelst

NA

LH levels

Circulating LH1; plasma LH levels
were significantly lower than
ovariectomized wild-type females

Serum LH levels was higher than
oERKO females

Serum LH levelst

Exhibited wild type-like levels

Basal LH levels are not elevated

Increase in LH secretion after
ovariectomy

Basal serum LH levels were not
elevated

Serum LH levelst

Serum LH levels were normal

Serum LH levels were normal

Notes

Hypoplastic uteri; hyperemic ovaries; E2
levelst

Normal reproductive tract; no corpora lutea
were observed; apparent sex reversal

Have hypoplastic uterine tissues;
rudimentary mammary gland ductal trees;
E2 levelst

Aromatase activityl; estradiol synthesis|;
have normal mammary histology

Lack estrogen positive feedback; have
dilated, fluid-filed uteri; increased numbers
of antral follicles; ack of corpora lutea

Normal negative feedback

Maintain a basal level of serum FSH; their
ovulatory capacity is comparable to
controls;

A decrease in the number of litters and
size of the litters;

Pituitary ERo. is involved in negative
feedback regulation of estrogen; an
anomalous sporadic LH secretion profile
Normal function of the HPG axis; ovaries
developed normally

References

(48, 49)

(48, 50)

(1)

(63, 55)

(60, 61)

61, 70)

64)

(65)

(66)

(69)

1 = upregulated; | = downregulated; NA:
luteinizing hormone; HPG, hypothalami

not available or not assessed. ER, estrogen receptor; GPER, G-protein-coupled estrogen receptor; FSH, follicle stimulating hormone; LH,
ituitary-gonadal.
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Independent variable

GH supplementation

Non-GH

GH

Age

BMI

AMH

FSH

AFC

COH protocol
GnRH antagonist
GnRH agonist long
GnRH agonist ultra-long
GnRH agonist short

Duration of Gn

Gn dose (per 100 IU)

POSEIDON group 1

POSEIDON group 2

POSEIDON group 3

POSEIDON group 4

OR 95% CI p-value OR 95% CI p-value OR 95% CI p-value OR 95% CI p-value
19.16 7.87-46.63 <0.001* 7.44 1.65-33.55 0.009* 10.19 2.39-43.52 0.002* 27.63 4.46-171.11 <0.001*
0.91 0.78-1.08 0.285 099 0.84-1.15 0.866 1.02 0.82-1.28 0.853 0.92 0.75-1.13 0.422
0.94 0.84-1.06 0.346 1.02 0.88-1.18 0.800 1.24 1.03-1.50 0.027* 1.07 0.83-1.37 0.598
1.06 0.85-1.32 0.594 092 0.71-1.19 0.521 206 0.19-22.37 0.552 0.37 0.04-3.79 0.399
0.86 0.67-1.11 0.254 113  0.89-1.43 0.308 0.91 0.70-1.18 0.456 0.66 0.44-0.97 0.034*
0.89 0.80-0.99 0.027* 118  1.04-1.34 0.009* 1.06 0.82-1.37 0.676 0.94 0.70-1.27 0.700
1.52 0.62-3.73 0.359 0.61  0.18-2.02 0.418 1.30 0.27-6.29 0.748 1.80 0.31-10.38 0.508
1.53 0.44-5.31 0.506 0.43  0.08-2.40 0.338 0.51 0.08-3.22 0.470 0.36 0.05-2.66 0.318
1.51 0.49-4.70 0.472 0.77  0.18-3.36 0.732 0.82 0.14-4.95 0.832 1.50 0.30-7.44 0.621
1.25 0.98-1.58 0.071 095 0.66-1.37 0.788 0.90 0.69-1.38 0.629 1.63 1.03-2.57 0.036"
0.98 0.92-1.04 0.5622 1.01  0.93-1.09 0.863 1.06 0.99-1.15 0.112 1.00 1.00-1.00 0.491

GH, growth hormone; BMI, body mass index; AMH, anti-Mdllerian hormone; FSH, follicle-stimulating hormone; AFC, antral follicle count; COH, controlled ovarian hyperstimulation; GnRH,
gonadotropin-releasing hormone; Gn, gonadotropin.

In bold:: The values associated with GH.

*indlicates statistical significances of p < 0.05.
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Independent variable

POSEIDON group 1

POSEIDON group 2

POSEIDON group 3

POSEIDON group 4

OR 95% CI p-value OR 95% CI p-value OR 95% ClI p-value OR 95% CI p-value

GH supplementation
Non-GH _ _ _ _ _ _ _ _
GH 418 226-7.73 <0.001* 166  0.56-4.94 0.361 8.1 2.54-25.95 <0.001* 591 187-18.73 0.003*
Age 0.93 0.81-1.07 0.284 095 0.83-1.09 0.437 1.08 0.86-1.35 0.508 1.05 0.89-1.23 0.549
BMI 0.99 0.89-1.10 0.843 1.02 0.90-1.17 0.713 123 1.01-1.50 0.043" 1.03 0.84-1.25 0.796
AMH 1.12 0.93-1.35 0.248 094 0.74-1.19 0.610 400 0.35-45.09 0.262 054 0.09-3.44 0517
FSH 0.92 0.75-1.13 0.430 1.10 0.90-1.36 0.350 093 0.72-1.19 0.545 079 0.63-1.00 0.048"*
AFC 0.91 0.84-1.00 0.049* 1.16 1.04-1.30 0.010" 1.07 0.82-1.39 0.616 1.08 0.86-1.35 0.514
COH protocol

GnRH antagonist - - - - - - - o

GnRH agonist long 1.82 0.85-3.91 0.125 125 0.42-3.78 0.687 231 0.53-9.97 0.263 143 0.32-6.39 0.640

GnRH agonist ultra-long 2,04 0.66-6.28 0215 1.05 0.22-5.02 0.956 057 0.10-3.16 0.518 0.55 0.11-2.70 0.463

GnRH agonist short 2.02 0.80-5.10 0.137 0.76 0.22-2.68 0.669 1.18 0.25-5.65 0.832 071 0.20-2.55 0.601
Duration of Gn 1.14 0.94-1.39 0.182 0.78 0.56-1.08 0.134 0.88 0.59-1.30 0513 116 0.81-1.64 0.417
Gn dose (per 100 IU) 1.00 0.95-1.06 0.931 1.07 1.00-1.15 0.055 1.06 0.99-1.13 0.103 1.00 1.00-1.00 0.837

GH, growth hormone; BMI, body mass index; AMH, anti-Mdillerian hormone; FSH, follicle-stimulating hormone; AFC, antral follicle count; COH, controlled ovarian hyperstimulation; GnRH,

gonadotropin-releasing hormone; Gn, gonadotropin.

In bold: The values associated with GH.
*indlicates statistical significances of p < 0.05.





OPS/images/fendo.2022.848947/table2.jpg
Outcomes

Abromal menstraton

Totatesostercne

Froo tostostercno

A

186,

Number of studies.

10

Number of cases.

29

105

18

128

»

50

Heterogenaity test
20 B
®  <ooonr
oo
o 08
o <oo0r
o o0
o I3

Effect model

REM

FEm

REM

Fem

Fem

Meta-analysis results

Effoct size (65%C1)

0R-008
1001.008)
oR-021
(006,0.74)
MD=25.92
12890.22.90]
SMD=228
1367.-089)
MD=129
191,066
MD-3352
(1087, 56.17)

£ coridence et FEM. Bad eiects modst MD. mess dirence: O, odts mile FEM. rendoas efeots modet SMO. stnderdioed meen dilerence.

N

<0000t

0004

<0001

0001

<0000t

0004





OPS/images/fendo.2021.790160/table6.jpg
Independent variable

GH supplementation

Non-GH

GH

Age

BMI

AMH

FSH

AFC

COH protocol
GnRH antagonist
GnRH agonist long
GnRH agonist ultra-long
GnRH agonist short

Duration of Gn

Gn dose (per 100 IU)

POSEIDON group 1

POSEIDON group 2

POSEIDON group 3

POSEIDON group 4

IRR

233
1.00
0.98
1.06
1.01
0.98

1.156
0.91
1.24
1.04
0.99

95% CI

1.96-2.77
0.96-1.04
0.95-1.01
1.01-1.11
0.95-1.07
0.96-1.00

0.94-1.41
0.66-1.24
0.97-1.60
0.98-1.10
0.98-1.00

p-value

<0.001*
0.993
0.173
0.011*
0.771
0.118

0.166
0.551
0.090
0.169
0.150

IRR

1.57
0.98
0.97
0.94
0.95
1.02

1.23
1.01
118
1.0
0.99

95% CI

1.26-1.95
0.94-1.02
0.93-1.01
0.86-1.03
0.89-1.02
0.99-1.06

0.94-1.61
0.67-1.51
0.88-1.58
0.97-1.13
0.97-1.00

p-value

<0.001*
0.369
0.135
0.213
0.157
0.178

0.130
0.971
0.261
0.235
0.130

IRR

2.06
1.02
1.05
2.29
0.99
1.01

1.01
0.88
0.95
1.08
0.99

95% CI

1.51-2.82
0.96-1.08
1.00-1.10
1.27-4.13
0.93-1.04
0.94-1.08

0.69-1.48
0.55-1.41
0.64-1.40
0.98-1.17
0.97-1.00

p-value

<0.001*
0.539
0.037*
0.006*
0.599
0.806

0.955
0.597
0.799
0.108
0.139

IRR

1.31
0.99
0.98
0.97
0.99
1.02

1.46
1.30
1.02
1.0
1.00

95% Cl

1.02-1.69
0.95-1.04
0.93-1.04
0.59-1.59
0.95-1.03
0.95-1.08

1.02-2.11
0.82-2.07
0.75-1.39
0.96-1.15
1.00-1.00

p-value

0.033*
0.796
0.500
0.899
0.661

0.654

0.041*
0.260
0.915
0.284
0.083

GH, growth hormone; BMI, body mass index; AMH, anti-Miillerian hormone; FSH, follicle-stimulating hormone; AFC, antral follicle count; COH, controlled ovarian hyperstimulation; GnRH,
gonadotropin-releasing hormone; Gn, gonadotropin.
In bold: The values associated with GH.

*indlicates statistical significances of p < 0.05.
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Study Country Study Follow-up Type of Total PCOS Age (yr) PreopBMI Postop BMI EWL% Outcomes

design (mo) surgery  patients (n)  (n) (kg/m?) (kg/m?) extracted
Benito et al. (18) Spain Prospective 48 RYGB, SG, 216 53 321+ 44.6+ 4.7 285+ 4.1 =
AGB 53

Bhandari et al. (19)  India Prospective 6 SG 75 43 2777+ 4252 +571 30.76+2.93 58.37+ (€60
4.50 11.41

Casal et al. (10) Spain Retrospective  10.1 + 1.5 LSG, LRYGB 217 43 3319+ 4559+4.97 27.73+4.34 0]
491

Chiofalo et al. (20) Italy Retrospective 12 SG, RYGB 55 29 30+6 47 - 65+ 19 (60

Christ and Falcone, USA Retrospective 228 +3.6 - 930 44 36.1 + 442+ 21 354115 - [060)

(21) 23

Christinajoice et al.  India Retrospective 36 LSG, RYGB, 45 29 247 = 415+6.8 66.9 + @

(22) LAGB 10.2 24

Dilday et al. (23) USA Retrospective 12 SG 1385 119 315+ 419+52 2955+ 5.7 65.83 + @
1.08 218

Eid et al. (24) USA Retrospective  27.5+16 LRYGB 24 24  34+97 50+75 30+4.5 56.7 [€oQ)

Eid et al. (25) USA Retrospective 12 LRYGB 14 14 36.3 448 +1.6 292+59 66.5
8.4

Escobar-Morreale ~ Spain Prospective 12+5 BPD, RYGB 36 17 298 + 507 7.1 M1 +9 -

et al. (26) 53

Jamal et al. (27) USA Retrospective 46.7 + LRYGB 566 31 32+58 528+9.08 343 +57 64

35.3

Singh et al. (28) India Prospective 12 LSG, LGB 50 18 29.7 449+75 - 63 + @@
59 791

Turkmen et al. (29) Sweden Prospective 6 RYGB 13 13 2992+ 4715+757 3546+7.04 =
712

Wang et al. (30) China Prospective 12 LSG 48 24 255(22- 35.2(29-45.7) 317 x28 54 +24 [000)
35)

BMI, body mass index; EWL%, excess weight loss percentage; SG, sleeve gastrectomy; RYGB, Roux-en-Y gastric bypass; AGB, adjustable gastric banding; LAGB, laparoscopic
adjustable gastric banding; BPD, biliopancreatic diversion; LSG, laparoscopic sleeve gastrectomy; LRYGB, laparoscopic Roux-en-Y gastric bypass; LGB, laparoscopic gastric bypass;
PCOS, polycystic ovary syndrome; ®, abnormal menstruation; @, total testosterone; @, free testosterone; @, hirsutism; ®, AMH; ®, SHBG; @, BMI.
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Independent variable

