

[image: image]





FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual articles in this ebook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers. 

The compilation of articles constituting this ebook is the property of Frontiers. 

Each article within this ebook, and the ebook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this ebook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version. 

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or ebook, as applicable. 

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with. 

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question. 

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-8325-5325-1
DOI 10.3389/978-2-8325-5325-1

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers journal series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view. By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers journals series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area.


Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers editorial office: frontiersin.org/about/contact





Ovarian aging: Pathophysiology and recent development of maintaining ovarian reserve, volume III

Topic editors

Antonio Simone Laganà – University of Palermo, Italy

Akira Iwase – Gunma University, Japan

Osamu Hiraike – The University of Tokyo, Japan

Citation

Laganà, A. S., Iwase, A., Hiraike, O., eds. (2024). Ovarian aging: Pathophysiology and recent development of maintaining ovarian reserve, volume III. Lausanne: Frontiers Media SA.  doi: 10.3389/978-2-8325-5325-1





Table of Contents




Editorial: Ovarian aging: pathophysiology and recent development of maintaining ovarian reserve, volume III

Osamu Hiraike, Akira Iwase and Antonio Simone Laganà

Independent value of PMOI on hCG day in predicting pregnancy outcomes in IVF/ICSI cycles

Xingyu Sun, Fei Yao, Chengliang Yin, Muzi Meng, Yunzhu Lan, Ming Yang, Chenyu Sun and Ling Liu

Assessment and quantification of ovarian reserve on the basis of machine learning models

Ting Ding, Wu Ren, Tian Wang, Yun Han, Wenqing Ma, Man Wang, Fangfang Fu, Yan Li and Shixuan Wang

Assisted reproductive technology and interactions between serum basal FSH/LH and ovarian sensitivity index

Yumei He, Ling Liu, Fei Yao, Chenyu Sun, Muzi Meng, Yunzhu Lan, Chengliang Yin and Xingyu Sun

The dynamic expression of SOX17 in germ cells from human female foetus and adult ovaries after specification

Ying-Yi Luo, Hui-Ying Jie, Ke-Jun Huang, Bing Cai, Xiu Zhou, Ming-Yi Liang, Can-Quan Zhou and Qing-Yun Mai

Effects of stellate ganglion block on perimenopausal hot flashes: a randomized controlled trial

Ying Li, Jia Chang, Gaoxiang Shi, Wenjing Zhang, Hui Wang, Lingyun Wei, Xiaochun Liu and Weiwei Zhang

Ovaries of estrogen receptor 1-deficient mice show iron overload and signs of aging

Sarah K. Schröder, Marinela Krizanac, Philipp Kim, Jan C. Kessel and Ralf Weiskirchen

Effects of flaxseed oil supplementation on metaphase II oocyte rates in IVF cycles with decreased ovarian reserve: a randomized controlled trial

Qi Chu, Yue-xin Yu, Jing-zi Zhang, Yi-tong Zhang and Jia-ping Yu

Mechanisms of mitochondrial dysfunction in ovarian aging and potential interventions

Wenhan Ju, Yuewen Zhao, Yi Yu, Shuai Zhao, Shan Xiang and Fang Lian

The clinical value of acupuncture for women with premature ovarian insufficiency: a systematic review and meta-analysis of randomized controlled trials

Hengjie Cao, Huize Li, Guangyao Lin, Xuanling Li, Shimin Liu, Peiqi Li, Chao Cong and Lianwei Xu





EDITORIAL

published: 05 August 2024

doi: 10.3389/fendo.2024.1460934

[image: image2]


Editorial: Ovarian aging: pathophysiology and recent development of maintaining ovarian reserve, volume III


Osamu Hiraike 1*, Akira Iwase 2 and Antonio Simone Laganà 3


1 Department of Obstetrics and Gynecology, Faculty of Medicine, The University of Tokyo, Tokyo, Japan, 2 Department of Obstetrics and Gynecology, Gunma University Graduate School of Medicine, Maebashi, Japan, 3 Unit of Obstetrics and Gynecology, “Paolo Giaccone” Hospital, Department of Health Promotion, Mother and Child Care, Internal Medicine and Medical Specialties (PROMISE), University of Palermo, Palermo, Italy




Edited and Reviewed by: 

Antonello Lorenzini, University of Bologna, Italy

*Correspondence: 

Osamu Hiraike
 osamuwh-tky@umin.ac.jp


Received: 07 July 2024

Accepted: 15 July 2024

Published: 05 August 2024

Citation:
Hiraike O, Iwase A and Laganà AS (2024) Editorial: Ovarian aging: pathophysiology and recent development of maintaining ovarian reserve, volume III. Front. Endocrinol. 15:1460934. doi: 10.3389/fendo.2024.1460934



Keywords: ovary, ageing, artificial reproductive technologies, ovarian follicle, estrogen


Editorial on the Research Topic 


Ovarian aging: pathophysiology and recent development of maintaining ovarian reserve, volume III


The function of the ovary must be considered both quantitatively and qualitatively. It is important to know the number of remaining of oocytes in the ovary, and it is also important to know whether the oocyte can become a good embryo after fertilization for the establishment of conception. The oocyte, granulosa cells, and theca cells form a follicle, and these components are indispensable for the development of mature oocytes. For the oocyte to function properly, it must undergo an elaborate process of ovarian development and oocyte formation, utilizing the central and local control mechanisms of ovulation and follicular development, luteinization, and follicle atresia, which is important in human reproduction. The development of experimental methods to predict ovarian dysfunction is an important issue in the management of reproductive-aged women and women after menopause. Establishment of appropriate diagnostic and therapeutic methods remains a major challenge.

Against this background, “Ovarian Aging: Pathophysiology and Recent Development of Maintaining Ovarian Reserve” was first proposed in 2019. Since then, the III volume was introduced. A further volume reflects the interests of researchers in this area, proving it remains a fascinating issue. In assisted reproductive technologies (ART), a number of new technologies have been introduced including cryopreservation of eggs and ovarian tissue. A recent trend of using next-generation sequencing technologies in the clinical field has provided us important insights and analysis of preimplantation embryos and bacterial flora has become a daily setting. The study of follicle development was previously impossible, but recent progress in molecular biology significantly improved our understanding of the differentiation of oocytes and the microenvironment of ovarian follicles.

AgWe aimed to overview the recent studies related to ovarian function, including follicular pathophysiology, development of ovarian markers, drugs that maintain or improve ovarian reserve, and technologies of cryopreservation of oocyte and ovarian tissues. With the aim of this Research Topic, nine groups responded to our recruitment and contributed and gave us useful insights into the underlying mechanisms of ovarian aging. The results shown here are interesting and we are confident that these studies offer a comprehensive collection on ovarian aging and its related issues. Fortunately, this third volume of Ovarian Ageing resulted in 25,207 total views, 8,148 article views, 3,024 downloads, and 17,059 topic views (accessed on 29 Jun, 2024).

AgIn this series, three researchers provided clinical suggestions on ART. The clinical study [He et al.] showed that the ratio of basal FSH/LH could predict ovarian response and they developed an ovarian sensitivity index that can be used as an indicator of ovarian response in ART treatment. Sun et al. showed the progesterone to number of mature oocytes index levels can be useful for predicting pregnancy outcome in fresh IVF/ICSI cycles. A clinical randomized trial [Chu et al.] has proven beneficial for women with decreased ovarian reserve because it showed that intake of flaxseed oil contributed to the formation of MII oocytes. The manuscript using a machine learning model [Ding et al.] clearly demonstrated that the representative ovarian reserve marker, anti-Müllerian hormone (AMH), and antral follicle count (AFC) were applicable to a group of women aged 20 to 35 years.

AgSince the discovery of estrogen receptor α (ERα), its function in the ovary was investigated because estrogens play crucial roles in the development of ovarian follicles. It was known that ovaries of mice deficient in ERα exhibit multiple hemorrhagic cysts in the ovaries, but the physiological role of the cyst formation was not known. Schröder et al. showed iron deposits in the ovaries and significant increases in ovarian mast cells involved in iron-mediated foam cell formation, resembling signs of aging [Luo et al.].

AgVasomotor symptoms such as hot flashes and sweating are representative climacteric symptoms and can be reversed by the supplementation of estrogens, known as hormonal therapy (HT). However, we sometimes encounter postmenopausal patients with vasomotor symptoms that are resistant to the conventional HT. A clinical trial [Li et al.] showed the beneficial effects of stellate ganglion block on perimenopausal hot flashes, and we can apply the result of this study in daily clinical settings.

AgThe review manuscripts shed light on the role of mitochondria in ovarian aging [Ju et al.] and the usefulness of acupuncture, which is known as a less invasive technique and can be applied to various diseases [Cao et al.].




Concluding remarks

Altogether, the clinical studies, research studies, and reviews contained in this topic are insightful and beneficial both for clinicians and researchers. The wide range of data provides a good overview of the topic, and we are sure that these novel studies might enhance future studies with the aim to improve and maximize infertility treatment and the medical care of postmenopausal women.





Author contributions

OH: Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing. AI: Writing – review & editing. AL: Writing – review & editing.