GH supplementation

Non-GH

GH

Age

BMI

AMH

FSH

AFC

COH protocol
GnRH antagonist
GnRH agonist long
GnRH agonist ultra-long
GnRH agonist short

Duration of Gn

Gn dose (per 100 IU)

POSEIDON group 1

POSEIDON group 2

POSEIDON group 3

POSEIDON group 4

IRR

213
1.02
0.98
1.06
0.96
0.99

1.25
0.57
1.31
0.99
1.01

95% Cl  p-value
1.78-2.56  <0.001*
0.98-1.06  0.271
0.95-1.00  0.093
1.01-1.11 0.014*
091-1.02  0.222
0.97-1.01  0.379
1.01-1.85  0.087*
0.39-0.83  0.003"
1.01-1.70  0.038"
0.93-1.04  0.628
0.99-1.02 0272

IRR

1.54
1.02
0.96
0.92
0.94
1.04

1.24
1.05
1.33
1.05
1.00

95% Cl  p-value
1.26-1.89  <0.001*
0.98-1.06  0.356
0.93-1.00  0.042*
0.84-1.00  0.043"
0.89-099  0.031*
1.01-1.07  0.012*
0.96-1.60  0.099
0.73-1.52  0.784
1.02-1.74  0.038"
0.98-1.13  0.158
0.99-1.01  0.994

IRR

1.47
1.00
1.02
2.02
1.08
1.04

1.35
1.28
0.76
1.02
0.99

95% Cl  p-value
1.10-1.98  0.010*
0.94-1.06  0.890
0.97-1.08 0377
1.07-3.83  0.030
0.98-1.09  0.287
0.97-1.13  0.270
0.94-196  0.108
0.80-205  0.311
051-1.13  0.178
0.93-1.12  0.642
097-1.01  0.219

IRR

1.00
0.98
0.99
0.88
0.99
0.99

1.74
1.53
1.09
1.07
1.00

95% Cl  p-value
0.78-1.30  0.971
0.93-1.03  0.354
0.94-1.05  0.845
0.55-1.39 0573
0.95-1.04  0.756
0.93-1.06  0.792
1.20-2.52  0.004*
0.95-246  0.081
0.80-1.48  0.600
0.98-1.17  0.144
1.00-1.00  0.024*

GH, growth hormone; BMI, body mass index; AMH, anti-Mdllerian hormone; FSH, follicle-stimulating hormone; AFC, antral follicle count; COH, controlled ovarian hyperstimulation; GnRH,
gonadotropin-releasing hormone; Gn, gonadotropin.
In bold:: The values associated with GH.

*indlicates statistical significances of p < 0.05.





OPS/images/fendo.2022.848947/fendo-13-848947-g004.jpg





OPS/images/fendo.2021.790160/table4.jpg
Independent variable

GH supplementation

Non-GH

GH

Age

BMI

AMH

FSH

AFC

COH protocol
GnRH antagonist
GnRH agonist long
GnRH agonist ultra-long
GnRH agonist short

Duration of Gn

Gn dose (per 100 IU)

POSEIDON group 1

POSEIDON group 2

POSEIDON group 3

POSEIDON group 4

IRR

1.47
1.00
0.98
1.04
0.99
1.01

1.20
1.05
1.09
1.00
1.01

95% Cl

1.36-1.59
0.99-1.02
0.97-1.00
1.02-1.07
0.96-1.03
1.00-1.02

1.08-1.32
0.91-1.22
0.96-1.24
0.97-1.02
1.00-1.01

p-value

<0.001*
0.624
0.033*
0.001*
0.741
0.075

<0.001*
0.490
0.190
0.740
0.006*

IRR

1.31
1.00
0.99
0.96
0.95
1.03

1.14
1.31
1.23
1.02
1.00

95% Cl

1.15-1.49
0.98-1.02
0.97-1.01
0.92-1.00
0.92-0.99
1.01-1.05

0.97-1.33
1.06-1.62
1.05-1.45
0.98-1.07
0.99-1.01

p-value

<0.001*
0.838
0.231
0.062
0.005*
0.001*

0.114
0.014*
0.010*
0.292
0.777

IRR

1.17
1.01
1.01
1.68
0.98
1.02

1.12
0.84
0.91
1.06
1.00

95% Cl

1.00-1.36
0.98-1.05
0.99-1.01
1.24-2.28
0.95-1.01
0.98-1.06

0.92-1.37
0.64-1.10
0.75-1.11
1.00-1.10
0.99-1.01

p-value

0.054
0.355
0.458
0.001*
0.124
0.352

0.261
0.209
0.353
0.033*
0.735

IRR

1.04
1.00
1.00
1.60
0.97
1.01

1.31
1.16
1.09
1.04
1.00

95% CI p-value
0.89-1.20  0.637
0.98-1.03 0.885
0.97-1.02  0.766
1.24-205  <0.001*
0.95-099 0.013"
0.98-1.05 0.381
1.06-1.62 0.012*
0.89-1.51 0.268
091-129  0.355
0.99-1.09 0.121
1.00-1.00 0574

GH, growth hormone; BMI, body mass index; AMH, anti-Mdillerian hormone; FSH, follicle-stimulating hormone; AFC, antral follicle count; COH, controlled ovarian hyperstimulation; GnRH,
gonadotropin-releasing hormone; Gn, gonadotropin.
In bold:: The values associated with GH.

*indlicates statistical significances of p < 0.05.
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POSEIDON group 1 (n = 151) POSEIDON group 2 (n =101)  POSEIDON group 3 (n=71) POSEIDON group 4 (n = 105)

GH Non-GH P- GH Non-GH P- GH Non-GH p- GH Non-GH P-
value value value value
No. of oocytes retrieved 8.62 + 562+ <0.001* 6.86 =+ 529+ <0.001* 527+ 4.45 + 0.025* 4.14 = 373+ 0.218
4.30 2.40 3.52 2.04 2.98 237 2.95 245
No. of two pronuclei 530+ 322+ <0.001* 447+ 343 + 0.001* 328 + 277+ 0.057 263+ 263+ 1.000
3.08 1.77 2.84 1.85 2.45 1.88 222 1.76
No. of day-3 good-quality 231+ 113+ <0.001* 261 176 + <0.001* 1.63x 096+ 0.002" 1.25 + 116+ 0.594
embryos 222 1.28 223 1.52 1.65 1.22 1.39 1.1
No. of embryos available to 254 + 116+ <0.001* 212 144+ <0.001* 1.86% 094+ <0.001* 132+ 096+  0.004
transfer 187 0.91 1.63 1.14 1.53 0.97 1.16 0.90
Stage of embryo 0.507 0.797 0.192 0.334
transferred
Cleavage-stage embryo 85 (79.44) 71 (75.53) 48 (80.00) 39 (78.00) 39 (88.64) 24 42(77.78) 34
(77.42) (69.39)
Blastocyst 22(20.56) 23 (24.47) 12 (20.00) 11 (22.00) 5(11.36) 7 (22.58) 12 (22.22) 15
(30.61)
No. of embryos transferred 0.044* 0.801 0.407 0.096
One embryo transferred 32 (29.91) 41 (43.62) 23(38.33) 18 (36.00) 13 (29.56) 12 22(40.74) 28
38.71) (57.14)
Two embryos transferred 75 (70.09) 53 (56.38) 37 (61.67) 32 (64.00) 31 (70.45) 19 32(59.26) 21
(61.29) (42.86)
Chemical pregnancy rate/ 62/107 25/94  <0.001*  27/60 14/50 0.066 25/44 6/31 0.001* 25/54 6/49 <0.001*
ET (67.94) (26.60) (45.00) (28.00) (56.82) (19.35) (46.30) (12.24)
Clinical pregnancy rate/ET 58/107 7/94 <0.001*  21/60 5/50 0.002* 21/44 3/31 0.001* 20/54 2/49 <0.001*
(54.21) (7.45) (35.00)  (10.00) 47.79) 9.68) (37.04) (4.08)
Clinical pregnancy loss rate/ 7/58 e <0.001* 4/21 5/5 0.002* 1721 3/3 0.002* 7/20 2/2 0.049*
cP (12.07)  (100.00) (19.05)  (100.00) 4.76)  (100.00) (35.00)  (100.00)
Live birth rate/ET 51/107 0 <0.001*  17/60 0 <0.001* 20/44 0 <0.001* 13/54 0 <0.001*
(47.66) (28.33) (45.45) (24.07)

All values presented as mean + SD or n (%).

GH, growth hormone; ET, embryo transfer; CP, clinical pregnancy.
In bold: The values associated with GH.

*indicates statistical significances of p < 0.05.
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COH protocol
GnRH antagonist
GnRH agonist long
GnRH agonist ultra-
long
GnRH agonist short
Duration of Gn (days)

Total Gn dose (IU)

Ez levels on hCG day
(pg/mL)

Endometrial thickness
on hCG day (mm)

POSEIDON group 1 (n = 151)

GH

33 (21.85)
71 (47.02)
26 (17.22)

21 (13.91)
952 +
215
2304.64 +
1116.89
2693.01 +
1566.16
10.52 +
201

Non-GH

50 (33.11)
49 (32.45)
7 (4.64)

45 (29.80)
965 +
2.16
2006.62 +
893.69
2009.32 +
1032.86
1072+
2,07

p-
value
<0.001*
0.028*
0.010"
<0.001*

0.001*
0.536

0.001*

<0.001*

0.129

POSEIDON group 2 (n = 101)

GH

29 (28.71)
41 (40.59)
15 (14.85)

16 (15.84)
991+
1.98
2667.95 +
940.62
2365.51 =
1184.93
10.43 +
221

Non-GH

21 (20.79)
15 (14.85)
4(3.96)

61 (60.40)
9.43 +
2.10
215384 +
919.26
229350 +
1050.46
9.99 +
1.96

p-
value
<0.001*
0.192
<0.001*
0.008*

<0.001*
0.037*

<0.001*

0.586

0.001*

POSEIDON group 3 (n = 71)

GH

21 (20.58)
21 (29.58)
19 (26.76)

10 (14.08)
9.85 +
2.09
2893.49 +
1196.39
182262 +
1181.90
10.51 =
1.91

Non-GH

20 (28.17)
12 (16.90)
2(2.82)

37 (52.11)
955 +
2.71
2397.75 +
1351.87
174250 +
792.48
10.54 +
1.84

p-
value
<0.001*
0.853
0.074
<0.001*

<0.001*
0.458

0.017*

0.466

0.860

POSEIDON group 4 (n = 105)

GH

34 (32.38)
24 (22.86)
19 (18.10)

28 (26.67)
10.45 +
3.30
326893 +
1831.57
1604.78 +
956.03
10.02 +
2.41

Non-GH

31 (29.52)
7(6.67)
4(3.81)

63 (60.00)
9.24 +
220
2478.21 £
1163.91
1484.89 +
752.35
9.64 +
2.40

p-
value
<0.001*
0.654
0.001*
0.001*

<0.001*
0.001*

<0.001*

0.180

0.013*

All values presented as mean + SD or n (%).
GH, growth hormone; COH, controlled ovarian hyperstimulation; GnRH, gonadotropin-releasing hormone; Gn, gonadotropin; E,, estradiol; hCG, human chorionic gonadotropin.
*indicates statistical significances of p < 0.05.
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Records (title/abstract)
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Full-text articles
assessed for eligibility
(@=58)

Studies included in review

(n=14)

Duplicate records removed
@=192)

Records didn’t meet criteria excluded
(n=629)

Reports excluded:
Unrelated Search (n=34)
Incomplete follow-up time (n =8)
Too few cases (n=2)
Unclear PCOS diagnosis (n =2)
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Characteristic DROI(142) HRT(147) P value
Biochemical miscarriage (%) 16 (11.26%) 17 (11.56%) 0.94
Clinical pregnancy (%) 91 (64.08%) 69 (46.94%) <0.01
Ectopic pregnancy (%) 2 (1.41%) 1 (0.68%) 0.98
First trimester pregnancyLoss (%) 9 (9.89%) 11 (15.94%) 0.70
Ongoing pregnancy (%) 80 (56.34%) 57 (38.78%) <0.01

Data are presented as n (%) for dichotomous variables. All P values were assessed with the use of y2. Biochemical miscarriage: serum hCG testing over 50IU/L on 14th day after ET but not
confired clinical pregnancy; Clinical pregnancy: detection of at least one gestational sac in the uterine cavity on ultrasound at 4 weeks after ET; Ectopic pregnancy: observation of a
gestational sac outside uterine cavity via ultrasound; First trimester pregnancy loss: spontaneous pregnancy loss less than 12 weeks of gestation after clinical pregnant; Ongoing

pregnancy: detection of a viable fetus with fetal heartbeat at 12 weeks’ gestation.
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Characteristic

Blastocyst quality

good

poor

Expansion of the blastocoel cavity
3

4

5

6

Blastocyst stage

D5

D6

Endometrium thickness (mm)

Data are presented as n (%) for dichotomous variables.