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 © 2024 Hiraike, Iwase and Laganà. 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: 23 February 2023

doi: 10.3389/fendo.2023.1086998

[image: image2]


Independent value of PMOI on hCG day in predicting pregnancy outcomes in IVF/ICSI cycles


Xingyu Sun 1,2†, Fei Yao 1†, Chengliang Yin 3, Muzi Meng 4,5, Yunzhu Lan 6, Ming Yang 7, Chenyu Sun 8*† and Ling Liu 2*†


1 Department of Gynecology, The Affiliated Traditional Chinese Medicine Hospital of Southwest Medical University, Luzhou, Sichuan, China, 2 Reproductive Medicine Center, the Affiliated Hospital of Southwest Medical University, Luzhou, China, 3 Faculty of Medicine, Macau University of Science and Technology, Macau, Macau SAR, China, 4 United Kingdom (UK) Program Site, American University of the Caribbean School of Medicine, Preston, United Kingdom, 5 Bronxcare Health System, New York City, NY, United States, 6 Obstetrics Department, The Fourth Affiliated Hospital, College of Medicine, Zhejiang University, Hefei, China, 7 Obstetrics Department, The First Dongguan Affiliated Hospital Of Guangdong Medical University, Dongguan, China, 8 Department of Thyroid and Breast Surgery, The Second Hospital of Anhui Medical University, Hefei, China




Edited by: 

Osamu Hiraike, The University of Tokyo, Japan

Reviewed by: 

Jinhui Liu, Nanjing Medical University, China

Feng Jiang, Fudan University, China

*Correspondence: 

Chenyu Sun
 drsunchenyu@yeah.net

Ling Liu
 eye99@163.com














†These authors have contributed equally to this work


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


Received: 01 November 2022

Accepted: 30 January 2023

Published: 23 February 2023

Citation:
Sun X, Yao F, Yin C, Meng M, Lan Y, Yang M, Sun C and Liu L (2023) Independent value of PMOI on hCG day in predicting pregnancy outcomes in IVF/ICSI cycles. Front. Endocrinol. 14:1086998. doi: 10.3389/fendo.2023.1086998




Objectives

The aim of this study was to determine whether, on the day of human chorionic gonadotropin (hCG) injection, the progesterone to number of mature oocytes index (PMOI) can be used alone or together with other parameters in a fresh embryo transfer in vitro fertilization (IVF)/intracytoplasmic sperm injection (ICSI) cycle to predict pregnancy outcome.



Methods

This was a retrospective cohort study of all couples who underwent a clinical pregnancy and received a fresh IVE/ICSI cycle at a single large reproductive medical center between June 2019 and March 2022. The study involved a total of 1239 cycles. To analyze risk factors associated with pregnancy outcomes on the day of HCG injection, univariate and multivariate logistic regression analyses were used. The area under the curve (AUC) was determined, and PMOI and other factors were compared using receiver operating characteristic (ROC) curves.



Results

The clinical pregnancy rate was significantly higher in group A (60.76%) than in the other groups (Group B: 52.92% and Group C:47.88%, respectively, p =0.0306). Univariate and multivariate logistic regression revealed that PMOI levels were significantly correlated with the probability of pregnancy outcome, independent of other risk factors. More importantly, PMOI levels independently predict the occurrence of pregnancy outcome, comparable to the model combining age. The optimal serum PMOI cutoff value for pregnancy outcome was 0.063 ug/L.



Conclusion

Our results suggest that PMOI levels have an independent predictive value for pregnancy outcome in fresh IVF/ICSI cycles.





Keywords: progesterone to number of mature oocytes index, HCG day, pregnancy outcomes, IVF/ICSI cycle, prediction



Introduction

The term “infertility” refers to the inability to achieve a successful pregnancy after 12 months or more of appropriate, time-limited unprotected intercourse or therapeutic donor insemination. Nevertheless, early evaluation and treatment after six months may be reasonable for women over 35 years of age (1). A distressing fact about infertility is that the number of infertility patients is increasing every year, and infertility has become a major health problem, affecting 8%–15% of couples of reproductive age worldwide (2). Reassuringly, in recent years, assisted reproductive technology (ART), consisting of in vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSI), has become an important treatment for many infertile women (3). However, despite recent advances in assisted reproductive technologies, success rates remain low, causing public socioeconomic distress regarding the health of individuals and women. Thus, achieving high pregnancy rates is our main challenge today with regard to assisted reproductive technologies (ART). Therefore, predicting pregnancy outcomes after assisted reproductive technologies has been a research hotspot, and more evidence is needed to help inform couples undergoing assisted reproduction, clinicians and policy makers. Currently, the factors that predict pregnancy outcomes on the day of HCG injection are not fully understood.

Progesterone (P) is essential before and during pregnancy as it plays a key role in supporting the endometrium and thus fetal survival (4). In the natural cycle, preovulatory P secretion facilitates the action of estrogen on the pituitary gland; the latter is a key factor in producing a mid-cycle luteinizing hormone (LH) peak. In addition, progesterone also stimulates a mid-cycle follicle-stimulating hormone (FSH) surge, which is important to support the expression of LH receptors in the granulosa layer (5, 6). Notably, the majority of circulating P (~95%) is produced in the follicle by granulosa cells (GCs) through the action of 3β-HSD catalyzing the conversion of pregnenolone (delta-4 pathway) under the influence of LH (7, 8). After ovulation, the corpus luteum is formed, and both the corpus luteum and GCs produce P in response to endogenous LH activity (9). In early pregnancy, human chorionic gonadotropin (hCG), secreted by syncytial trophoblasts, rescues the corpus luteum and maintains luteal function until the establishment of placental steroidogenesis (10). Therefore, elevated progesterone (PE) and its sustained levels are considered essential to be key in eliciting the endocrine signals responsible for initiating the endometrial receptive phase to embryo implantation (11, 12).

Nevertheless, it has been debated in the literature for over two decades that elevated serum progesterone (SP) is possible deleterious effects on the day of human chorionic gonadotropin (hCG) administration in relation to the outcome of assisted reproductive technology (ART) cycles (13, 14). Previous studies have reported that the decrease in clinical pregnancy rates (CPRs) was statistically significant (P<0.05), whereas no association was found in others (15, 16). Simultaneously, it is not widely accepted that serum progesterone (SP) has an adverse effect on cycle outcomes at a specific threshold level. Hence, serum progesterone (SP) cannot serve as a sole predictor of clinical pregnancy (CP). To our knowledge, SP level may correlate with the number of hormonally active follicles. In addition, the number of mature oocytes was a more objective parameter. As such it may be possible to use a new parameter of measurement: the progesterone to number of mature oocytes index (PMOI) to predict successful clinical pregnancy (CP) compared to SP levels alone.

Wu et al. showed that elevated progesterone on the day of hCG triggering was associated with a detrimental effect on live birth rate in low and intermediate ovarian responders, but not in high responders (17). It was a retrospective study with 2,351 patients receiving fresh assisted reproduction technology (ART) transfer cycles with GnRH agonist using a long or short protocol. Currently, the underlying mechanism of PE on IVF pregnancy outcome remains unclear, endometrial receptivity and embryo quality are two key factors to the success of implantation (18). Lu et al. has demonstrated PE influences endometrial receptivity during fresh ET cycles (19). It is possible that PE will promote the endometrium without affecting the embryo, which can lead to a dyssynchrony between the embryo and endometrium, which could lead to a decrease in the implantation rate, thereby reducing pregnancy rates. Furthermore, Sahar et al. also displayed that pregnancy rates were significantly lower on the day of hCG administration with progesterone thresholds above 1.5ng/mL compared to progesterone levels lower than 1.5ng/mL (20). Since progesterone (P) alone will not predict pregnancy outcome, various markers have been proposed to predict the outcome of assisted reproductive cycles more accurately.

As for strengths of PMOI, on the one hand, a correlation has been found between serum progesterone levels and the number of follicles with hormonal activity (21). It is possible for the number of follicles seen on ultrasound examination to vary between observers. On the other hand, it was suggested that the number of oocytes retrieved could be used as an objective parameter to calculate the progesterone to number of mature oocytes index (PMOI) (22, 23).

This aim of this study was to investigate the risk factors for pregnancy outcome in patients treated with fresh cycles of in vitro fertilization (IVF) or intracytoplasmic sperm injection (ICSI) and to elucidate the predictive power of PMOI level on the day of human chorionic gonadotropin (hCG) injection on pregnancy outcome based on retrospective data analysis. These results can help medical professionals take steps to minimize pregnancy failure and aid in decision-making for fresh embryo transfer cycle.



Materials and methods


Study population

In the cross-sectional retrospective study, enrolled patients underwent IVF/ICSI cycles at the reproductive center of the Affiliated hospital of Southwest Medical University, located in Luzhou, China. Medical records of all patients treated by IVF/ICSI from June 2019 and March 2022 were screened. The criteria for inclusion and exclusion of patients from this study are listed below. The flow chart for patient selection is shown in Figure 1.




Figure 1 | Flow chart of the research.




Inclusion criteria

	(1) Women undergoing their first IVF/ICSI cycle for unexplained infertility, tubal infertility, stage I/II endometriosis, or a partner diagnosed with male-factor infertility were included in the study.

	(2) Patients were treated with a gonadotropin-releasing hormone (GnRH) long-acting agonist regimen and received IVF/ICSI-ET.





Exclusion criteria

	(1) Patients with incomplete data and loss to follow-up were excluded.

	(2) Patients diagnosed with endometriosis prior to embryo transfer were excluded from the study.

	(3) Patients with hydrosalpinx by hysterosalpingography (HSG) prior to embryo transfer were excluded.

	(4) Patients with intrauterine adhesions diagnosed by hysterosalpingography (HSG) were excluded.

	(5) Patients with no available embryos for transfer or canceled cycles for other reasons were excluded.






GnRH antagonist protocol

All women underwent controlled ovarian stimulation (COS) with a GnRH antagonist fixed regimen. Bilateral antral follicles (10mm) were counted by transvaginal ultrasonography on the second day of the menstrual cycle, and women started COS treatment with gonadotrophins (Gonal-F, Merck Serono Europe Ltd or Puregon, N. V. Organon). The levels of serum progesterone (SP) were measured using an automated electrochemiluminescence immunoassay (Roche Diagnostics Elecsys Cortisol II assays and COBAS E801), and values were expressed in ng/ml. At our center, the starting dose of gonadotrophins was 150 IU/day for women aged ≤ 34 years, with BMI <24 kg/m2, 6≤AFC<15, and the dosage would be increased if the woman was older (age ≥ 35 years), heavier (BMI ≥ 24 kg/m2), or had poorer ovarian reserve AFC<6 or basal FSH>10 IU/L or AMH <1 ng/ml. Conversely, if the woman is lean (BMI < 19 kg/m2) or has a good ovarian reserve (AFC≥ 15 or AMH≥ 4 ng/ml), the dosage will be reduced. Dose adjustments were determined by the physician based on individual clinical experiences. GnRH antagonists (Cetrorelix, BaxterorGanirelix, N.V.Organon) were given daily starting on day 5 or 6 of stimulation. Human chorionic gonadotrophin (Chorionic Gonadotrophin for Injection, Livzon) was injected once there were at least three follicles >17 mm in diameter or at least two follicles >18 mm in diameter. Oocyte retrieval was performed under ultrasound guidance 34-36 hours after triggering.



Grouping

Patients were divided into three concentration groups according to the percentage of PMOI levels on the day of hCG injection: Group A (PMOI ≤ 0.06 ug/L, P0-P25), Group B (0.06-0.14 ug/L, P26-P75), and Group C (PMOI≥ 0.14 ug/L, P76-P100). Clinical data, including age, infertility duration, BMI, and other relevant clinical data, were compared between the groups.



Statistical analysis

Data analysis was performed using SPSS 23.0. Continuous variables were expressed as mean ± standard deviation (SD), and categorical variables were expressed as N (%). Univariate and multivariate logistic regression analyses were performed to assess risk factors associated with pregnancy outcomes. Receiver operating characteristic (ROC) curves were plotted, the area under the curve (AUC) was calculated, and the relationship between PMOI and other factors was compared. Optimal cutoff values were estimated by using the Youden index.




Results


Comparison of clinical data in each group

Patients were divided into three concentration groups according to the percentage of PMOI levels on the day of hCG injection: Group A (PMOI ≤ 0.06 ug/L, P0-P25), Group B (0.06-0.14 ug/L, P26-P75), and Group C (PMOI≥ 0.14 ug/L, P76-P100). There were significant differences in the general characteristics of the three groups, including AFC, FSH, FSH/LH, AMH, T, P, E2 on hCG day, number of eggs obtained, number of MII oocytes, number of available embryos and clinical pregnancy rate. Group A had the highest AFC, FSH, FSH/LH, AMH, P, E2 on HCG day, number of eggs obtained, number of MII oocytes, number of available embryos, and clinical pregnancy rate. Table 1 summarizes these data and provides additional information.


Table 1 | Comparison of clinical data in each group.





Univariate and multivariate analyses of clinical factors

A univariate logistic regression analysis was performed, considering all factors that may have an impact on clinical pregnancy rates. The results showed that age (OR=0.772, P=0.027), available embryos (OR=1.287, P=0.034), and PMOI (OR=0.002, P=0.010) were all associated with clinical pregnancy rate (P<0.05). The results are shown in the logistic regression table. Later, independent factors such as age, available embryos, and PMOI were included together in a multivariate logistic regression model. These results showed that age and PMOI were independent risk factors for clinical pregnancy rate. Detailed results are shown in Table 2.


Table 2 | Univariate and multivariate analyses of clinical factors.





Predictive value of PMOI for pregnancy outcomes

We performed a ROC curve analysis to explore the predictive value of PMOI levels and other risk factors for pregnancy outcome (Figure 2). The AUC for PMOI levels was 0.621ug/L (Figure 2A). The optimal PMOI threshold for predicting pregnancy outcome was 0.063, with a specificity of 79.2% and a sensitivity of 42.7%, according to the Youden index algorithm in the ROC curve. Meanwhile, the age-level AUC was 0.546 (Figure 2B). In the ROC curve, the optimal age threshold for predicting pregnancy outcome based on the Youden index algorithm was 34.5, with a specificity of 27.4% and a sensitivity of 83.5%. In addition, a prediction model combining PMOI and age was developed. The AUC of this model was 0.592 (95%CI:0.561–0.624). As for age, the AUC of the model increased from 0.546 to 0.592 (95% CI 0.561-0.624; P < 0.05) after including PMOI in age (Figures 2C, Table 3). Therefore, we can naturally conclude that PMOI levels can be used as an independent predictor of clinical pregnancy rate. Detailed results are shown in Table 3 and Figure 2.




Figure 2 | Predictive value of PMOI and age for pregnancy outcomes.




Table 3 | Accuracy of different variables and model in IVF/ICSI to predict clinical pregnancy rate.






Discussion

In this study, we demonstrated that in fresh IVF/ICSI cycles, PMOI levels were significantly associated with the risk of pregnancy outcome on the day of hCG injection, independent of other risk factors, including age, E2 on the day of hCG injection, P on the day of hCG injection, number of MII oocytes, number of available embryos, 2PN count, and number of transferred embryos. In addition, PMOI showed a more significant AUC than age in predicting pregnancy outcome on the day of hCG injection. More importantly, our findings suggest that PMOI has a more significant predictive value than the model including PMOI and age.

Progesterone (P) is known to perform an important physiological function during the menstrual cycle and pregnancy (24). The use of late follicular P levels to predict pregnancy outcome in assisted reproductive therapy (ART) remains controversial. A recent study showed that elevated P levels on the day of human chorionic gonadotropin (HCG) administration had a negative impact on live birth rate and were associated with high miscarriage rates. However, the adverse effects of high P levels during pregnancy were not associated with endometrial receptivity (25). A different study reported that low P levels (≤ 0.5 ng/ml) on the day of hCG administration were associated with a low live birth rate (LBR) (26). Several studies have reported that prematurely elevated P levels on the day of hCG administration were negatively associated with IVF outcomes in cycles with gonadotropin-releasing hormone (GnRH). Sangisapu et al. showed no predictive association with either IVF outcomes or progesterone levels in their study, a single-center retrospective cohort study conducted on 306 fresh IVF cycles of normozoospermic semen samples and COS by long protocol with GnRH agonists followed by hCG trigger from 2016 to 2018 (27). In addition, different P thresholds were used in different studies. Deng et al. demonstrated a negative correlation and saturation effect between serum progesterone and first pregnancy outcome. When progesterone was <90.62 nmol/L, a 1 nmol/L increase in serum progesterone was associated with 3% reduction in the risk of miscarriage (OR: 0.97, 95% CI: 0.95-0.98) (28). To address these deficiencies, we conducted a retrospective cohort study of PMOI levels to predict pregnancy outcomes in patients.

In this study, the lowest clinical pregnancy rate (60.76%) was found in group C among groups A, B, and C. This may be partly due to the identified increase in serum progesterone levels. Our findings are supported by a number of studies that report a significant decrease in pregnancy rates due to increased progesterone levels (29–31). Sahar et al. demonstrated that progesterone levels > 1 ng/mL on the day of hCG administration decreased HOXA10 expression so that endometrial reception during the implantation period was already impaired (20). Various factors of clinical pregnancy on the day of hCG were examined by both univariate and multivariate analyses. The results showed that PMOI (OR: 0.005, 95%CI: 0.000-0.780, P=0.043) was an independent risk factor for pregnancy outcome. In our study, the risk of obtaining the number of eggs, the number of MII oocytes, and the number of available embryos decreased as PMOI increased. Our study suggests that PMOI may have a negative impact on pregnancy outcome. However, this study was a single-centre study with a small overall sample size, so whether PMOI on hCG day is associated with poor pregnancy outcomes remains to be further confirmed in a large-scale clinical studies. Grin et al. noted that higher serum progesterone levels are associated with follicular counts and that higher P affects endometrial receptivity, as well as oocyte and embryo quality (32). Their study showed POI (ration of number of oocytes aspirated) was inversely related to CP (clinical pregnancy) with an adjusted OR of 0.063 (95% CI: 0.016-0.249, p <.001). POI is a simple predictor of IVF-ET cycle outcome, and it can advocate a limit beyond which embryo transfer should be reconsidered. Simon et al. showed that PMOI recorded in the same patient in a single attempt was similar and partially correlated with basal FSH, anti-Müllerian hormone, antral follicle count, and OSI (33). In the current study, univariate and multivariate regression analyses showed that age and PMOI on the day of hCG injection were independent prognostic factors affecting the outcome of IVF/ICSI-ET pregnancies. Also, in the current study, the results of the ROC curve showed that the threshold value of PMOI on the day of hCG injection to predict pregnancy outcome was 0.063. The sensitivity was 42.7%, and the specificity was 78.2%. The AUC obtained was 62.1 (P<0.05), which shows that PMOI on the day of hCG has some value in predicting pregnancy outcome.

The PMOI seems to be elevated mainly in patients with low ovarian reserves and low ovarian response as evaluated by ovarian sensitivity index (OSI). Indeed, PMOI seemed to be reproducible from one attempt to another in the same patient and is related to low AMH and AFC levels. As a matter of fact, in poor responders, the higher administrated FSH doses result in a higher FSH dose to recruited follicle ratio, probably leading to a higher follicular fluid progesterone concentration. Therefore, the freeze-all strategy and reducing the FSH doses are probably the right way to avoid or limit oocyte damage. Due to the respective parts of the effect on the endometrium and on embryo developmental ability are difficult to discriminate, the use of PMOI could help to identify an oocyte effect rather than an endometrial one. In brief, the PMOI seemed to be more predictive of IVF outcomes than blood progesterone levels.