DROI (142)

133 (93.67%)
9 (6.33%)

1(0.70%)

89 (62.68%)

48 (33.80%)
42.81%)

115 (80.99%)
27 (19.01%)
11.37+2.53

HRT (147)

139 (94.56%)
8 (5.44%)

1(0.68%)

90 (61.22%)

55 (37.41%)
1(0.68%)

113 (76.87%)
34 (28.13%)
10.96+2.68

All P values were assessed with the use of y2. Abbreviations as in Table 1.

P value

0.75

0.80

0.39
0.19
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Characteristic DROI (142) HRT (147) P value
Age (y) 30.03 + 4.51 29.82 £ 4.34 0.68
Body mass index (kg/m2) 22.07 + 2.59 2167 £ 2.33 0.17
Infertility duration (years) 317 +£2.28 38.02 +2.55 0.61
Type of infertility

primary 60 (42.25%) 62 (42.18%)

secondary 82 (57.75%) 85 (57.82%) 0.99
Indications for IVF

Tubal factor 88 (61.97%) 82 (55.78%)

Male factor 27 (19.01%) 28 (19.05%)

Unexplained infertility 5 (3.52%) 6 (4.08%)

Others 22 (15.49%) 31 (21.09%) 0.62
Baseline sex hormone

FSH (IU/L) 6.46 + 1.63 6.62 + 1.47 0.37
LH () 5.05 +2.89 4.95 + 2.56 0.74
E2 (pg/mL) 35.32 +10.43 34.38 + 11.27 0.47
AMH 4.27 +2.76 4.89 +3.20 0.08
Total antral follicle count 15.09 + 5.83 1624 £ 6.11 0.10
protocol for cos

GnRH-ANT 122 (85.92%) 115 (78.23%)

PPOS 20 (14.02%) 32 (21.77%) 0.09

Data are presented as mean+SD for continuous variables and n (%) for dichotomous variables. All P values were assessed with the use of x2 or Student t test. DROI, down-regulation
ovulation-induction; HRT, hormone replacement treatment; AMH, anti-MCillerian hormone; PPOS, Progestin-primed ovarian stimulation.
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S thin endometrium

1 no embryo survival

20 patients cancelled:
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4 D3 embryo ET
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3 prevention of OHSS
6 change to HRT- GnRH-a

4 thin endometrium

3 D3 embryo ET
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No. Age at the Start Group Duration of Mode of Conception Number of OS Cycles Until Period from the Start

of Follow-Up (Years) Amenorrhea Obtaining Embryos that of Follow-Up to the
at the Start of Led to a Live Birth Cryopreservation of Embryos
Follow-Up (Years) Were Cryopreserved Leading to a Live Birth (Years)
1 23 1 03 V] fod 0.5
2 26 1 7.0 IVF-ET 6 07
3 27 1 8.7 IVF-ET 1 0.1
4 28 1 0.8 IVF-ET 2 0.3
IVF-ET 10 4.5
5 29 1 21 IVF-ET 1 0.1
6 29 1 1.1 IVF-ET 8 15
7 30 1 0.4 IVF-ET 1" 2.4
8 30 1 0.7 IVF-ET 3,4 05,06
9 30 1 1.3 IVF-ET 7 1.4
10 30 1 20 IVF-ET 7 1.3
1 30 1 1.1 IVF-ET 5 0.8
12 31 1 75 IVF-ET 6 1.8
13 31 1 2.8 IVF-ET 4 0.5
14 31 1 33 IVF-ET 2,5 04,10
16 31 1 04 IVF-ET 2 11
16 32 1 85 Tl 8" 3.0
17 32 1 39 [V} 3* 0.5
18 32 1 16 IVF-ET 2 05
19 32 1 6.5 IVF-ET 6 1.0
20 32 1 71 IVF-ET 2 0.1
21 32 1 12 IVF-ET 5 0.8
22 33 1 1.3 IVF-ET 7 15
23 33 1 15 IVF-ET 3,4 06,07
24 34 1 9.2 IVF-ET 5,10 23,32
25 34 1 0.3 IVF-ET 5 1.9
26 34 1 5.0 IVF-ET 2,9 0.1,15
27 34 1 14 IVF-ET 4 0.9
28 34 1 11 IVF-ET 1,2 01,03
29 34 1 3.1 IVF-ET 3 11
30 35 1 55 IVF-ET 1 0.8
31 35 1 12 IVF-ET 1 0.2
32 36 1 3.0 IVF-ET 2 0.3
33 36 1 0.3 IVF-ET 2 0.5
34 36 1 33 IVF-ET 1 0.3
35 37 1 6.0 IVF-ET 3 1.0
36 37 1 37 IVF-ET 5 0.7
37 37 1 4.8 IVF-ET 2 05
38 37 1 0.5 IVF-ET 2 05
39 38 1 18 IVF-ET 4 0.9
40 38 1 0.8 IVF-ET 12 0.3,04
41 39 1 35 IVF-ET 4,10 05,16
42 39 1 0.8 IVF-ET 8 1.3
43 31 2 0.6 IVF-ET 2 0.3
44 34 2 2.0 IVF-ET 3 3.0
45 34 2 0.6 IVF-ET 5 0.6
46 37 2 03 IVF-ET 2,15 14,24
47 37 2 03 IVF-ET 3 11
48 38 2 0.9 IVF-ET 1 0.2
49 40 2 3.6 IVF-ET 8 1.3
50 32 4 33 IVF-ET 6 1.5
Median (min-max)  33.5 (23.0-40.0) - 1.7 (0.3-9.2) - 3.5(1.0-15.0) 0.8 (0.1-4.5)
Mean + SE 332+05 = 28+04 - 44+04 1.0+ 0.1

OS, ovarian stimulation; IUl, intrauterine insemination; Tl, timed intercourse.
Group 1, patients without possible iatrogenic causes or chromosomal abnormalties; Group 2, patients with past surgeries for benign ovarian tumors; Group 4, patients with chromosomal abnormalties.
“Number of OS cycles until becoming pregnant via IUI or Tl.
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Duration of Amenorrhea (years)

<4 >4
Clinical pregnancy rate 24.2% (8/33) 0.0% (0/12)
Live birth rate 21.2% (7/33) 0.0% (0/12)

Group IVF-2, patients with a history of surgery for benign ovarian tumors in whom ovarian
stimulation and IVF-ET were attempted.
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Duration of Amenorrhea (years)

<4 4-7 81 212
Clinical pregnancy rate 49.0% (25/51)* 24.1% (7/29) 11.1% (2/18) 0.0% (0/10)
Live birth rate 37.3% (19/51) 17.2% (5/29) 11.1% (2/18) 0.0% (0/10)

Group IVF-1-a, patients without possible iatrogenic causes or chromosomal abnormalities in whom ovarian stimulation and IVF-ET were attempted abnormality and were <35 years of age

at the initiation of follow-up.
*n <0.05.
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Age Groups in Patients in Group IVF-1

a (<35) b (35-39) c (240)

Clinical pregnancy rate  31.5% (34/108)*  14.2% (18/127)  1.6% (1/62)
Live birth rate 24.1% (26/108*  10.2% (13/127)  0.0% (0/62)
Abortion rate 23.5% (8/34) 27.8% (5/18)  100.0% (1/1)

Group IVF-1, patients without possible iatrogenic causes or chromosomal abnormalities in
whom ovarian stimulation and IVF-ET were attempted.
a, patients <35 years of age at the initiation of follow-up; b, patients 35-39 years of age at

the initiation of follow-up; ¢, patients 240 years of age at the initiation of folow-up.
*n < 0.01.
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Patients with POI Classified by Etiological Factors

Group IVF-1 (Idiopathic) Group IVF-2 (latrogenic-1) Group IVF-3 (latrogenic-2) Group IVF-4 (Chromosomal abnormality)

Clinical pregnancy rate 17.8% (53/297) 16.0% (8/50) 0.0% (0/17) 9.1% (2/22)
Live birth rate 13.1% (39/297) 14.0% (7/50) 0.0% (0/17) 4.5% (1/22)

Group IVF, patients in whom ovarian stimulation and IVF-ET were attempted; Group IVF-1 (idiopathic), patients without possible iatrogenic causes or chromosomal abnormalities; Group
IVF-2 (iatrogenic-1), patients with past surgery for benign ovarian tumors; Group IVF-3 (iatrogenic-2), patients with past treatment for malignancy; Group IVF-4 (chromosomal abnormality),
patients with chromosomal abnormalities.
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Age Group
a (<35) b (35-39) c (240)

Clinical pregnancy rate  28.9% (39/136)™  13.3% (22/165)  2.4% (2/85)
Live birth rate 22.0% (30/136)*  9.7% (16/165)  1.2% (1/85)

Group IVF, patients in whom ovarian stimulation and IVF-ET were attempted.

a, patients <35 years; b, patients 35-39 years; ¢, patients =40 years of age at initiation of
follow-up.

Patients who wished to cryopreserve oocytes (n=24) and patients who had cryopreserved
embryos but had not undergone embryo transfer (n=13) were excluded.

**n < 0.01.
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IVF cycle T

Clinical pregnancy rate 11.3% (79/700)** 1.3% (3/236)
Live birth rate 6.9% (48/700)™ 1.3% (3/236)

IVF, in vitro fertilization; IUI, intrauterine insemination; Tl, timed intercourse.

Group OS, patients who underwent ovarian stimulation by hMG/recFSH with GnRH-a
under hormone replacement.

Cycles in patients who wished to have oocyte cryopreservation (n=24, 49 cycles) and in
patients who had cryopreserved embryos but had not undergone ET (n=13, 58 cycles)
were excluded.

*n < 0.01.
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Age Group

a (<35) b (35-39) ¢ (240)
Folicle growth rate 51.6% (81/157)  49.7% (91/183)  39.3% (35/89)
Clinical pregnancy rate  26.8% (42/157)  12.0% (22/183)  2.2% (2/89)
Live birth rate 21.0% (83/157)"  8.7% (16/183)  1.1% (1/89)
Abortion rate 21.4% (9/42) 27.3% (6/22) 50.0% (1/2)

Group OS, patients who underwent ovarian stimulation by hMG/recFSH with GnRH-a
under hormone replacement; Group HR, patients who were observed with estrogen and

progestin replacement only.

a, patients <35 years; b, patients 35-39 years; c, patients 240 years of age at initiation of

follow-up at Rose Ladies Clinic.
*n < 0.01.
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Group OS Group HR

Per patient 48.3% (207/429)" 5.4% (2/37)
Per cycle 15.1% (1043/6891)* 0.2% (2/1117)

Group OS: patients who underwent ovarian stimulation by hMG/recFSH with GnRH-a
under hormone replacement; Group HR, patients who were observed with estrogen and
progestin replacement only.

gy v 4





OPS/images/fendo.2021.795724/fendo-12-795724-g002.jpg
i

o ® N~ © 1 % M o

o o o o o o o o
(po1e21pUl a4e sajdwes

wnJas J1ayl ul a|qeinsesaw sem HINY

woym ui spuaired Jo s|aAs| HIAY AjuQ)

(qw/8u) HIAV

0.1

® b : Patients with POI

@ a : Patients with POI

who conceived

who did not conceive





OPS/images/fendo.2021.795724/fendo-12-795724-g001.jpg
40.0

35.0

w
o
o

25.0
20.0
15.0

Live birth rate (%)

10.0
5.0

0.0

a: Group IVF-1

b : Group IVF-1-a

¢ : Group IVF-1-a with <4
years of amenorrhea

**1n<0.01





OPS/images/fendo.2021.795724/crossmark.jpg
©

2

i

|





OPS/images/fendo.2021.791071/table1.jpg
miRNAs

miR-2392

miR-181¢c

miR-378

miR-143

miR-145

IncRNAs

IncNDS, IncND6, IncCYT b
MDL1,MDL1AS

GAS5

IncH19

Target

mMtDNA/AGO2
Cox1/GRP78

Aromatase, Atp6, Cyp450
KRAS

ARL5B

ND5, ND6 and Cyt b
mitoepigenetic processes
mTOR

STAT3

Tissue

Oral and maxillofacual region
Heart/Ovary

Ovary, Heart, Ovary

Ovary

Ovary

Ovary
Ovary
Ovary
Ovary

Model/Cell lines

TSCC

In vivo Rats/A2780, SKOV3 and human tissues
Porcine ovaries, HL-1, Cynomolgus macaques
Granulosa cells/ovaries from mouse

SKOV3

Granulosa cells (mouse)
Germinal Vesicle Oocytes
Ovaries from mouse
KGN

Reference

®
o)

~aa5
a

=
3





OPS/images/fendo.2021.791071/fendo-12-791071-g001.jpg
FSH
s ESRI/ESR2

LH

mtDNA

0000000H000

S

)

@,
GPER S
LB o SO
) 35

)