The underlying mechanism of the premature rise of progesterone (P) on hCG day is not fully understood and may be related to the following factors. First, granulosa cells have abundant receptors on their surface, such as follicle-stimulating hormone (FSH), luteinizing hormone (LH), and estrogen receptors (34). High-dose FSH increase the sensitivity of FSH-incuded LH receptors in granulosa cells, leading to increased LH levels (26). Secondly, ovarian stimulation leads to maturation of multiple follicles and therefore supraphysiological concentrations of progesterone in the early luteal phase (35). Third, premature rise in progesterone (P) is associated with a low ovarian reserve and poor ovarian response (36). Fourth, patients with poor ovarian response are more likely to have an elevated estradiol/testosterone ratio (32). Patients who obtain fewer than five eggs may see more elevated POI (36). This was confirmed by the present study. We found that the highest FSH levels were in group A (PMOI ≤ 0.06 ug/L). While the results for groups A to C were 7.49 ± 2.16, 8.15 ± 2.21, and 8.22 ± 1.99, respectively. In addition, the lowest AMH and AFC were found in group A (PMOI ≤ 0.06 ug/L). These differences showed statistical significance. This present study suggests that patients with low ovarian response are more likely to have elevated PMOI on the day of hCG injection.

The strength of the present study is based on a specific population living in Southwest China, suitable for economically undeveloped areas, but with an increasing trend of infertility patients. In addition, these measurements were performed in the same laboratory using the same equipment. This greatly reduces the variability caused by laboratory testing. Our study, however, has some limitations. On the one hand, this was a retrospective study. On the other hand, the current PMOI predictive values in this study showed an average performance in predicting pregnancy outcomes, with a specification of 78.2% and a sensitivity of 42.7%. Therefore, there is a need to improve the ability to predict pregnancy outcomes in fresh IVF/ICSI cycles beyond the current capabilities.

In conclusion, the present study shows that PMOI is an independent and meaningful predictor of pregnancy outcome on the day of hCG injection in fresh IVF/ICSI cycles and that combining age and PMOI levels does not improve the prediction effect.
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Background

Early detection of ovarian aging is of huge importance, although no ideal marker or acknowledged evaluation system exists. The purpose of this study was to develop a better prediction model to assess and quantify ovarian reserve using machine learning methods.





Methods

This is a multicenter, nationwide population-based study including a total of 1,020 healthy women. For these healthy women, their ovarian reserve was quantified in the form of ovarian age, which was assumed equal to their chronological age, and least absolute shrinkage and selection operator (LASSO) regression was used to select features to construct models. Seven machine learning methods, namely artificial neural network (ANN), support vector machine (SVM), generalized linear model (GLM), K-nearest neighbors regression (KNN), gradient boosting decision tree (GBDT), extreme gradient boosting (XGBoost), and light gradient boosting machine (LightGBM) were applied to construct prediction models separately. Pearson’s correlation coefficient (PCC), mean absolute error (MAE), and mean squared error (MSE) were used to compare the efficiency and stability of these models.





Results

Anti-Müllerian hormone (AMH) and antral follicle count (AFC) were detected to have the highest absolute PCC values of 0.45 and 0.43 with age and held similar age distribution curves. The LightGBM model was thought to be the most suitable model for ovarian age after ranking analysis, combining PCC, MAE, and MSE values. The LightGBM model obtained PCC values of 0.82, 0.56, and 0.70 for the training set, the test set, and the entire dataset, respectively. The LightGBM method still held the lowest MAE and cross-validated MSE values. Further, in two different age groups (20–35 and >35 years), the LightGBM model also obtained the lowest MAE value of 2.88 for women between the ages of 20 and 35 years and the second lowest MAE value of 5.12 for women over the age of 35 years.





Conclusion

Machine learning methods combining multi-features were reliable in assessing and quantifying ovarian reserve, and the LightGBM method turned out to be the approach with the best result, especially in the child-bearing age group of 20 to 35 years.





Keywords: ovarian aging, ovarian reserve, machine learning, quantification, light gradient boosting machine





Introduction

Ovarian reserve represents the number of oocytes remaining in the ovary; both the number and quality of oocytes impact reproductive potential and aging (1, 2). Ovarian aging is due to a variety of causative factors, such as chromosomal, genetic, mitochondrial, and cytoplasmic changes in oocyte quantity and quality (3–8). Evaluation of present ovarian reserve and ovarian aging degree could offer helpful advice for women regarding evaluating their reproductive potential and preventing early menopause or related disorders because few treatments are effective in preventing ovarian aging.

So far, the most classical and commonly used evaluation system for ovarian aging is the Stages of Reproductive Aging Workshop criteria (STRAW+10), which is widely considered the gold standard for characterizing reproductive aging through menopause. STRAW classified the stages of a woman’s adult life into three general categories: reproductive, menopausal transition, and postmenopause. However, the STRAW staging approach lacks specific diagnostic criteria for evaluating ovarian reserve, and the assessment system is too generalized to reliably assess each individual’s ovarian aging degree. In addition, the current evaluation of ovarian reserve can draw on clinical indicators, such as biochemical tests and ultrasound imaging of the ovaries (2). Biochemical tests include follicle-stimulating hormone (FSH), estradiol (E2), or inhibin B in early-follicular-phase, cycle-day-independent anti-Müllerian hormone (AMH), and provocative tests, while ultrasonographic measures include antral follicle count (AFC) and ovarian volume. Among these indicators, AMH is regarded as the most sensitive and reliable marker of ovarian reserve because it is independent of the menstrual cycle and tends to decline before FSH rises (9). However, several studies have reported the limited use of these markers. In reproductive-aged women without a history of infertility, markers of lower ovarian reserve were found to be unrelated to reduced fertility, and in women with a history of one to two previous miscarriages, AMH levels were found to be unrelated to clinical pregnancy loss (10, 11). These findings highlight the limitations of these single markers.

Machine learning holds considerable advantages for analyzing and integrating large amounts of medical data (12, 13). Machine learning can fully account for the interactions between characteristics and incorporate new data to update models, in contrast to traditional statistical analysis approaches, which rely on a preset equation (14). In the realm of assisted reproduction, machine learning methods have previously been applied to evaluate and predict pregnancy rates (15–17). Researchers also have attempted to construct regression models to assess ovarian reserve by integrating single biochemical and ultrasound markers (18–21). However, more machine learning methods should be utilized to determine a suitable evaluation model. The main aim of this study is to develop a more accurate machine learning model to estimate and quantify ovarian reserve in terms of predicting reproductive possibility and time to menopause.





Method




Population selection

This is a multicenter, nationwide population-based study. The participants were recruited from seven centers in six different cities of China, including the city of Shenyang (northern China), Foshan (southern China), Chengdu (western China), Zhengzhou, Yichang, and Wuhan (central China). From October 2011 to December 2014, a total of 2,055 women, aged 20 to 55, were recruited through advertisements. Of the initial recruits, 1,020 women met the following strict inclusion criteria for the healthy population used for modeling: 1) regular menstrual cycles between 21 and 35 days for women <40 years old having regular menstrual cycles and for women >40 not required to have regular menstrual cycles, considering that they may be in normal perimenopause or menopause; 2) no hormone use in the past 6 months; 3) no history of radiotherapy or chemotherapy; 4) no history of hysterectomy, oophorectomy, or any other type of ovarian surgery; 5) no ovarian cysts or ovarian tumors, as confirmed by ultrasound; and 6) no known chronic, systemic, metabolic, or endocrine diseases such as hyperandrogenism or hyperprolactinemia.

All volunteers were interviewed one-on-one using prepared questionnaires that included questions about their demographic, geographic, and reproductive characteristics. The participants were physically examined and received free hormone and ultrasound testing. The study was approved by the Tongji Ethics Committee, and written informed consent was obtained from each woman for the anonymous use of clinical data for statistical evaluation and research purposes.





Blood sample collection

All blood samples were taken from the participants’ antecubital vein between 7:00 AM and 11:00 AM, after a 12 h overnight fast, on days 2 to 5 of a spontaneous menstrual cycle or any day if amenorrhea had lasted more than 3 months in those aged over 40 years. The samples were then centrifuged using standard conditions within 2 h of venipuncture. After centrifugation, serums were obtained, aliquoted, transported to the central laboratory, and stored at −80°C for no more than 2 weeks until the assays were performed. To avoid the potential bias produced by differences between laboratory test results, we chose the gynecologic endocrine laboratory of Tongji Hospital as the central laboratory; all serums were transported to the central laboratory using dry ice within 48 h of collection, and all serum hormones were tested in the central laboratory.





Hormone detection

Serum concentrations of AMH at the time of recruitment were measured using the AMH Gen II ELISA kit (Beckman Coulter, Inc., Brea, CA, USA) and Ultra-Sensitive AMH ELISA assays (AL-105, Ansh Labs, Webster, TX, USA). Two commercial assays and the mean value were decided as the final AMH level, and all serum AMH measurements were performed in the same laboratory using the above kits. The controls were used at two concentrations to monitor the accuracy of the assay. The intra- and interassay coefficients of variation (CVs) were 3.6% and 4.5%, respectively. The lowest amount of AMH that could be detected with a 95% probability in a sample was 0.08 ng/ml for Gen II ELISA and 0.04 ng/ml for Ansh Labs; therefore, we replaced all values recorded as <min (undetectable) with a value of 0.08 or 0.04 ng/ml for the purpose of this analysis. Serum FSH, luteinizing hormone (LH), E2, testosterone (T), prolactin (PRL), and progesterone (PRG) levels were measured using a chemiluminescence-based immunometric assay on an ADVIA Centaur immunoassay system (Siemens Healthcare Diagnostics Inc., Tarrytown, NY, USA). All the serum hormone levels were measured in the same laboratory using the same kit. The intra- and interassay coefficients of variation were all <15%. Due to missing values, the three hormones—T, PRL, and PRG—were not included in the analysis.





Ultrasound examination

A transvaginal ultrasound scan of the ovaries was performed to determine the AFC. This ultrasound examination was performed at the seven centers. All participating research institutes were modernized large comprehensive hospitals and received our regular supervision and verification. The unified standard for this examination was formulated in the beginning, and all ultrasound doctors were strictly trained to test AFCs according to the same standard. In this study, the AFC was defined as the total number of visible round or oval structures with diameters of 2 to 10 mm in both ovaries. All ultrasound examinations were performed on days 2 to 5 of a spontaneous menstrual cycle or in the follicular phase for non-menstruating women. None of the eligible participants had follicles larger than 10 mm. No significant differences were found between each center. The intra-analysis coefficient of variation for the follicle diameter measurements was <5%, and the lower limit of detection was 0.1 mm.





Establishment and assessment of models

In this study, ovarian reserve was quantified in the form of ovarian age for healthy women, and ovarian age was regarded as equal to their chronological age. The least absolute shrinkage and selection operator (LASSO) regression was used for data regularization and feature selection (22). With the use of seven features (AMH, body mass index (BMI), Inhibin B, FSH, E2, LH, and AFC), quantifying work was performed. As for the construction of prediction models, seven different machine learning algorithms were used, namely artificial neural network (ANN), support vector machine (SVM), generalized linear model (GLM), K-nearest neighbors regression (KNN), gradient boosting decision tree (GBDT), extreme gradient boosting (XGBoost), and light gradient boosting machine (LightGBM), in which their chronological age was regarded as ovarian age in healthy women who were supposed to have a normal ovarian function (23–29). All the above-mentioned models were trained and tested on a partitioned 50/50 percentage split of the dataset by stratified random sampling. Parameter tuning was based on the grid search method and 10-fold cross-validation in training the dataset (30). The parameters of the machine learning models are listed in Table S1. For model assessment, Pearson’s correlation coefficient (PCC) and mean absolute error (MAE) values were applied to indicate how well a model explains the variation in the dependent variables. The mean squared error (MSE) value was calculated to measure the stability of the model. All machine learning techniques were programmed in R language (version 3.6.3) using packages including neuralnet, e1071, kknn, gbm, xgboost, and lightgbm.






Results

From October 2011 to December 2014, a total of 2,055 women, aged from 18 to 55, were recruited through advertisements. According to exclusion and inclusion criteria, a total of 1,020 women from seven centers were enrolled and analyzed (Figure 1). Table 1 summarizes the statistics of included women for age, AMH value, Inhibin B, BMI value, FSH, LH, E2, and AFC value. Figure 2A shows PCC between age and AMH (−0.45), Inhibin B (−0.08), BMI (0.28), FSH (0.24), LH (−0.07), E2 (0.04), and AFC (−0.43), from which AMH and AFC had the highest absolute value. In Figures 2B, C, the distribution curves are depicted for AMH and AFC within specific ages, which are similar to each other.




Figure 1 | The flowchart of the study design.




Table 1 | Description of the features and centers from which the data were obtained.






Figure 2 | Correlation and distribution between features and age. (A) Pearson’s correlation coefficients between age and different features. (B) Age-specific anti-Müllerian hormone (AMH) value distribution and fitting curve. (C) Age-specific antral follicle count (AFC) value distribution and fitting curve.



Holding the assumption that ovarian age was equal to chronological age in healthy women, we performed LASSO regression analysis on the total data to select those features suitable for constructing the models (Figure S1). Finally, these seven features were all left with the lowest CP value for the follow-up study (Table S2). We randomly chose half of the datasets as training data to make the prediction and half as test data, and we then checked the results on different datasets.

The results of the prediction analyses were compared in terms of PCC and MAE values for the seven machine learning models (ANN, SVM, GLM, KNN, GBDT, XGBoost, and LightGBM) (Table 2). The table shows the PCC values for the training dataset, the test dataset, and the entire dataset, as well as the MAE values for the entire dataset. Focusing on the PCC values, it can be observed that the XGBoost, LightGBM, and ANN method had better performance. While PCC just describes the correlation trend, the MAE value represents the detailed difference, which reflects the prediction bias. The LightGBM model had the lowest MAE value for all the data of 3.41 years. As there were five datasets with more than 90 women, the seven models were also tested in the datasets of Chengdu, Foshan, Tongji, Shenyang, and Zhengzhou. The XGBoost and LightGBM models also obtained the highest PCC value in all center-based datasets. While the XGBoost model had the highest PCC value on the Shenyang dataset, at 0.90, the GLM model had the lowest value on the Foshan and Tongji datasets, at just 0.43 (Figure 3A). As for the MAE value, the GBDT model had the highest MAE value on the Shenyang dataset, at 5.52 years, and the LightGBM model had the lowest value on the Foshan dataset, at just 3.05 years (Figure 3B).


Table 2 | Summary of prediction analyses for the training dataset (correlation value), the test dataset (correlation value), and the entire dataset (correlation value and mean absolute prediction errors value).






Figure 3 | Radar plot showing correlation values (A) and mean absolute prediction errors (MAE) values (B) for the five datasets using the seven different prediction models.



Further, we cross-validated the models using the 10-fold method in which we randomly chose 90% of the entire dataset as the training dataset and 10% of the data as the test dataset. We iterated the method 100 times and obtained a mean MSE value. Figure 4 shows the MSE value broken down for the seven different methods. The lowest mean MSE was gained for the LightGBM technique, which showed the stability of this method.




Figure 4 | Mean squared error (MSE) after 10-fold cross-validation for the seven methods.



In order to evaluate the performance of the models and select the most suitable one, we combined the three indexes of PCC value, MAE value, and MSE value. The models that ranked in the top three under each index were left. As shown in Table 3, the LightGBM model was the only one that ranked in the top three in all the lists. Though the PCC value of XGBoost was a little higher than that in the LightGBM model, the MSE and MAE values were much better in the LightGBM model.


Table 3 | Models ranked top three under different evaluation indexes.



As 35 years is the boundary age of childbearing, here, we divided the datasets into two different age groups (20–35 and >35 years) and analyzed the mean prediction errors by age groups. Figures 5A, B show absolute prediction errors in different age groups under the seven models. The LightGBM model obtained the lowest MAE value of 2.88 in the 20–35 age group than other methods. As there were 778 women under 35 years old (778/1,020, 76.30%), the LightGBM model could distinguish 774 (99.49%) women from them, and only 4 (0.51%) women were left. In addition, while the XGBoost model obtained the lowest MAE value of 4.20 years in the >35 years age group, the LightGBM model obtained the second lowest MAE value of 5.12.




Figure 5 | Mean absolute prediction errors (MAE) broken down for the seven different prediction models and different age groups: (A) 20–35 (B) >35 years.







Discussion

In this study, we collected data on clinical, biochemical, and basic ultrasonographic features in a population of healthy women with the aim of constructing a quantitative system for ovarian reserve. We compared different machine learning models with respect to their prediction accuracy and stability in order to find a better one to reflect the ovarian reserve status.

In recent years, mathematical methods have been used by researchers to evaluate ovarian reserves. Younis et al. developed a multivariable scoring system, combining biochemical tests, imaging measures, and BMI to assess ovarian reserve and pregnancy rate (21). Xu and colleagues developed two models to evaluate ovarian reserve, clinical pregnancy rate, and live-birth rate (18, 19). Although these models are simple and easy to use, they are only used for infertile patients who require fertility treatments and in vitro fertilization (IVF) cycles, which means that they do not adequately reflect the majority of women of childbearing age. Additionally, the output result from these models is categorized, which makes it impossible to quantify ovarian function. Even though they could evaluate the reproductive prognosis, it would be challenging for these models to forecast the timing of menopause. As a result, Roberta’s study attempted to measure and describe ovarian function using the quantitative variable OvAge, a numeric variable that accurately reflects ovarian reserve in terms of both reproductive potential and time to menopause (20). They employed a single generalized linear model method since their study was the first to utilize a multi-factor model to assess and quantify ovarian age, and other characteristics like BMI that affect ovarian reserve should also be included in the model (31). Meanwhile, there were many ultrasonic measurement indicators in the model, for which special hardware was needed, and the subjective judgment of different ultrasound staff might result in an artificial mistake. In contrast to their study, we developed assessment models using a variety of machine learning methods and straightforward, objective indicators. Furthermore, seven machine learning models were constructed and analyzed to choose the most effective model for ovarian reserve quantification.

In our study, we first calculated the PCC value between different indicators and age. AFC value and AMH obtained the highest absolute PCC value, which is in accordance with the studies that said that AFC and AMH were the two most important single tests in evaluating ovarian reserve. The PCC value between AMH and AFC was as high as 0.67, indicating the effect of AMH on the stage of pre-antral and small antral follicles (32). We also revealed the AFC and AMH distributions, referring to age, and obtained fitting curves. With the prevailing age-specific reference values obtained for AMH levels based on samples from an American population in 2011, age-specific AMH reference values for Chinese women are needed (33). Our age-specific AMH distribution curve here is also similar to that of a Japanese study revealing an age-specific AMH reference for Japanese women to evaluate reproductive potential (34).

We used the assumption that ovarian age corresponds to chronological age in healthy women to investigate this novel variable of ovarian reserve. The key findings of this research are that clinical variables, blood biomarkers, and ultrasonographic characteristics may all be used to estimate ovarian reserve. After ranking analysis, including PCC, MAE, and MSE values, we determined the LightGBM model to be the best appropriate model of the seven prediction models we constructed. The LightGBM approach, which was developed to be dispersed and effective with the benefits of faster training speeds, more efficiency, and better accuracy, utilized histogram-based algorithms. In our study, the performance of the LightGBM model, which had the second-best PCC value of all the models, obtained PCC values of 0.82, 0.56, and 0.70 for the training set, the test set, and the entire dataset, respectively. MAE measures the exact differences between ovarian age and predicted ovarian age, and the LightGBM model obtained the lowest MAE value, indicating better accuracy. Moreover, the MSE value of the LightGBM model was the lowest, which showed better stability in this method. Other models, such as XGBoost and ANN, also exhibited good performance on prediction accuracy but did not perform as well in terms of stability. As a previous study used the GLM method to construct a predictive system for ovarian reserve evaluation, the results here showed that the predictive power of this method was lower than that of other methods (20). Considering that a model combining markers would not be superior to a model with a single marker, we found that the PCC values of the seven models were all higher than those of single markers, such as AMH (−0.45) and AFC (−0.43), which indicated that machine learning methods may lessen the influence of correlated markers in combined ovarian reserve marker models (35, 36).