E2 .. e

ESRI/ESR2





OPS/images/fendo.2021.791071/crossmark.jpg
©

2

i

|





OPS/images/fphys-12-732547/fphys-12-732547-t005.jpg
Items SERC(+) Mixed oocytes SERC () P-value

oocytes oocytes
No. of transferred 9 19 86
cycles
Implantation rate 12.5 (2/16) 23.7 (9/38) 24.7 (40/162)  0.549
Biochemical 22.2 (2/9) 10.5 (2/19) 3.5 (3/86) 0.057
pregnancy rate
Clinical pregnancy 22.2 (2/9) 42.1(8/19) 37.2 (32/86) 0.589
rate
Miscarriage rate 0.0 12.5(1/8) 15.6 (6/32) 0.825
Neonatal outcomes
Live birth rate 22.2 (2/9) 36.8 (7/19) 31.4 (27/86) 0.737

Age of gestation (d) 277.0+£5.7 2729 + 68 266.9+ 128  0.648
Birth weight (g) 3685+ 21.2 3045.6 +£339.6 2943.8+613.1 0.265

Average length (cm) 50.5+ 0.7 49.8 £ 0.6 49.3+1.6 0.362
Gender 2:0 4:4 15: 16 0.366
(males/females)

Twin rate 0.0 14.3(1/7) 14.8 (4/27) 0.972
Congenital 0 0 0

abnormalities rate

SERC (+) oocytes, the embryos transferred only from SERC (+) oocytes; mixed
oocytes, the embryos transferred from one SERC (=) oocyte and one SERC (+)
oocyte; SERC (-) oocytes, the embryos transferred only from SERC (-) oocytes;
SERC, smooth endoplasmic reticulum cluster.
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AUC Cut-oft Valve Sensitivity(%) Specificity(%) Youden Index

AFC 0.731 115 91.4 45.1 0.364
AMH 0.733 3.56 69.5 63.5 0.329
BMI 0.511 238 74.4 0.3 0.044
Age 0.654 30.5 0.672 0.562 0.235

AFC, antral follicle count; AMH, anti-Miillerian hormone; BMI, body mass index, BMI = weight (kg)/height (m>).
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Variables

Speed of blastocyst development
Age

No. of previous IVF times

Duration of sterility

Severity of male infertility
Endometriosis

Stimulation protocols (GnRHa)
SERC(+) oocytes

OR

1.071
1.022
0.994
0.5687
0.797
1.378
2.812

95% CI

0.952-1.206
0.632-1.654
0.853-1.159
0.192-1.792
0.284-2.240
0.568-3.321
1.2567-6.292

P-value

0.254
0.928
0.943
0.350
0.667
0.482
0.012

SERC, smooth endoplasmic reticulum cluster; GnRHa, gonadotropin-releasing
hormone agonist; SERC (+) oocytes, blastocysts resulting from SERC (+) oocytes;
Cl, confidence interval; OR, odds ratio. Results with P < 0.05 were considered

statistically significant.
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AUC
AFC 0.916
AMH 0.791
BMI 0.575
Age 0.752

AFC, antral follicle count; AMH, anti-Miillerian hormone; BMI, body mass index, BMI = weight (kg)/height (m>).

Cut-off Valve Sensitivity(%)
8.5/ 95.5
223 88
2259 56.2
3350 69.4

Specificity(%)

70.8
58.2
57
69.3

Youden Index

0.663
0.462
0.132
0.387





OPS/images/fphys-12-732547/fphys-12-732547-t003.jpg
Items

No. of MIl oocytes
Fertilization rate

Good quality embryos

rate at day 3

Blastocyst formation

rate

Speed of blastocyst
development, D5%

Good quality blastocyst

rate

Trophoblast cell evaluation

Grade A
Grade B
Grade C

SERC (+) oocytes

217
73.7 (160/217)
12.3 (19/154)

35.2 (45/128)

44.4 (20/45)

26.7 (12/45)

0.0

26.7 (12/45)
73.3 (33/45)

SERC (-) oocytes

822
86.3 (709/822)
12.9 (89/692)

37.1 (186/502)

63.4 (118/186)

44.1 (82/186)

4.8 (9/186)

39.2 (73/186)
55.9 (104/186)

P-value

0.000
0.860

0.691

0.020

0.033

0.132

0.116
0.033

SERC, smooth endoplasmic reticulum cluster; D5, day 5.
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AFC AMH Age Protocols BMI

r 0.651 0.566 -0.425 -0.233 -0.086
P <0.001 <0.001 <0.001 <0.001 <0.001

AFC, antral follicle count; AMH, anti-Miillerian hormone; BMI, body mass index, BMI = weight (kg)/height (m?); Protocols*, Natural cycles, Short protocols, Long protocols, Antagonist
protocols, PPOS, and Mild stimulation protocols.
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Items SERC (+) cycles
No. of cycles 146

No. of oocytes 80+42

% Ml oocytes/cycle 88.4 (1039/1175)
Fertilization rate 83.6 (869/1039)
Good quality embryos 12.8 (108/846)
rate at D3

Blastocyst formation 36.7 (231/630)
rate

Speed of blastocyst 59.7 (138/231)

development, D5%

Good quality blastocyst 40.7 (94/231)
rate

Trophoblast cell evaluation

Grade A 3.9 (9/231)
Grade B 36.8 (85/231)
Grade C 59.3 (137/231)
Clinical outcomes

Implantation rate 23.6 (61/216)
Biochemical pregnancy 6.1 (7/114)
rate

Clinical pregnancy rate 36.8 (42/114)
Miscarriage rate 14.3 (6/42)
Neonatal outcomes

Live birth rate 31.6 (36/114)
Age of gestation (d) 267.8+123
Birth weight (g) 2978.6 £ 580.5
Average length (cm) 497 £23
Gender (males/females) 21:20
Twin rate 13.9 (5/36)
Congenital 0.0

abnormalities rate

SERC (-) cycles

1951
8.6 +4.3
86.2 (14,537/16,856)
85.0 (12,356/14,537)
11.1(1,363/12,257)

36.6 (3,438/9,381)

55.1(1,895/3,438)

46.4 (1,595/3,438)

7.6 (261/3,438)
38.8 (1,334/3,438)
53.6 (1,843/3,438)

27.5(791/2,876)
5.6 (83/1,484)

41.6 (618/1,484)
18.6 (115/618)

33.9 (503/1,484)
268.6 +14.8
2902.1 £ 660.6
49.3+29
318:298
22.5 (113/503)
0.0 (2/503)

P-value

0.117
0.035
0.237
0.142

0.993

0.171

0.092

0.037
0.545
0.092

0.215
0.807

0.316
0.484

0.614
0.731
0.742
0.730
0.960
0.229
1.000

SERC, smooth endoplasmic reticulum cluster; D5, day 5. Speed of blastocyst
development was compared by D5 blastocyst formation rate.
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B t P

Constant 8.284 11419 <0.001 6.862~9.707
AFC 0.500 22.875 <0.001 0.458~0.543
AMH 0.399 0.032 <0.001 0.336~0.463
Age -0.154 -9.424 <0.001 -0.186 ~ -0.122

Protocols* -0.355 -3.785 <0.001 -0.539 ~ -0.171
BMI 0.000 -0.110 0913 -0.004 ~ -0.003

AEC, antral follicle count; AMH, anti-Miillerian hormone; BMI, body mass index; BMI = weight (kg)/height (m?); Protocols*: They were, in order, Natural cycles, Short protocols, Long
protocols, Antagonist protocols, PPOS, and Mild stimulation protocols.
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Items

No. of cycles
Age (years)

Duration of sterility (years)

Basal FSH (IU/L)
Basal LH (IU/L)

Total dose of FSH (IU/mL)
LH on day of HCG (U/L)
Eo on day of HCG (pg/mL)
P on day of HCG (ng/mL)

% GnRH agonist

SERC (+) cycles

146
356.3+4.0
4.4 +30
T.9k2i5
42 +30

2610 £ 510
22+1.0
1049.9 £+ 272.1
1.0+04
72.6 (106/146)

SERC (-) cycles

1,951
35.1+4.9
48+3.0
78+24
43+24
2530 £ 810
2.1+08
914.0 + 286.6
1.1+05
58.3 (1,138/1,951)

P-value

0.570
0.646
0.621
0.562
0.421
0.461
0.118
0.233
0.001

SERC, smooth endoplasmic reticulum cluster; FSH, follicle-stimulating hormone;
LH, luteinizing hormone; E2, oestrogen; HCG, chorionic gonadotrophin; GnRH,
gonadotropin-releasing hormone.
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Age (years)
BMI (kg/m?)

AMH (ug/)

Natural cycles (%)

Short protocols (%)
Long protocols (%)
Antagonist protocols (%)
PPOS (%)

Mild stimulation protocols (%)

AFC (pieces)
Gn medication days (d)
Gn dosage (U)

E2 on the hCG triggering day (pmol/l)

Retrieved oocytes (pieces)

Available embryos (pieces)

LR, low ovarian response; NR, normal ovarian response; HR, high ovarian response.

Low ovarian response
n =441

37 (33-42)

22.94
(20.89-24.98)

111
(0.47-1.80)

31(7)
74 (16.8)
29 (7)
147 (333)
149 (33.8)
11 (255)
5 (4-7)
8(7:9)
2475 (1800-3225)%

726.39
(376.48-1141.41)

2(1-3)
1(0-1)

Normal ovarian response
n = 1738

31 (28-34)

22034
(20.03-24.24)

2.68
(1.42-4.68)

3(0.2)

133 (7.6)

701 (40.3)

818 (47.1)
80 (4.6)
3(0.2)

12 (8-16)

10 (9-12)

2550 (2025-3000) %

2399.85
(1832.54-3307.17)

9 (6-12)
4(2-5)

High ovarian response
n =406

29 (26-31)

21.79A
(20.03-23.87)

5.4
(3.14-8.31)

0(0)
5(1.2)
268 (66)
132 (32.5)
1(02)
0(0)
16 (14-17)
11 (10-12)
1993.75 (1421.88-2625)
4421 (4184.74-5507.15)

18 (17-19)
7 (5-9)

BMI, body mass index, BMI = weight (kg)/height (m); AMH, anti-Millerian hormone; PPOS, progestin-primed ovarian stimulation; AFC, antral follicle count;

Gn: gonadotropin.

A Group NR and group HR have no significant differences in BMI (p > 0.05).

% Group LR and group NR have no significant differences in Gn dosage (p > 0.05).

p-Value

p <005
p < 0.05#

p < 0.05#

p < 0.05%
p < 0.05#
p < 0.05%
p < 0.05#
p < 0.05#
p < 0.05%
p < 0.05#
p < 0.05%
p <0.05
p <005

p <005
p <005
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Group Pulse type Voltage (kV/cm) Pulse length (us) Pulse number

SEF DC 1.50 150 1
DEF DC 1.50 150 2
TEF DC 1.50 150 3
MII-SEF DC 1.50 150 1
MII-DEF DC 1.50 150 2
MII-TEF DC 1.50 150 3
2*MII-DEF1/2 DC 0.75 150 22
3*MII-DEF1/3 DC 0.50 150 23
4*MII-DEF1/3 DC 0.50 150 24
Others DC 1.50 150 2

SEF, DEF, and TEF was the single electrofusion group, the double electrofusion group, and the triple electrofusion group, respectively. MIl-SEF, Mil-DEF and MII-TEF respectively
represented the single electrofusion group, the double electrofusion group, the triple electrofusion group in Mil oocytes. 2*MIl-DEF1/2, 3*MII-DEF1/3 and 4*Mil-DEF1/3 represented 1/
2MIll-DEF fusion voltage group with two consecutive shocks, 1/3MII-DEF fusion voltage group with three consecutive shocks and 1/3Mil-DEF fusion voltage group with four consecutive
shocks, respectively. Others represented the electrofusion parameters used in the other groups.
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Parameters
Age (y)

BMI (kg/m?)
FSH (miU/mL)
E2 (pg/mL)

P (ng/mL)

HC (n=10)
3270 + 1.521
19.81+ 0,474

366+ 0.195

111.70 + 19.780

12.51 + 3.298

POI (n=10)
34.40 £ 1.551
21.06 + 0.399
63.45 + 8.493
27.79 + 6.767

0.859 +0.138

HRT (n=10)
33.40 £2.012
20.09 + 0.561
81.94 +7.142
83.08 + 12.46

5.042 +1.784

HC vs POI
P =0.4439
HC vs POI
P =0.0586
HC vs POI
P<0.0001
HC vs POI
P =0.0008
HC vs POI
P =0.0024

P Value

POl vs HRT
P =0.6985
POl vs HRT
P =0.1760
POl vs HRT
P =0.1129
POl vs HRT
P =0.0010
POl vs HRT
P=00312

HC vs HRT
P =0.7845
HC vs HRT
P =0.7066
HC vs HRT
P<0.0001

HC vs HRT
P =0.2365
HC vs HRT
P =00619
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Parameter

Cumulative pregnancy rate
Cumulative live birth rate
Time to Live Birth(days)
Gestational age (weeks)
Preterm delivery, <37weeks
Birthweight(g)
Birth-height(cm)

1-minute Apgar Scores
1-minute Apgar Scores

Suboptimal ovarian response (n=649)

83.5% (542/649)
78.4% (509/649)
525 + 181.275
38.98 + 1.8
5.14% (27/525)
3464.73 + 499.86
50.11 + 2.09
10£0.3
10+0.3

Normal ovarian response (n=649)

84.7% (550/649)
79.9% (519/649)
471 + 193.781
39.11 1.8
5.39% (28/519)
3501.66 + 523.01
50.19 + 2.46
10+0.2
10+0.3

0.550
0.461
0.000
0.184
0.612
0.200
0.519
1.000
1.000
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Parameter Suboptimal ovarian response (n=676) Normal ovarian response (n=4542) B OR P

Clinical pregnancy 62.5% (293/469) 60.8% (1813/2983) -0.105 0.900 0.266
Abortion rate 12.3% (36/292) 12.5% (226/1812) -0.115 0.968 0.553





OPS/images/fendo.2021.795254/table3.jpg
Number of oocytes retrieved
Number of available embryos
Number of good-quality embryos
Good-quality embryo rate
Number of blastocysts
Blastocyst rate

Average number of embryos implanted
Cancellation because of P rise
Clinical pregnancy rate

Abortion rate

Live birth rate

Before PSM After PSM
Suboptimal ovarian Normal ovarian P Suboptimal ovarian Normal ovarian P
response (n=676) response (n=4542) response (n=649) response (n=649)

13.411 £ 6.629 15.36 + 6.658 0.000 14.0562 + 6.633 15.004 + 6.28 0.884
7.368 + 3.591 7.708 + 4.723 0.081 7.434 + 4707 7.203 + 4.421 0.427
4.259 + 3.665 4.441 £ 3.798 0.242 4.284 + 3671 4.245 + 3.439 0.591

58.9% (1844/3133) 57.6% (11974/20787) 0.185 58.4% (1826/3126) 58.5% (1893/3234) 0.922
3.652 + 3.450 3.856 + 3.591 0.039 3.613 + 3.472 3.446 + 3.373 0.284
63.1% (2338/3707) 63.5% (17153/27004) 0.593 62.9% (2293/3641) 62.6% (2289/3655) 0.757
1.69 + 0.462 1.60 + 0.490 0.952 1.68 +0.438 1.65 + 0.471 0.235

39.5% (79/200) 35.7% (530/1485) 0.292 39.5% (75/185) 36.7% (75/181) 0.862

67.2% (314/476) 60.8% (1918/3057) 0.484 67.2% (312/464) 67.3% (315/468) 0.983
11.3% (36/314) 11.8% (221/1918) 0.871 11.5% (36/312) 11.7% (37/315) 0.935

57.7% (275/476) 55.3% (1692/3057) 0.322 58.8% (273/464) 57.9% (271/468) 0.901
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Parameter

Age

BMI

Basal FSH (IU/L)

Initial dosage of Gn (IU)
FSH on first day of Gn
LH on first day of Gn

0.039
0.142
0.302
-0.101
-0.384
-0.488

0.029
0.000
0.000
0.000
0.000
0.009
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Before PSM

After PSM

Suboptimal ovarian Normal ovarian response  p Suboptimal ovarian Normal ovarian response  p
response (n=676) (n=4542) response (n=649) (n=649)

Age (year) 30.00 + 4.009 29.21 + 3.889 0.000 29.15 + 3.921 29 + 4.201 0.618
BMI (kg/m2) 23.944 + 2.543 22.900 + 2.455 0.000 28.032 + 2.56 23 £243 0.652
Basal FSH (IU/L) 6.848 + 1.649 6.457 + 1.657 0.000 6.81+ 1.632 6.9 + 1.509 0.317
Basal LH(IU/L) 6.071 +3.725 5.683 + 3.326 0.050 6.011 + 3.692 5.932 + 3.861 0.706
Basal E2 (pmol/L) 166.272 + 111.664 177.425 + 166.942 0.093 168.452 + 109.264 173.385 + 145.758 0.490
Basal TSH(IU/L) 2.687 + 1.589 2.889 + 3.705 0.162 2,574 +1.479 2.395 + 2.021 0.069
AMH (pmol/L) 21.972 +9.87 22 +10.10 0.282 21.874 +9.89 21.932 +9.928 0.918
Oligomenorrhea rate 425/676 2684/4575 0.000 420/649 374/649 0.000
Initial dosage of Gn (IU) 171.34 + 30.71 190 + 32.33 0.001 171.55 + 30.91 170 + 29.86 0.891
Total dosage of Gn 3058.30 + 11562.53 2300+ 961.06 0.001 2966.62 + 1055.73 3000 + 1105.62 0.916
used (IU)
Duration of Gn used (d) 16.45 +2.710 13.04 + 1.983 0.000 16.32 + 2.50 14 £2.08 0.000
Cost (RMB) 14253.94 + 3075.64 10943 + 2067.94 0.000 13827.088 + 2817.31 13273.478 + 1993.05 0.231
Frist day on Gn

LH 0.751 + 0.376 0.835 + 0.541 0.013 0.74 +0.38 0.81 £ 0.38 0.022

FSH 2323 +1.774 2.895 + 1.361 0.000 231 +1.16 27+£129 0.001

E2 133.861 + 67.426 145.325 + 52.652 0.000 151.645 + 59.329 159.542 + 66.901 0.025
70r8 days after Gn

LH 0.494 + 0.357 0.934 £ 1.212 0.003 0.50 + 0.36 0.66 + 0.47 0.009

E2 431.788 + 212.509 1705.532 + 1313.424 0.000 483.365 + 292.033 1642.055 + 1009.435 0.000
HCG injection day

LH 1.333 + 1.445 1.410 + 1.043 0.092 1.365 + 1.47 1.447 + 0.990 0.152

E2 13897.476 + 6561.658 15418.815 + 7206.041 0.979 14593 + 8253.094 15021 + 8022.038 0.883

P 4.493 + 2.097 4.438 +£2.378 0.853 4.391 + 1.884 4.469 + 2.774 0.297

Gn, gonadotropin.
BMI, Body mass index.
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Comparison

Aspirin: Placebo/blank
Aspirin: Letrozole
Aspirin: Cabergoline

Aspirin: Albumin
Aspirin: HES

Aspirin: Metformin
Aspirin: Calcium
Aspirin: Glucocorticoids
Aspirin: Quinagolide
Letrozole: Placebo
Letrozole: Cabergoline
Letrozole: Albumin
Letrozole: HES
Letrozole: Metformin
Letrozole: Calcium
Letrozole: Glucocorticoids
Letrozole: Quinagolide
Cabergoline: Placebo

Cabergoline: Albumin
Cabergoline: HES

Cabergoline: Metformin
Cabergoline: Calcium

Cabergoline:
Glucocorticoids
Cabergoline: Quinagolide

Albumin: Placebo

Albumin: HES
Albumin: Metformin
Albumin: Calcium
Albumin: Glucocorticoids
Albumin: Quinagolide
HES: Placebo

HES: Metformin

HES: Calcium

HES: Glucocorticoids
HES: Quinagolide
Metformin: Placebo
Metformin: Calcium
Metformin:
Glucocorticoids
Metformin: Quinagolide
Calcium: Placebo

Calcium: Glucocorticoids
Calcium: Quinagolide
Glucocorticoids: Placebo

Glucocorticoids :

Quinagolide
Quinagolide: Placebo

NA, Not Applicable.

Indirect evidence

Direct evidence

Network meta-analysis

Certainty of evidence

Moderate(risk of bias)
Moderate(risk of bias)
Low(risk of bias, publication
bias)

Moderate(risk of bias)
Moderate(risk of bias)
Moderate(risk of bias)
Moderate(risk of bias)
Moderate(risk of bias)
Moderate(risk of bias)
Moderate(publication bias)
Moderate(publication bias)
High

High

Moderate(risk of bias)
Moderate(risk of bias)
Moderate(risk of bias)
Moderate(risk of bias)
Moderate(risk of bias)

High

Low(risk of bias, publication
bias)

Low(risk of bias, publication
bias)

Low(risk of bias, publication
bias)

Low(risk of bias, publication
bias)

Low(risk of bias, publication
bias)

Low(risk of bias, publication
bias)
Moderate(publication bias)
Moderate(publication bias)
Moderate(publication bias)
Moderate(publication bias)
Moderate(publication bias)
Moderate(publication bias)
High

Moderate(risk of bias)
High

High

NA

High

High

High
Low(risk of bias, publication
bias)

Moderate(risk of bias)
Moderate(risk of bias)
Low(risk of bias, publication
bias)

High

Low(risk of bias, publication
bias)

Certainty of evidence

Moderate(risk of bias)
High
NA

NA

NA

NA

NA

NA

NA

Moderate(risk of bias)

NA

High

High

NA

NA

NA

NA

Low(risk of bias, publication
bias)

Moderate(publication bias)
High

NA

Moderate(risk of bias)
High

High
Moderate(publication bias)

High
NA
NA
NA
NA
High
NA
NA
NA
NA
High
NA
NA

NA
High

NA
NA
High
NA

High

RR(95%Cl)

0.83 (0.21, 2.95)
2.52 (0.7, 9.69)
1.67 (0.38, 6.55)

1.39 (032, 6.3)
3.22 (0.55, 18.87)
1.4 (0.27, 6.97)
5.14 (0.86, 30.1)
0.83 (0.14, 4.32)
1.79 (028, 10.41)
0.33 (0.07, 1.26)
0.66 (0.13, 2.81)
055 (0.11, 2.62)
1.28 (0.19, 8.08)
0.56 (0.09, 2.85)
2,03 (03, 12.97)
0.33 (0.05, 1.82)
0.7 (0.1, 4.27)
05 (03, 0.83)

0.84 (0.42, 1.92)
1.94 (0.61, 6.85)

0.85 (0.29, 2.59)
3.09 (1.01, 10.13)
05 (0.16, 1.56)
1.08 (0.32, 3.64)
06 (0.28,1.08)

2.32 (0.69, 7.63)
1.02 (0.31, 3.05)
3.69 (0.94, 13.67)
0.6 (0.15, 1.97)
1.29 (0.31, 4.75)
0.26 (0.08, 0.77)
0.44 (0.09, 1.87)
1.58 (0.31, 8.05)
0.26 (0.05, 1.19)
055 (0.1, 2.75)
0.59 (0.22, 1.49)
3.63(0.79, 17.08)
0.59 (0.14, 2.39)

1.27 (0.26, 5.79)
0.16 (0.05, 0.52)

0.16 (0.08, 0.77)
0.35 (0.06, 1.74)
0.99 (0.35, 2.91)
2.15(0.43, 10.88)

0.46 (0.14, 1.56)

Certainty of evidence

Low(risk of bias, imprecision)
High
Low(risk of bias, publication bias)

Moderate(risk of bias)
Moderate(risk of bias)
Moderate(risk of bias)
Moderate(risk of bias)
Low(risk of bias, imprecision)
Moderate(risk of bias)
Moderate(publication bias)
Moderate(publication bias)
High

High

Moderate(risk of bias)
Moderate(risk of bias)
Moderate(risk of bias)
Moderate(risk of bias)
Moderate(risk of bias)

Moderate(imprecision)
High

Very low(risk of bias, publication bias,

imprecision)
Moderate(risk of bias)

High
Moderate(imprecision)
Moderate(publication bias)

High

Low(publication bias, imprecision)
Moderate(publication bias)
Moderate(publication bias)
Moderate(publication bias)
High

High

Moderate(risk of bias)
High

High

High

High

High

High
High

Moderate(risk of bias)
Moderate(risk of bias)
Moderate(imprecision)

High

High
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Placebolblank | 09 0.23,3.18) | 038 (0.08, 1.51) | 0.43 (0.24,0.71) | 0.58 0.27. 1.05) | 0.25(0.07.0.73) | 0.4(0.12,1.23) | 0.14(0.04,046) | 0.96 (0.34,2.71) | 043 (0.13, 1.39)
- 0.43 (0.11,1.53) | 0.48 (0.12, 1.98) | 0.66(0.14,2.64) | 0.28 (0.05, 1.49) | 0.45(0.08,2.5) | 0.16(0.03,0.94) | 1.09 (0.21,6.09) | 0.48 (0.08,2.93)
-- 1.13 (0.25,.5.87) | 1.54(03,7.61) | 0.66(0.1,423) | 1.06 (0.17,6.96) | 0.38 (0.06, 2.61) | 2.56 (0.4, 17.21) | 1.13 (0.18, 7.96)
--- Cabergoline | 4 35 050,2.71) | 0.58(0.16,1.83) | 0.94(0.26,327) | 034(0.1,1.02) | 226 (0.74, 7.14) | 0.99 (031, 3.38)
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Indicators