Further, we performed an age-stratified analysis, and we found that the LightGBM model was the most suitable model for women under the age of 35, with the lowest MAE value of 2.88 years. This model could distinguish the ovarian age for women under 35 years old with an accuracy of 99.49%. As we know, 35 years is the boundary for childbearing age, and the model has the potential to be used for evaluating reproductive function and guiding childbearing (37).

Our study has several strengths. First, we assessed and quantified ovarian reserve in terms of ovarian age in a way that could be easily implemented in the clinic. For example, as the recognized natural menopause age is around 51, it is easy to evaluate the distance to an individual’s menopause (38). Further, as 35 years is the boundary for childbearing age, it is easy to predict ovarian age and compare it to this boundary, then design individual reproductive plans (37). Second, the data included in this study came from multi-centers, which covered several geographical regions of China; this made the study population more representative and improved the credibility of the results. Third, we compared the performances of seven models and selected the most effective one. Our result may be more reasonable than the former study, which used only one method.

This study has several limitations. First, our model regards ovarian age as chronological age in healthy women, which would need more strict inclusion criteria for the population. Second, due to incomplete information, limited features were used in this study. As ovarian aging is associated with additional features including lifestyle and genetic factors, these features should also be incorporated into future studies (3, 4, 39). Third, this is a cross-sectional study involving healthy population data; an external validation test should be conducted in polycystic ovarian syndrome and diminished ovarian reserve patients. A longitudinal follow-up study should be performed to assess the predicting ability. Additionally, though this is a nationwide study, the sample size from some centers was too small, which could potentially cause bias. More samples are needed to further test the model and explore more clinical applications.





Conclusion

Taken together, machine learning methods combining multi-features, including simple and easily obtained clinical, biochemical, and ultrasonographic parameters were reliable in quantifying ovarian reserve and were better than a single indicator, providing another possible measurement to reflect ovarian reserve accurately and predict the aging degree of female ovaries individually. After comparison, the LightGBM method revealed itself to be the approach with the best quantitative effect and stability, especially in the specific age group of 20 to 35 years. In the future, this model should be tested and improved on a larger cohort.
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Objectives

This study aimed to investigate whether the FSH (follicle-stimulating hormone)/LH (Luteinizing hormone) ratio correlates with ovarian response in a cross-sectional retrospective study of a population with normal levels of anti-Müllerian hormone (AMH).





Methods

This was a retrospective cross‐sectional study with data obtained from medical records from March 2019 to December 2019 at the reproductive center in the Affiliated Hospital of Southwest Medical University. The Spearmans correlation test evaluated correlations between Ovarian sensitivity index (OSI) and other parameters. The relationship between basal FSH/LH and ovarian response was analyzed using smoothed curve fitting to find the threshold or saturation point for the population with mean AMH level (1.1<AMH<6μg/L). The enrolled cases were divided into two groups according to AMH threshold. Cycle characteristics, cycle information and cycle outcomes were compared. The Mann-Whitney U test was used to compare different parameters between two groups separated by basal FSH/LH in the AMH normal group. Univariate logistic regression analysis and multivariate logistic regression analysis were performed to find the risk factor for OSI.





Results

A total of 428 patients were included in the study. A significant negative correlation was observed between OSI and age, FSH, basal FSH/LH, Gn total dose, and Gn total days, while a positive correlation was found with AMH, AFC, retrieved oocytes, and MII egg. In patients with AMH <1.1 ug/L, OSI values decreased as basal FSH/LH levels increased, while in patients with 1.1<AMH<6 ug/L, OSI values remained stable with increasing basal FSH/LH levels. Logistic regression analysis identified age, AMH, AFC, and basal FSH/LH as significant independent risk factors for OSI.





Conclusions

We conclude that increased basal FSH/LH in the AMH normal group reduces the ovarian response to exogenous Gn. Meanwhile, basal FSH/LH of 3.5 was found to be a useful diagnostic threshold for assessing ovarian response in people with normal AMH levels. OSI can be used as an indicator of ovarian response in ART treatment.





Keywords: FSH/LH, ovarian sensitivity index (OSI), anti-Mullerian hormone, pregnancy, assisted reproductive technology





Introduction

In recent years, infertility, which affects human development and health, has become a global medical and sociological problem (1). Assisted reproductive technologies (ART) have been developed for more than 40 years. In recent decades, assisted reproduction techniques have evolved. However, even when good quality embryos are selected for transfer to the uterus, the implantation rate remains low. Sunderam et al. showed that despite a gradual increase in clinical pregnancy rates among infertile women treated with ART over the past decades, the live birth rate per in vitro fertilization-embryo transfer (IVF-ET) was only 38.1% (2). Fertility practitioners should be fully aware of the failure of IVF cycles to improve the success rate of ART. Controlled ovarian hyperstimulation (COH) is critical to the success of IVF-ET (3). However, COH can lead to two adverse outcomes (high ovarian response or low ovarian response) due to the different ovarian responses to COH (4). Accurate prediction of ovarian response is critical to improve in vitro fertilization (IVF) or intracytoplasmic sperm injection (ICSI) (5). Currently, there are no relevant informative markers that directly predict ovarian response. The ovarian response is predicted based on the assessment of ovarian reserve indicators (6).

Anti-Müllerian hormone (AMH) levels are positively correlated with follicle number and decrease with increasing age and decreasing follicle number. AMH levels are constant throughout the menstrual cycle and its serum levels are not affected by FSH, LH, and E2 levels. These unique characteristics make AMH a good predictor of ovarian reserve (7). In addition, many studies have shown that age, AMH levels and antral follicle count (AFC) may be predictors of ovarian response (8). However, in clinical practice, the above parameters may not always be evaluated satisfactorily and accurately, and there is a need for more reliable factors to evaluate ovarian reserve. Several potential indicators of ovarian function are influenced by both cyclic variability and aging, and both factors must be taken into account in assessing ovarian function, which makes interpretation a challenge. Du et al. have demonstrated no factors can unconditionally assess ovarian reserve (9). Although AMH and AFC are widely considered as ovarian markers, they do not correctly detect hyporesponsive patients with normal ovarian reserve markers (10–12). A study related to the basal FSH/LH ratio predicting in vitro fertilization outcome showed that the basal FSH/LH was associated with poor outcome of in vitro fertilization treatment and may be a predictor of decreased ovarian reserve (13).

It has been observed that both the absolute number of oocytes retrieved and total gonadotrophin dose are essential measures of ovarian responsiveness, and the ratio of the two is a better representation of ovarian responsiveness than either parameter alone.

Ovarian sensitivity index (OSI), was first proposed by Biasoni et al. (14). OSI has been found correlated to AMH and AFC, which have been suggested as predictors of ovarian responsiveness (15, 16). Using OSI as a measure of ovarian responsiveness would be better than the number of retrieved oocytes for different gonadotrophin dosages applied to different subjects daily. Pan et al. showed that when OSI values were low, ovarian sensitivity was lower and pregnancy rates were lower; when OSI values were high, the incidence of OHSS was higher and pregnancy rates were lower (17). Huber et al. showed that an OSI below 1.7 was considered a low ovarian response (18). We defined OSI as the number of retrieved oocytes/the total dose of administered gonadotrophins. The use of gonadotropins for ovulation induction is related to a variety of factors, including the patient’s age, body mass index (BMI), ovarian function, hormone levels, personal and family history, and the patient’s personal preferences and treatment goals. The use of gonadotropins may also be influenced by the patient’s lifestyle and environmental factors. Therefore, when using gonadotropins for ovulation induction, these factors should be considered to ensure the treatment’s effectiveness and safety. Therefore, searching for new accurate, safe and effective markers is very important.

In the present study, we focused our research mainly on normal AMH population. The study aims were: (1) to detect the association between ovarian sensitivity index (OSI) and varieties of ovarian reserve, (2) to examine whether serum basal FSH/LH is corelated to OSI, (3) to assess whether OSI affects ovarian response, and (4) to find the threshold/saturation point in the study population.





Methods




Patients enrollment

In the cross-sectional retrospective study, infertile women underwent IVF/ICSI treatment at the reproductive center in the Affiliated Hospital of Southwest Medical University between March 2019 and December 2019.




Inclusion criteria

	(1) Aged<40 years;

	(2) FSH < 25 U/L;

	(3) Patients received IVF/ICSI treatment;

	(4) Complete case information.







Exclusion criteria

	(1) Patients with polycystic ovarian syndrome (PCOS), endometriosis, premature ovarian insufficiency (POI);

	(2) Patients with a high incidence of ovarian stimulation hyperresponsiveness;

	(3) Patients with a history of ovarian tumors and other malignancies;

	(4) Patients with a history of endocrine abnormalities such as diabetes, hyperthyroidism, and hypothyroidism.








Data collection

Collected data included age, duration of infertility, BMI, AFC, AMH, basal FSH, basal LH, basal estradiol (E2) and basal P (progesterone), total Gn dose, total Gn days, oocytes recovered, number of embryos transferred, number of MII eggs, HCG day E2 level, HCG day LH level and HCG day P level.