No. of included studies

No. of patients
(intervention/comparison)

Heterogeneity test

SMD (95%Cl)

p-value

Number of mature follicles
Endometrial thickness on ovulation day
Cervical mucus score

3(7-9, 11-13, 15-19, 21, 22)

14 (7-9, 1119, 21, 22)
68, 11, 12,15, 17, 22)

643/636
698/691
270/265

p <001, #=93%
p <001, ”=93%
p <001, =93%

0.97 (0.72-1.21)
1.80 (1.32-2.28)
3.19 (1.92-4.47)

<0.00001
<0.00001
<0.00001

SMD, standardized mean difference.
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Study Year Language Age (years), No. of Weight (kg) or BMI Trial Control Time of Duration Outcome Jadad
PET patients (kg/m?),x =S group group taking score
(intervention/ medicine
Trial  Control comparison) Trial Control
group  group group group
Fan 2020 Chinese 33.96 33.21+ 46/46 Weight: Weight: Kuntai  Letrozole Begins on 84 days AGHIJKL 3
and + 7.38 5711 56.24 + capsule (2.5 mg the 5th day
Xue (7) 8.12 9.89 9.78 (2g.tid qdpo),5 of
Po) + days menstruation
letrozole
Guo 2020 Chinese 2842 273+ 38/38 Not Not Kuntai  Letrozole Begins on 5 menstrual  DEGJK 3
(8) + 9.57 mentioned mentioned capsule (2.5mg the3rdday  cycles
8.07 (2g,tid qdpo),5 of
po) + days menstruation
letrozole
Li (9) 2020 Chinese 3456 34.75+ 50/50 BMI: BMI:24.03 Kuntai  Letrozole Menstruation 90 days BCDEFJ 3
+ 3.51 2391 ¢ +1.93 capsule (2.5mg, begins on the
412 215 (2g,tid qdpo),5 5thday
po) + days
letrozole
Zhang 2020 Chinese 29.26 29.34 + 56/55 BMI: BMI: 55.59 Kuntai  Letrozole Menstruation 50 days A 3
(10) + 217 55.63 + +8.21 capsule (2.5mg, begins on the
2.28 8.16 (2g.tid qdpo),5 5thday
Po) + days
letrozole
Chen 2019 Chinese 345 325+ 40/40 Not Not Kuntai  Letrozole Menstruation 50 days DEGHL 4
(1) +32 3.6 mentioned mentioned capsule (2.5 mg,  begins on the
(2g,tid qdpo),5 5thday
po) + days
letrozole
Chen 2017 Chinese 365 365+ 40/40 Not Not Kuntai  Letrozole Menstruation 50 days ADEF 3
(12) +1.7 1.7 mentioned mentioned capsule (2.5mg, begins on the
(2g,tid qdpo), 7 5thday
po) + days
letrozole
Chen 2016 Chinese 259 262+ 16/16 BMI:27.1 BMI:27.4 Kuntai Letrozole Menstruation —Until BCDE 3
(13) +35 3.8 +43 +4.2 capsule (2.5mg, begins onthe pregnancy
(2g,tid qdpo),5 5thday or
Po) + days menstruation
letrozole
Liu (14) 2019 Chinese 28.75 2917 + 46/46 Not Not Kuntai Letrozole Menstruation 30 days ABCGHJK 3
+ 2.66 mentioned mentioned capsule (2.5 mg,  begins on the
2.59 (2g,tid qdpo),5 5thday
po) + days
letrozole
Wang 2019 Chinese 31.04 3123+ 48/48 Not Not Kuntai  Letrozole Menstruation 90 days ADEF 4
(15) + 3.09 mentioned mentioned capsule (2.5mg, begins on the
3.21 (2g,td qdpo), 5 5thday
po) + days
letrozole
Wang 2018 Chinese 20-35 19-28 55/50 BMI: 20- BMI:19-  Kuntai  Letrozole Menstruation Until CDEF 3
etal. 35 28 capsule (2.5mg, begins onthe pregnancy
(16) (2g,tid qdpo), 5 5thday or
Po) + days menstruation
letrozole
Wu 2016 Chinese 264 263+ 85/85 Not Not Kuntai  Letrozole Menstruation 28 days CDE 3
(17) +32 3.1 mentioned mentioned capsule (2.5mg, begins on the
g tid qdpo), 5 5th day
po) + days
letrozole
Yang 2019 Chinese 2969 29.74 + 55/55 Not Not Kuntai  Letrozole Menstruation 21 days BCE 4
et al. + 719 mentioned mentioned capsule (2.5 mg, begins on the
(18) 8.12 g, tid qdpo), 7 5th day
po) + days
letrozole
Yang 2016 Chinese 364 362+ 35/35 Not Not Kuntai  Letrozole Menstruation 50 days ADEFGHIJKL 4
and +23 24 mentioned mentioned capsule (2.5mg  begins on the
Huang (2g,tid qdpo), 7 5thday
(19) Po) + days
letrozole
Yang 2016 Chinese 26.44 2653+ 82/80 BMI: BMI: 20. Kuntai  Letrozole Menstruation 28 days CDE 3
and + 377 20.75+2. 65+2.10 capsule (25mg begins onthe
Zhou 3.67 22 (g td qdpo), 5 5thday
(20) po) + days
letrozole
Yu 2018 Chinese 29.42 2911+ 42/42 Weight: Weight: Kuntai  Letrozole Menstruation 30 days BCDEFGHIJKL 3
etal. + 228 56.21 + 56.86 + capsule (2.5mg  begins on the
21) 2.34 8.90 8.44 (2gtid qdpo), 5 5thday
po) + days
letrozole
Zhang 2018 Chinese 2835 28.18+ 52/52 Not Not Kuntai  Letrozole Menstruation 56 days CDE 3
(22) + 3.88 mentioned mentioned capsule (2.5mg, begins on the
3.12 (2gtd qdpo), 5th day
po) + 5-7 days
letrozole
Zhong 2018 Chinese No Nodata 60/60 Not Not Kuntai  Letrozole Menstruation 50 days DEGHL 3
etal. data mentioned mentioned capsule (2.5 mg, begins on the
(23) (g td qdpo),5 5thday
po) + days
letrozole

Outcomes: A, total efficiency; B, ovulation rate; C, pregnancy rate; D, number of mature follicles; E, endometrial thickness; F, cervical mucus score; G, serum follicle stimulating hormone; H,
luteinizing hormone; |1, hurried, milk element (PRL); J, estradiol: K, testosterone; L, progesterone.
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Age AMH (ng/mL) FSH (IU/L) LH(IU/L) FSH/LH AFC

TSH (mIU/L)
r 007 0.03 0.01 0.03 0.08 003
P 0.13 0.50 0.83 0.54 0.08 056

FT3 (pg/mL)

r 0.09 0.06 0.04 0.08 0.04  0.00
P 0.06 0.18 0.38 0.08 033 098

FT4 (ng/dL)

r 003 0.04 0.02 0.03 005  0.06
P 057 0.44 0.60 0.51 028 021

AMH, Anti-Mullerian hormone; FSH, follicle stimulating hormone; LH, luteinizing hormone;
AFC, antral follicle count.
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Variables TPOAb+

Age (years) 30.28 + 3.68
AMH(ng/mL) 522 +3.97
FSH(IU/L) 8.40 + 2.34
FSH/LH 2.35+1.33
AFC 16.29 + 7.47

TPOAb-

30.32 + 4.62
512 +4.36
8.50 +2.55
2.69 +1.93

17.48 +8.10

P

3.68
3.97
2.34
1.33
7.47

FSH, follicle stimulating hormone; LH, luteinizing hormone; AMH, Anti-Mullerian hormone;

AFC, antral follicle count.
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Variables TgAb+ TgAb- P

Age (years) 30.31 +4.29 30.32 + 4.55 4.29
AMH(ng/mL) 5.38 + 4.49 5.08 + 4.26 4.49
FSH(IU/L) 8.62 +2.16 8.46 + 2.58 2.16
FSH/LH 2.64 +1.50 2,65+ 1.93 1.5
AFC 17.33+7.28 17.30 + 8.17 7.28

FSH, follicle stimulating hormone; LH, luteinizing hormone; AMH, Anti-Mullerian hormone;
AFC, antral follicle count.





OPS/images/fendo.2021.745199/table5.jpg
Variables TPOAb/TgAb+ TPOAb/TgAb- P

Age (years) 30.02 + 3.65 30.35 + 4.59 3.65
AMH (ng/mL) 528 +3.98 5.12+4.34 3.98
FSH(IU/L) 8562 +225 8.48 +2.55 225
FSH/LH 241+145 2,67 +1.90 1.45
AFC 16.21 £ 5.30 17.43 +8.27 5.3

FSH, follicle stimulating hormone; LH, luteinizing hormone; AMH, Anti-Mullerian hormone;
AFC, antral follicle count.
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Characteristic DROI-FET (156) mNC-FET (151) p

value
Implantation rate 142/261 (54.41%) 95/266 (35.71%) <0.01
Clinical pregnancy rate 109/156 (69.87%) 76/151 (50.33%) <0.01
Ongoing pregnancy rate 99/156 (64.10%) 64/151 (42.38%) <0.01
Singletons 76/156 (48.72%)  57/151 (37.75%) 0.05
Twins 33/156 (21.15%)  19/151 (12.58%) <0.05
Ectopic pregnancy 0 0
intrauterine and ectopic 0 1
pregnancy
Moderate or severe OHSS 0 0

Data are presented as n (%) for dichotomous variables. All P values were assessed with
the use of ¥2. Other abbreviations as in Table 1.
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Outcome Unadjusted OR Adjusted OR

(95% CI) (95% CI)
Clinical pregnancy 2.29 2.73

(1.43-3.65) (1.63-4.58)
Ongoing pregnancy 2.36 2.59

(1.49-3.74) (1.58-4.26)

Analyses were adjusted for age, body mass index, infertility duration, BMI,bFSH,
endometrium thickness, number of embryos transferred, and embryo developmental
stage. Cl (confidence interval); Other abbreviations as in Table 1.
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TSH n Age BMI (kg/m?) AMH (ng/mL) E> (pg/mL) P (ng/mL)
<2.5 miuLL 288 30.58 + 4.62 2246 +3.25 5.03 +4.17 41.05 + 15.96 0.70 + 0.47
2.5- 4 miU/L 139 30.23 + 4.38 2215 +3.03 513 +4.33 38.76 + 14.97 0.67 +0.46
>4.0 mlU/L 69 29.37 £ 4.13 22.09 +2.44 5.57 +4.78 40.01 + 15.38 0.80 + 0.63
P 0.13 0.48 0.64 0.36 0.20
TSH, hyroid-stimulating hormone; FSH, follicle stimulating hormone; LH, luteinizing hormone; E2, estradiol; AMH, Anti-Mullerian hormone; P, progesterone.

TSH n FSH (IU/L) LH (U/L) FSH/LH AFC

<2.5 mlU/L 288 851 +2.69 4.27 + 2.56 251 +1.38 16.94 + 8.10

2.5- 4 miU/L 139 8.40 + 2.36 4.14 +2.68 2.89 +2.64 17.85 £ 8.26

>4.0 mlU/L 69 8.55 +2.01 4.44 £ 292 2.69 + 1.66 17.71+£7.11

P 0.88 0.74 0.14 0.49

FSH, follicle stimulating hormone; LH, luteinizing hormone; AFC, antral follicle count.
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Characteristic DROI-FET (156) mNC-FET (151) P value

Age (y) 30.58 + 4.43 30.50 + 4.35 0.87
Body mass index (kg/m2) 21.27 £ 2.55 21.50 + 2.35 0.41
Infertility duration (years) 3.33+1.25 3.30+1.43 0.84
Type of infertility

Primary 72(46.15%) 71(47.02%)

Secondary 84(53.85%) 80(52.98%) 0.88
Indications for IVF

Tubal factor 101(64.74%) 83(54.97%)

Male factor 30(19.23%) 28(18.54%)
Unexplained infertility 6(3.84%) 5(3.31%)

Others 19(12.18%) 35(23.18%%) 0.08
Baseline sex hormone

FSH (IU/L) 6.57 +2.21 6.59 + 2.09 0.94
LH (IU/L) 5.06 + 2.21 519+229 0.61
E2 (pg/mL) 32.95 + 14.15 33.00 + 15.27 0.98
P (ng/mL) 0.36 + 0.25 0.34+0.25 0.61
Total antral follicle count 12.83 +5.03 1873 +4.34 0.94
Protocol for COS

GnRH-ANT 101(64.74%) 86(56.95%)

PPOS 55(35.26%) 65(53.05%) 0.16

Data are presented as mean + SD for continuous variables and n (%) for dichotomous
variables. All P values were assessed with the use of y2 or Student t test. DROI,
down-regulation ovulation-induction; mNC, modified nature cycle; FET, frozen-thawed
embryo transfer.