Ovarian sensitivity index calculation

Ovarian sensitivity index (OSI) was calculated by the following formula: OSI= Retrieved oocytes×1000/total Gn doses





Hormone detection and analyses

Venous blood was collected into plain serum tubes and all samples were centrifuged (2–8°C, 2,000 g, 10 min) within 1 h of blood collection to separate the serum. In order to separate serum from venous blood, all samples were centrifuged (2–8°C, 2,000 g, 10 minutes) within 1 h of blood collection. Each aliquot from each patient was evaluated in random order in the same run, and all hormones were analyzed simultaneously. Each hormone was measured with an Elecsys® assay in conjunction with a cobas e 601 module of a cobas® 6000 analyzer (Roche Diagnostics, Mannheim, Germany) according to the producer’s instructions.





Ovulation induction

All patients received the same ovulation promotion protocols, using the same hormones and the same dose adjustment criteria. Ovulation was induced using antagonists or long-term protocols. Recombinant follicle-stimulating hormone (rFSH, Gonal-F, Merck-Serono, Brazil) was given daily on day 2 of the menstrual cycle as the start of the antagonist protocol. The dose of rFSH was adjusted according to the ovarian response measured by estradiol serum concentrations, and follicular growth was monitored by vaginal ultrasound. When follicles reached 14 mm, patients started receiving gonadotropin-releasing hormone (GnRH) antagonists (Cetrotide, MerckSerono, Brazil) associated with rFSH. For the long-term regimen, treatment began with subcutaneous administration of 3.75 mg of GnRH agonist (Gonapeptyl, Ferring, Brazil) on day 21 of their menstrual cycle to suppress pituitary function. To confirm the downregulation of estradiol, serum estradiol concentrations and vaginal ultrasonography were performed approximately 10 days later. If the estradiol concentration was <30 pg/ml and ultrasound showed an endometrial thickness of <3 mm, patients were considered ready to start ovulation induction. After confirmation of suppression, patients received daily doses of rFSH for ovulation induction. In both regimens, oocyte maturation was induced with recombinant human chorionic gonadotrophin (hCG, Ovidrel, Merck-Serono, Brazil) when at least two follicles reached a mean size of 17 mm with concordant estradiol levels (approximately 200 pg/ml).





Embryo transfer technique

All embryo transfers were performed under ultrasound control. Therefore, patients were asked to fill their bladders to provide an acoustic window for uterine visualization. The catheter tip (Wallace, Smits-Medical, Dublin, Ireland) was placed 1.0–2.0 cm below the apex of the uterine cavity. Avoiding uterine contractions, a pipette was inserted slowly from the cervical os into the uterine cavity until it reached the fundus uteri.





Outcome measure

The pregnancy diagnosis was made by a positive hCG test on Day 14 after embryo transfer. The patient underwent transrectal ultrasonography to monitor the gestational sac and the clinical pregnancy diagnosis was confirmed on day 28 post-transfer. Luteal phase support was continued until 12 weeks of gestation. The ratio of basal FSH/LH was computed to detect the turning point of OSI.





Statistical analysis

SPSS-22.0 software (SPSS Inc. Chicago, IL, USA) was used for statistical analysis. Continuous variables were expressed as median scores and compared using the Mann-Whitney U test. Categorical variables were applied as percentages and compared using Fisher’s exact test. Median [P25%, P75%] and Mann-Whitney U tests were used to represent and compare continuous variables. The t-test (2-tailed) was used for comparison between groups of measures, and the Kruskal-Wallis test was used when normality was not satisfied for comparison between groups. Enumeration data were expressed as percentages using the χ2 test. The Spearman correlation coefficient was applied to explore the correlation between variables. Differences were considered statistically significant at a P-value < 0.05. An additional logistic regression analysis was performed, and the outcome was a binary OSI variable obtained using the detected turning point as cutoff, which differs from the continuous OSI mentioned elsewhere.






Results




General characteristics of this study

Four hundred twenty-eight patients who met the selection criteria were included in this study. Figure 1 shows the study procedure flowchart. Patient information included in this study is shown in Table 1. The median age of the patients was 31 years and the median duration of infertility was 3 years. The median AMH and AFC are 4.06 ug/L and 8, respectively. The clinical pregnancy rate in this study was 28%. Additional patient information is shown in Table 1.




Figure 1 | The flow chart of this research.




Table 1 | Baseline characteristics of the patients enrolled.







The correlation between OSI and other parameters

The results of the correlation analysis between OSI and other parameters in this study are shown in Table 2. There was a significant negative correlation as follows, for OSI with Age (rs=-0.115, p=0.017) (Figure 2A), FSH (rs=-0.267, P<0.001) (Figure 2D), basal FSH/LH (rs=-0.203, P<0.001) (Figure 2E), Gn total dose (rs=-0.551, P<0.001) (Figure 2F), and Gn total days (rs=-0.319, P=0.004) (Figure 2G). There is also a significant positive correlation as follows, for OSI with AMH (rs= 0.340, P<0.001) (Figure 2B), AFC(rs=0.223, P<0.001) (Figure 2C), Retrieved oocytes (rs=0.789, P<0.001) (Figure 2H) and MII egg (rs=0.099, P=0.040) (Figure 2I). More detailed results were shown in Table 2.


Table 2 | Correlation between OSI and other parameters of ovarian response in this study.






Figure 2 | (A) The correlation between OSI and age. (B) The correlation between OSI and AMH. (C) The correlation between OSI and AFC. (D) The correlation between OSI and FSH. (E) The correlation between OSI and FSH/LH. (F) The correlation between OSI and Gn total dose. (G) The correlation between OSI and Gn total days. (H) The correlation between OSI and retrieved oocytes. (I) The correlation between OSI and No. of MII eggs.







The relationship between basal FSH/LH and ovarian response in AMH <1.1 ug/L and 1.1<AMH<6 ug/L groups

A total of 50 patients with AMH < 1.1ug/L and 243 patients with 1.1<AMH<6ug/L were analyzed to examine the relationship between basal FSH/LH and OSI while excluding ovarian response-related factors such as age, BMI, AMH, E2, and AFC. In the AMH<1.1ug/L group, OSI values decreased as basal FSH/LH levels increased (Figure 3). In contrast, for the 1.1<AMH<6ug/L group, OSI values remained stable and the curve was smooth with increasing basal FSH/LH levels (Figure 4). Table 3 (revised) presents the threshold effect analysis for the association between FSH/LH and OSI in two groups with different AMH levels: AMH <1.1 ug/L and 1.1<AMH<6 ug/L. The table is divided into two sections, with one section for each group. Each section contains two models (Models I and II) and their respective adjusted beta coefficients (95% CI) and P-values. In Model I (linear analysis) for the group with AMH <1.1 ug/L, the one-line slope has an adjusted beta coefficient of -0.3 with a 95% CI of (-0.9, 0.3) and a P-value of 0.413. For the group with 1.1<AMH<6 ug/L, the one-line slope has an adjusted beta coefficient of -0.1 with a 95% CI of (-0.2, 0.1) and a P-value of 0.358. In Model II (non-linear analysis), a turning point is identified for each group. For the group with AMH <1.1 ug/L, the turning point is 2.3, with a slope1 of 2.1 (95% CI: -4.4, 8.7) and P-value of 0.513 for values below 2.3, and a slope2 of -0.1 (95% CI: -0.3, 0.3) and P-value of 0.316 for values above 2.3. For the group with 1.1<AMH<6 ug/L, the turning point is 3.5, with a slope1 of -0.2 (95% CI: -0.6, -0.1) and P-value of 0.049 for values below 3.5, and a slope2 of 0.1 (95% CI: -0.1, 0.3) and P-value of 0.052 for values above 3.5. The LRT test results indicate that there is a significant difference between Models I and II for both groups, with P-values of 0.03 for the AMH <1.1 ug/L group and 0.042 for the 1.1<AMH<6 ug/L group, suggesting a non-linear relationship between FSH/LH and OSI in both groups.




Figure 3 | Relationship between basal FSH/LH levels and OSI values in the AMH<1.1ug/L group.






Figure 4 | Relationship between basal FSH/LH levels and OSI values in the1.1<AMH<6ug/L group.




Table 3 | Threshold effect analysis for the association between FSH/LH and OSI in AMH <1.1 ug/L and 1.1<AMH<6 ug/L group.







The comparison between two groups separated by basal FSH/LH in the AMH normal group

The results comparing age, infertility duration, BMI, AFC, AMH, and FSH (basal FSH/LH<3.5 and basal FSH/LH≥3.5) in the two groups are shown in Table 4. The following variables were statistically significant: Age, BMI, AFC, AMH, FSH, LH, E2, total Gn dose, and retrieved oocytes. Age, BMI, FSH, and total Gn dose were significantly higher in the basal FSH/LH≥3.5 group than in the basal FSH/LH<3.5 group (P<0.05). AFC, AMH, LH, and E2 were significantly lower in the basal FSH/LH≥3.5 group than in the basal FSH/LH<3.5 group (P<0.05). Although the pregnancy rate was also significantly higher than in the basal FSH/LH<3.5 group, the difference in pregnancy rate was not statistically significant(P=0.66). The retrieved oocytes, MII eggs, E2, and P on HCG day were lower than those in the basal FSH/LH<3.5 group (P<0.05).


Table 4 | The comparison between two groups separated by FSH/LH in the AMH normal group.







Logistics regression analysis of OSI risk factors

In the univariate and multivariate logistic regression analyses, there were finally four parameters significantly correlated with OSI (Table 5), namely age (odds ratio (OR) 0.72, 95% CI 0.66–0.94, P = 0.026), AMH (odds ratio (OR): 1.32, 95% CI 1.26–1.74, P<0.001), AFC (odds ratio (OR): 1.55, 95% CI 1.46–1.88, P<0.001), and basal FSH/LH (odds ratio (OR): 0.84, 95% CI 0.72–0.94, P=0.042). The logistics regression model showed Age, AMH, AFC, FSH, and basal FSH/LH were independent risk factors of OSI (P<0.05 for all, shown in Table 5; Figures 5A, B).