OPS/images/fendo.2021.730059/table2.jpg
Characteristic

DROI-FET  mNC-FET (151) p

(156) value

Average number of embryos 1.67 +0.47 1.76 + 0.43 0.08

transferred

Number of embryos transferred

1 51(32.69%) 36(23.84%)  0.09

2 105(67.31%) 115(76.16%)

TOP-quality embryo transferred 0.08

0 7(4.49%) 10(6.62%)

1 70(44.87%) 49(32.45%)

2 79(50.64%) 92(60.93%)

Embryo stage 0.19

Cleavage stage (day 3) 42(36.84%) 51(33.77%)

Blastocyst (day 5) 114(63.16%) 100(66.23%)

Endometrium Thickness on the 10.62 + 1.43 10.51 £ 1.87 0.57

day of HCG (mm)

Data are presented as mean + SD for continuous variables and n (%) for dichotomous
variables. All P values were assessed with the use of y2 or Student t test. Other

abbreviations as in Table 1.
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First cycle (rFSH only) Second cycle (rFSH+hCG on day 1) 95% ClI of the different limits p-Value
Lower Upper

E> on stimulation day 6 (pg/ml) 775+ 318 75.5 £ 439 -16.2 20.4 0.211
Hormone levels on day of hCG trigger
Ez (pg/mi)* 378+ 111.7 1,131.3 £ 4444 -907.8 -598.7 <0.001
LH (miU/mi)* 12+07 28+11 =21 -1.2 0.034
hCG (mIU/ml)* 04+0.2 61+24 -6.5 -4.9 <0.001
P (pg/m) 06+03 07+03 -02 0.08 0.547
Total rFSH used (IU) 2,061.4 + 670.2 2,106.4 + 716.7 -375.9 285.9 0.495
Days of stimulation (n) 92+ 1.5 93+16 -0.9 0.6 0.740
No. of >14-mm follicles (n)* 33+1.4 8.1+32 -59 -36 <0.001
No. of retrieved oocytes (n)* 19+14 6.1+34 -5.4 -3.0 <0.001
Retrieved oocytes rate (%)* 57% (66/115) 76% (214/283) 1.6 4.1 <0.001
No. of mature oocytes (n)** 1411 4125 -3.6 -1.8 <0.001
No. of embryos (n)* 09+09 25+14 -2.2 -11 0.015

Values are presented as mean + SD or number (percentage); independent-sample t-test and chi-square test were applied accordingly.
OS, ovarian stimulation; hCG, human chorionic gonadotropin; rFSH, recombinant follicle-stimulating hormone; LH, luteinizing hormone; ICSI, intracytoplasmic sperm injection.

“No. of mature oocytes compared only in 14 ICSI cycles.
*n-Value < 0.05.
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First cycle (rFSH only)

Second cycle (rFSH+hCG on day 1) 95% CI of the different limits p-Value
Lower Upper

Ez on stimulation day 6 (pg/ml) 72.7 +30.8 736+ 315 -16.5 14.6 0.684
Hormone levels on day of hCG trigger

E> (pg/mi)* 4102 + 198.9 946.3 + 337.6 -674.5 -397.6 <0.001
LH (mIU/mi)* 1207 25+141 -1.8 -0.9 0.005
hCG (mIU/ml)* 04+0.2 6.4+25 -6.8 -5.0 <0.001
P (pg/mi) 06+03 07+03 -0.3 05 0.150
Total rFSH used (IU) 2,001.6 + 560.7 2,121.1 £ 733.2 -455.7 206.6 0.120
Days of stimulation (n) 9.0+13 93+15 -0.9 05 0.272
No. of >14-mm follicles (n) 39+1.0 49+12 -16 -0.4 0.462
No. of retrieved oocytes (n) 1.9+13 33x15 -2.1 -0.6 0.854
Retrieved oocytes rate (%) 58% (62/106) 59% (119/202) 0.6 16 0.943
No. of mature oocytes (n)* 13+1.0 3016 2.4 -1.0 0.080
No. of embryos (n) 1.0+£09 18+08 =12 -0.3 0.760

Values are presented as mean + SD or number (percentage); independent-sample t-test and chi-square test were applied accordingly.

OS, ovarian stimulation; hCG, human chorionic gonadotropin; rFSH, recombinant follicle-stimulating hormone; LH, luteinizing hormone; ICSI, intracytoplasmic sperm injection.

“No. of mature oocytes compared only in 12 ICSI cycles.
*n-Value < 0.05.
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Group A (n = 35)

E, on day of hCG trigger (pg/mi)* 1,131.3 + 444.4
Stimulation duration (days) 93+16
hCG duration (days) 93+16
No. of retrieved oocytes (n)* 6.1+34
No. of embryos (n)* 25+14
Endometrial thickness on day of hCG trigger (mm) 9.7x20
No. of embryos transferred (n) 1.5+07
Pregnant outcomes (%/n)

Implantation 20% (11/60)
Clinic pregnancy rate/transfer 29% (9/31)
Miscarriage 18% (2/9)
Ongoing pregnancy 64% (7/9)
Live birth 64% (7/9)

Values are presented as mean + SD or number (percentage); independent-sample t-test and chi-square test were applied accordingly.

Group B (n = 32)

946.3 + 337.6
9417
33x14
49+23
1.8+08
9.8+18
1.3+£08

13% (6/46)
24% (6/25)
33% (2/6)
50% (3/6)
50% (3/6)

IVF, in vitro fertilization; ICS, intracytoplasmic sperm injection; hCG, human chorionic gonadotropin.

*0-Value < 0.05.

95% ClI of the different limits

Lower

-89
-0.9
5.4
-0.2
0.2
=11
-0.2

0.23
0.20
-0.5
-0.9
-0.9

Upper

3789
0.7
6.8
2.6
1.4
0.8
05

2.0
26
0.4
0.9
0.9

p-Value

0.043
0.454
0.650
0.006
0.010
0.227
0.169

0.462
0.672
0.804
0.224
0.224
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IVF/CSI cycle used GnRH antagonist
protocol from may 2017 to may 2019
(n=1254)

Patients presented as POR
(Number of retrieved oocytes < 3)
(n=168)

“Unpredictable” POR patients
(AMH >1.1ng/ml and AFC>5)
(n=95)

Quitted further IVF/ICSI treatment (n=11)
Other stimulation protocol (n=17)

Underwent the same GnRH antagonist
protocol with same starting dose of rFSH
(n=67)

150IU hCG added with rFSH
simultaneously on the first
stimulation day
(Group A, n=35)

150IU hCG added on stimulation
day 6
(Group B, n=32)
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Group A (n = 35) Group B (n = 32) 95% ClI of the different limits p-Value

Lower Upper

Age (years) 30.5 £ 4.6 31.3+£38 -29 1.2 0.163
BMI (kg/m?) 229+18 22517 -05 1.3 0.981
Infertility duration (years) 32+13 33+1.1 -0.7 0.5 0.431
Basal FSH (mlU/mli) 6.1+21 6.8+1.7 -15 0.3 0.186
Basal LH (mlU/ml) 73+24 6.7 2.1 -0.5 18 0.421
Basal E, (og/ml) 39.9 +12.7 386 +10.5 -4.4 7.1 0.216
AMH (ng/mi) 27+09 27+07 -0.5 0.3 0.272
AFC (n) 57+13 59+1.2 -0.8 0.5 0.391
Starting dose of rFSH (IU) 225 + 63 227 £ 62 -32.8 28.1 0.864
IVF/ICSI indication (n/%)

Tubal factor 15/43% 14/44% 0.4 27 0.941
Endometriosis 10/29% 8/25% 0.4 25 0.742
Male factors 8/23% 7/22% 0.3 3.0 0.923
Unexplained infertility 2/6% 3/9% 0.3 10.9 0.569

Values are presented as mean + SD or number (percentage); independent-sample t-test and chi-square test were applied accordingly.
BMI, body mass index; FSH, folicle-stimulating hormone; LH, luteinizing hormone; AMH, anti-Muillerian hormone; AFC, antral follicle count; rFSH, recombinant follicle-stimulating hormone;
IVF, in vitro fertilization; ICSI, intracytoplasmic sperm injection.
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Variables TPOAb/TgAb+ TPOAb/TgAb- P

Age (years) 30.02 + 3.65 30.35 + 4.59 3.65
AMH (ng/mL) 528 +3.98 5.12+4.34 3.98
FSH(IU/L) 8562 +225 8.48 +2.55 225
FSH/LH 241+145 2,67 +1.90 1.45
AFC 16.21 £ 5.30 17.43 +8.27 5.3

FSH, follicle stimulating hormone; LH, luteinizing hormone; AMH, Anti-Mullerian hormone;
AFC, antral follicle count.
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FSH
<10 UL
210 UL
2
P
FSH/LH
<3.6
>3.6
2
P

386
110

395
101

TSH (mIU/L)

2.56 +1.39
2.66 £ 1.33
0.71
0.48

2.55+1.35

271 £1.43
1.06
0.29

FT3 (pg/mL)

2.72 £ 0.45
2,70+ 0.33
0.50
0.62

272+ 0.44
2.72 £ 0.36
0.12
0.91

FT4 (ng/dL)

1.26 +1.20
1.16 £0.19
0.86
0.39

1.26 +1.19
1.14+£0.21
1.03
0.130

TPOAb+

14.25 (55/386)
15.45 (17/110)
0.10
075

15.19 (60/395)
11.88 (12/101)
0.40
0.40

TgAb+

17.10 (66/386)
16.36 (18/110)
0.03
0.86

16.20 (64/395)
19.80 (20/101)
0.74
0.39

TSH, hyroid-stimulating hormone; FT3, free triiodothyronine; FT4, free thyroxine; TPOAb, thyroid peroxidase antibody; TgAb, thyroglobulin antibody.
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DOR
non-DOR

Fi2
p

69
427

TSH (mIU/L)

2.44 £1.25
2.60 +1.39
0.92
0.36

FT3 (pg/mL)

2.63+0.31

273 +0.43
1.90
0.06

FT4 (ng/dL)

101047
127+1.14
1.50
0.13

TPOAb+

13.04 (9/69)
14.75 (63/427)
0.14
071

TgAb+

15.94 (11/69)
17.10 (73/427)
0.06
0.81
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Pathway class

Cell growth and death
Cell growth and death
Endocrine system
Endocrine system
Endocrine system
Immune system
Immune system
Immune system
Immune system
Immune system
Signal transduction
Signal transduction
Signal transduction
Signal transduction
Signal transduction

Pathway

Apoptosis

Necroptosis

PPAR signaling pathway

Prolactin signaling pathway

GnRH signaling pathway

IL-17 signaling pathway

NOD-like receptor signaling pathway
Th1 and Th2 cell differentiation
Toll-like receptor signaling pathway
T cell receptor signaling pathway
TNF signaling pathway

MAPK signaling pathway

FoxO signaling pathway

Jak-STAT signaling pathway

Ras signaling pathway

p-value

0.0010556
0.001923
4.98E-06
0.001977
0.036979
0.003678

0.02113
0.042137
0.04755
0.049945
0.000462
0.002634
0.009981
0.017418
0.046217
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Variables Regression OR (95% ClI) p-Value

coefficients

Age > 35 (years) 0.953 2.59 (1.24-5.47) 0.012
BMI > 24 (kg/m?) 1.169 3.22 (1.45-7.58) 0.005
Basal FSH > 10 (mIU/ml) 1.063 2.87 (1.28-6.75) 0.012
Basal E2 > 60 (pg/ml) 0.902 2.47 (1.08-5.93) 0.036
Type B or C of 0.906 2.47 (1.18-5.24) 0.017
endometrium

High-quality embryos < 2 (n) 0.806 2.24 (1.02-4.96) 0.045

OR, odds ratio; Cl, confidence interval; BMI, body mass index; FSH, follicle-stimulating
hormone.
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Index Original Optimism Optimism-corrected

value
Dxy 0.571 0.051 0.520
R 0.281 0.054 0.228
Brier 0.160 -0.013 0.173

The original dataset was corrected for optimism with 200 bootstrap samples.
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Target

Van der Waal energy

Electrostatic energy

Polar solvation energy

SASA energy

Binding energy

CAT
PPARA
MAPK14
SQSTM1
HMOX1
GRB2
GSR

-393.656 (+ 16.389)
—-446.740 ( + 23.404)
-293.871 (+ 13.687)
—-265.856 (+ 17.818
-358.136 ( + 22.253)
—-241.451 (+ 18.234)
-372.167 ( + 21.208)

-29.921 (£ 17.322)
-20.106 ( + 8.231)
-18.961 ( + 4.339)
-7.122 (£ 13.431)
-15.838 ( + 12.736)
-5.154 (+ 11.358)
-6.454 (= 7.347)

233.195 ( + 23.928)
168.004 ( + 14.808)
164.676 (+ 10.668)
182525 ( + 47.290)
186.772 (  34.374)
100.810 ( + 22.315)
310.453 ( + 31.425)

-42.862
-48.462
-30.949
-30.460
-41.255
-29.303
-46.396

(
(
(
(
(
(
(

+2.053)
+1.796)
+1.078)
+ 2.025)
+1.841
+ 2.330)
+1.890

)
)
)
)
)
)
)

-233.244 ( + 21.748)
347,305 ( + 23.618)
~179.105 ( + 15.678)
~120.913 ( + 43.240)
-228.458 ( + 37.123)
~175.098 (  17.198)
~114.564 ( + 24.918)
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Targets PDB ID Box center (x, y, z)/A Affinity/(kcal/mol)
CAT 1DGF 24.9, 57.6, 56.2 -9.4
PPARA BKXX 13.6, -11.6, -28.8 -5.1
MAPK14 BETI 0.5, 12.339, -33.37 -5.5
SQSTM1 6JM4 -31.519, -15.357, 25.928 -5.3
HMOX1 3Cczy 5.8,-21.6,27 -8.7
GRB2 2H46 14.9, 55.5, 36.0 -7.4
GSR 3DK9 14.4,15.8, 20.46 -8.4
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Characteristics Training set (n = 179) Validation set (n = 102) p-Value
Age (years) 38 (34-41) 37 (33-41) 0.054
Stimulation protocols 0.197
Pituitary downregulation (%) 35.75 (64/179) 44.12 (45/102)

Non-pituitary downregulation (%) 64.25 (115/179) 56.88 (57/102)

BMI (kg/m?) 22.46 (20.19-24.46) 21.87 (19.83-21.15) 0.182
Type of infertility 0.633
Primary infertility (%) 40.22 (72/179) 43.14 (44/102)

Secondary infertility (%) 59.78 (107/179) 56.68 (58/102)

Duration of infertility (years) 3(1-5) 3(2-5) 0.958
Basal FSH (mIU/mi) 8.59 (7.08-10.77) 8.48 (7.05-9.75) 0.085
Basal FSH/basal LH 2.50 +1.00 231+£085 0.093
Basal E2 (pg/mi) 41 (29-57) 44 (33-57) 0.686
AMH (ng/mi) 0.83 (0.54-1.23) 0.89 (0.56-1.06) 0.400
E2 on hCG day (pg/ml) 1,663 (912-2,450) 1,851 (1,228-2,605) 0.058
LH on hCG day (miU/mi) 1.82 (1.13-2.85) 212 (1.36-3.27) 0.162
P on hCG day (ng/ml) 0.84 (0.60-1.53) 0.92 (0.69-1.36) 0. 070
AFC (n) 6 (4-7) 6(5-7) 0.664
Gonadotropin dose (IU) 2,960.75 + 1,099.84 3,150.37 + 942.36 0.145
Gonadotropin days (days) 9 (8-11) 10 (9-12) 0.040*
Endometrial thickness (mm) 10 (9-12) 10 (9-12) 0.7077
Type of endometrium 0.667
Type A (%) 37.43 (67/179) 34.31 (35/102)

Type B or C (%) 62.57 (112/179) 65.05 (67/102%)

Oocytes retrieved (n) 4 (2-7) 5 (4-7) 0.054
MIl oocytes (n) 3(2-6) 4(3-6) 0.051
High-quality embryos (n) 1 (1-3) 2(1-3) 0.157
Clinical pregnancy (%) 34.08 (61/179) 43.14 (44/102) 0.131

Pituitary downregulation means GnRH agonist long protocol. Non-pituitary downregulation includes GnRH antagonist protocol and the mild ovarian stimulation protocol. Continuous
variables are shown as the median (interquartile range) or mean =+ standard deviation. Categorical variables are presented as percent.
BMI, body mass index; FSH, folicle-stimulating hormone; LH, luteinizing hormone; P, progesterone; E2, estradiol; AMH, anti-Miillerian hormone; hCG, human chorionic gonadotrophin;
hCG E2, hCG LH, or hCG P means E2, LH, or P on the day of hCG administration; AFC, antral follicle count; endometrial thickness, the endometrial thickness on the day of hCG injection.

*Training set vs. validation set: p < 0.05.
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Variables

Age > 35 (years)

Non-pituitary downregulation protocol
BMI > 24 (kg/m?)

Secondary infertility

Duration of infertility > 3 (years)
Basal FSH > 10 (mIU/ml)

Basal FSH/basal LH > 3

Basal E2 > 60 (pg/ml)

AMH < 0.7 (ng/m)

P on hCG day > 0.8 (ng/mi)
AFC <5 (n)

Endometrial thickness < 7 (mm)
Type B or C of endometrium
Oocytes retrieved < 3 (n)

MIl oocytes < 3 (n)

High-quality embryos < 2 (n)

OR (95% Cl)

3.77 (1.92-7.53)
1.28 (0.65-2.48)
2.21 (1.12-4.52)
1.26 (0.65-2.43)
1.87 (0.71-2.70)
2,07 (1.04-4.31)
0.658 (0.34-1.31)
2,08 (0.99-4.38)
1.76 (0.87-3.74)
0.71 (0.37-1.36)
0.58 (0.30-1.11)
1.11(0.43-3.24)
2.73 (1.41-5.35)
1.61(0.82-3.26)

)

)

1.78 (0.93-3.46)
2.26 (1.15-4.45)

p-Value

<0.001
0.469
0.025
0.485
0.353
0.043
0.225
0.061
0.125
0.305
0.103
0.845
0.003
0.173
0.082
0.018

OR, odds ratio; Cl, confidence interval; BMI, body mass index; FSH, follicle-stimulating
hormone; AMH, anti-Mullerian hormone; hCG, human chorionic gonadotrophin; AFC,
antral follicle count; Mll, metaphase Il: LH, luteinizing hormone.
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Identification Methods Results Figure
hUCMSC (1) Morphological Analysis Cells exhibited a consistent spindle-shape from passage 4 to 10 Figure
1A
(2) Flow cytometry CD73, CD105, CD44, and CD90 are positive, and CD34, CD45, and HLA-DR are negative Figure
1B
(3) Osteogenic/adipogenic Calcium deposition and neutral lipid vacuole accumulation Figure
differentiation 1C
Exosomes (1) Transmission electron Exosomes exhibited a cup-shaped morphology Figure
microscopy 1D
(2) Flow NanoAnalyzer Size distributions ranging from approximately 50 to 100 nm at a concentration of 8.69x10'° Figure
particles/mL 1E
(3) Flow cytometry CD9, CD81, and CD63 are positive Figure
1F
Granulosa cells (1) Morphological Analysis Oval or polygonal shapes with a single layer Figure
2A
(2) Immunofluorescence Most cells possessed FSHR Figure
staining 2B
Establishment of POl (1) Body weights Body weights loss in the POI group
model
(2) Vaginal smear Stayed in the estrous phase or lost the periodic change in the POl model
(3) Morphological analysis Follicle numbers were declined, the arrangement of GCs was disordered, and interstitial fibrosis Figure
was severe in the POI group 3B
(4) TUNEL analysis More TUNEL-positive cells were observed in the POI group Figure

3C
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Methods

Results

P value

Exosomal
treatment
in vivo

Exosomal
treatment
in vitro

Therapeutic
Mechanism

(1) Vaginal
smear

@
Morphological
analysis

(3) Ovarian
foliicle counts

(4) Body
weights

(5) Hormones
levels in serum

©)
Reproductive
tests

(7) FSHR

expression in
ovaries

(8) Proliferative
ability

(9) Mechanism
exploration

(1) EdU assay
(2) CCK-8
assay

(3) Western
blot

(1) EdU assay

(2) CCK-8
assay

(3) Western
blot

Estrous cycle was gradually
restored to normal after
treatment

Follicles were significantly
increased in the Exos group
(Figure 3D)

Numbers of primordial,
primary, secondary, mature,
and atretic follicles were
significantly increased
following exosomal
transplantation (Figure 3E)
Body weights in the Exos
group exhibited a gradual
increase (Figure 3F)

AMH and E, were
significantly elevated, while
FSH levels were
suppressed after exosomal
administration (Figure 3G-1)
Exosomes significantly
improved reproductive
functions of POl mice model
(Figures 4A-E)

| Immunofiuorescence and
Immunohistochemistry
staining of FSHR revealed
that more functional GCs
were observed in the Exos
group (Figures 5A, B)
Immunofluorescence
staining of PCNA and Ki67,
Immunohistochemistry
staining of Ki67 showed
hUCMSC-Exos promoted
ovarian proliferation
(Figures 6A-C)
hUCMSC-Exos promoted
ovarian proliferation by
regulating the Hippo
pathway (Figures 6D-K)

Proliferation of GCs was
significantly increased in the
Exos group (Figures 2C, D)
Proliferation of GCs was
significantly enhanced in the
Exos group (Figure 2E)
PCNA and FSHR were
elevated in the Exos group
(Figures 2F-H)
hUCMSC-Exos promoted
GC proliferation in vitro by
regulating the Hippo
pathway and the effect was
inhibited by a YAP inhibitor
(Figures 7A, B)
hUCMSC-Exos promoted
GC proliferation and the
effect was inhibited by a
YAP inhibitor (Figure 7C)
hUCMSC-Exos elevated
GCs proliferation and
function by regulating the
Hippo pathway (Figures
7D-K)

Primordial: POl vs Normal, P < 0.05; POI vs Exos, P < 0.05. Primary: POI vs Normal, P < 0.05; POl vs
Exos, P < 0.05. Secondary: POI vs Normal, P < 0.05; POI vs Exos, P >0.05. Mature: POI vs Normal,
P <0.05; POl vs Exos, P < 0.01. Atretic: POl vs Normal, P < 0.01; POl vs Exos, P < 0.01.

AMH: POI vs Normal, P < 0.001; POl vs Exos, P < 0.001; Exos vs Normal, P < 0.05. E,: POI vs Normal,
P < 0.001; POl vs Exos, P < 0.001; Exos vs Normal, P < 0.05. FSH: POI vs Normal, P < 0.001; POI vs
Exos, P < 0.001; Exos vs Normal, P > 0.05.

Number of offspring: POI vs Normal, P < 0.001; POI vs Exos, P < 0.05; Exos vs Normal, P > 0.05.
Time of birth: POl vs Normal, P < 0.001; POl vs Exos, P < 0.01; Exos vs Normal, P > 0.05.

FSHR: POl vs Normal, P < 0.001; POI vs Exos, P < 0.001; Exos vs Normal, P < 0.01. PCNA: POl vs
Normal, P < 0.001; POl vs Exos, P < 0.001; Exos vs Normal, P < 0.01. YAP1: POI vs Normal, P < 0.001;
POl vs Exos, P < 0.001; Exos vs Normal, P > 0.05. p-YAP: POl vs Normal, P < 0.001; POI vs Exos,

P < 0.05; Exos vs Normal, P < 0.01. TEAD1: POI vs Normal, P < 0.001; POI vs Exos, P < 0.01; Exos vs
Normal, P > 0.05. TAZ: POI vs Normal, P < 0.001; POI vs Exos, P < 0.001; Exos vs Normal, P > 0.05.
MST1: POI vs Normal, P < 0.001; POI vs Exos, P < 0.001; Exos vs Normal, P < 0.01.

Cell proliferation ratio: CTX vs Normal, P < 0.01; CTX vs Exos, P < 0.01; Exos vs Normal, P < 0.05.

PCNA: CTX vs Normal, P < 0.01; CTX vs Exos, P < 0.01; Exos vs Normal, P > 0.05. FSHR: CTX vs
Normal, P < 0.001; CTX vs Exos, P < 0.001; Exos vs Normal, P > 0.05.

Cell proliferation ratio: CTX vs Normal, P < 0.001; CTX vs Exos, P < 0.01; Exos vs Normal, P < 0.01;
Exos-Verteporfin vs Exos, P < 0.01; Exos-Verteporfin vs CTX, P >0.05.

FSHR: CTX vs Exos, P < 0.001; Exos vs Exos-Verteporfin, P < 0.001. PCNA: CTX vs Exos, P < 0.001;
Exos vs Exos-Verteporfin, P < 0.001. YAP1: CTX vs Exos, P < 0.01; Exos vs Exos-Verteporfin, P < 0.01.
P-YAP: CTX vs Exos, P < 0.01; Exos vs Exos-Verteporfin, P < 0.001. TEAD1: CTX vs Exos, P < 0.001;
Exos vs Exos-Verteporfin, P < 0.001. TAZ: CTX vs Exos, P < 0.001; Exos vs Exos-Verteporfin, P < 0.001.
MST1: CTX vs Exos, P < 0.001; Exos vs Exos-Verteporfin, P < 0.001.
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Up-regulated Down-regulated

Ndufv3, Ndufs7, Ndufs8, Ndufs5, Ndufcl, Ndufb9, Ndufb8, Ndufbs,
mt-Nd4 Ndufb4, Ndufbll, Ndufbl, Ndufa9, Ndufa7, Ndufa6, Ndufa5, Ndufa3,
Ndufa2, Ndufal3, Ndufal 2, Ndufall, Ndufal
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