Table 5 | Risk factors for OSI* identified by univariate logistic regression analysis and multivariate logistic regression analysis.






Figure 5 | (A) Univariate logistic regression analysis. (B) Multivariate logistic regression analysis.








Discussion

In vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSI) in Assisted reproductive technology (ART) are effective methods for the treatment of infertile women (19). However, the response to exogenous gonadotropins (Gn) may vary between women undergoing controlled ovarian hyperstimulation (COH), which is associated with patient prognosis, including cycle cancellation rate, exogenous gonadotropin dose, and pregnancy outcome (20). Poor ovarian response (POR) is an important issue in clinic infertility treatment. Even when appropriate ovarian stimulation is given, the prognosis for poor ovarian response (POR) remains unfavorable pregnancy outcome (21). Fertility declines gradually with age in women, starting to decline significantly around the age of 32 years and accelerating significantly after the age of 37 years (22). Screening for individuals and groups at risk of declining fertility is critical. In clinical practice, it is crucial to identify patients at risk of low ovarian response, and individualized ovulatory treatment for different ovarian responses may improve clinical pregnancy rates in infertile patients.

Reduced ovarian reserve is the dominant factor for poor ovarian response, and clinical indicators reflecting ovarian reserve include age, AMH AFC basic FSH level, and other relevant indicators (23). However, the evaluation of ovarian response is unsatisfactory and even the results can be inaccurate (24). Some new indicators such as AFC/TOC and FSH/LH may be a recent approaches in treating ovarian stimulation on COH therapy (10, 25). In early clinical practice, basic FSH was often used as an index to assess ovarian reserve, but ovarian response has been found to be lower in patients with normal FSH (26). The AFC is susceptible to human factors, resulting in a lack of accuracy and objectivity. In recent years, the combined use of AMH and AFC has allowed the assessment ovarian reserve. Patients with the low response, normal or high to exogenous Gn, can be identified by AFC and AMH (27). Mutlu et al. has shown that AMH is less sensitive in predicting low ovarian response (28). Overall, there are no specific markers to evaluate ovarian reserve and response independently, and a combined application for evaluation is still needed. Basal FSH/LH reflects ovarian response to exogenous Gn and is also associated with the length of the menstrual cycle prior to IVF/ICSI-ET (29). Kofinas et al. showed that elevated basal FSH/LH ratio >3 was more likely to result in individual menstrual cycle cancellation (15 vs 5.24%; p = 0.0001) in a total of 676 patients in the USA involved (30). Seckin et al. demonstrated that older women with a high basal FSH/LH (n = 23) had a significantly lower number of good grade embryos transferred (p = 0.04) and a significantly lower pregnancy rate (p = 0.03) compared to older women with a low basal FSH/LH ratio. However, in younger women, treatment outcomes were similar in both subgroups (31). Thus, they concluded that basal FSH/LH ratio is useful in predicting IVF outcomes in older women but does not appear to be an accurate predictor in younger women.

Patients with normal serum AMH levels but low ovarian response still exist and are easily overlooked by clinicians in clinical practice. In this study, we found that AMH and AFC decreased with increasing basal FSH/LH with increasing age by analyzing the normal AMH group. Therefore, we believe that the basal FSH/LH levels can reflect the reserve function of ovaries to some extent. Also, patients with elevated basal FSH/LH levels had higher total Gn doses but significantly fewer MII eggs than those with low basal FSH/LH levels in this study. Thus, patients with elevated basal FSH/LH levels had reduced sensitivity to exogenous Gn and reduced ovarian response. Previous studies found that the number of mature oocytes was reduced in those with elevated basal FSH/LH (23) levels and suggested that elevated basal FSH/LH levels were associated with a decreased final pregnancy rate (13). However, Arat et al. confirmed basal FSH/LH levels were not associated with the final cycle outcome (23) and that age and number of embryos transferred were independent factors affecting the final live birth rate (30). In the present study, we found no significant reduction in the number of mature eggs, number of embryos transferred, and final pregnancy rate in the population with basal FSH/LH ≥3.5. Therefore, we concluded that the number of mature eggs and the number of embryos transferred were not related to the level of basal FSH/LH. There was no significant difference in the number of mature eggs and final cycle outcomes. However, due to the small sample size, further follow-up is needed to calculate the cumulative pregnancy rate to determine whether the pregnancy outcome is affected by basal FSH/LH. In the present study, we found a decreasing trend in LH levels from the basal FSH/LH<3.5 group to the basal FSH/LH>3.5 group. We can further speculate that the decrease in ovarian response to exogenous Gn may be related to the increase in FSH and the decrease in LH level. A study found that a decrease in the basal LH level on the third day of the menstrual cycle reduced the number of retrieved oocytes and decreased the risk of hyperstimulation syndrome (OHSS) (32). Also, a decrease in LH may lead to a decrease in the number of antral follicles (33), as studied at the genetic level in rats. Noel et al. also demonstrated a reduced requirement for exogenous Gn during COH (34) in individuals with elevated endogenous LH levels to a certain extent. A complex interaction of molecular pathways occurs between female and male gametes during clinical pregnancies and live births. Olszewska et al. have demonstrated the relationship between methylation (5mC) and hydroxymethylation (5hmC) in sperm DNA concerning sperm chromatin protamination in three subpopulations of fertile normozoospermic controls and infertile patients with oligo-/oligoasthenozoospermia (35). Furthermore, Giebler et al. showed that PIWI-LIKE 1 and 2 transcript levels in the spermatozoa of the swim-up fraction were positively correlated with each other by analyzing how PIWI-LIKE 1-4 mRNA expression in ejaculated spermatozoa predicts outcomes of assisted reproductive techniques (ART), evaluating swim-up spermatozoa used for fertilization from 160 in vitro fertilization (IVF) or intracytoplasmic sperm injection (ICSI) cycles (36). In conclusion, our study sheds light on the potential impact of basal FSH/LH levels on ovarian response and ART outcomes, but it is essential to recognize the multifactorial nature of infertility and the diverse molecular pathways that come into play during the process of fertilization and embryo development. By expanding our knowledge in this area and exploring additional factors such as sperm DNA methylation and PIWI-LIKE transcript levels, we may be able to develop a more comprehensive understanding of infertility and improve the prognosis and treatment options for infertile couples seeking assistance through ART.

This study has the advantage of focusing on a specific population in Southwest China, an area that may not be economically developed but has an increasing trend of infertility patients. Additionally, these measurements were made in the same laboratory using the same equipment. As a result, laboratory testing is much less likely to be variable. There are three limitations to our study. First, we generated our findings from a relatively small number of individuals, which should be validated in larger cohorts of Chinese Han patients. Second, this study is limited by its retrospective nature and its confinement to a single center. In the future, the sample size will be expanded, or multicenter studies will be performed for further validation. Third, in this study, only associations between ART pregnancy outcomes and basal FSH/LH and OSI were investigated without addressing other confounders’ impacts.





Conclusions

Firstly, in individuals with normal AMH levels, we observed that an increase in basal FSH/LH leads to a reduced ovarian response to exogenous Gn. Secondly, the OSI exhibited a strong correlation with female parameters associated with ovarian reserve. Thirdly, we identified threshold effects for basal FSH/LH and OSI in both normal and low anti-Müllerian hormone populations, with turning points at 3.5 and 2.3, respectively. Additionally, the ovarian sensitivity index (OSI) independently impacted the ovarian response. These findings could assist clinicians in evaluating ovarian response in patients with normal AMH levels undergoing assisted reproductive technology (ART) treatments for infertility. By employing factor analysis, we may be able to better understand the underlying relationships among variables like AMH, AFC, FSH/LH, and others, and potentially reveal novel patterns or factors that contribute to ovarian reserve and response. Consequently, further research is required to elucidate the relevant underlying mechanisms.
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Background

SOX17 has been identified as a critical factor in specification of human primordial germ cells, but whether SOX17 regulates development of germ cells after sex differentiation is poorly understood. 





Methods

We collected specimens of gonadal ridge from an embryo (n=1), and ovaries of foetuses (n=23) and adults (n=3). Germ cells were labelled  with SOX17, VASA (classic germ cells marker), phosphohistone H3 (PHH3, mitosis marker) and synaptonemal complex protein 3 (SCP3, meiosis marker). 





Results

SOX17 was detected in both cytoplasm and nucleus of oogonia and oocytes of primordial and primary follicles from 15 to 28 gestational weeks (GW). However, it was exclusively expressed in cytoplasm of oogonia at 7 GW, and in nucleus of oocytes in secondary follicles. Co-expression rates of SOX17 in VASA+ germ cells ranged from 81.29% to 97.81% in foetuses. Co-staining rates of SOX17 and PHH3 or SCP3 were 0%-34% and 0%-57%, respectively. Interestingly, we distinguished a subpopulation of SOX17+VASA- germ cells in fetal ovaries. These cells clustered in the cortex and could be co-stained with the mitosis marker PHH3 but not the meiosis marker SCP3.





Conclusions

The dynamic expression of SOX17 was detected in human female germ cells. We discovered a population of SOX17+ VASA- germ cells clustering at the cortex of ovaries. We could not find a relationship between mitosis or meiosis and SOX17 or VASA staining in germ cells. Our findings provide insight into the potential role of SOX17 involving germ cells maturation after specification, although the mechanism is unclear and needs further investigation.





Keywords: SOX17, germ cells, VASA, mitosis, meiosis




1 Introduction

Currently, the timeline of key events in human female germ cells is well-defined. Female germ cells, including primordial germ cells (PGCs), oogonia, and oocytes, play a critical role in genetic material transfer across a generation (1). Human PGCs first appear in the posterior epiblast of embryos around 4 gestational weeks (GW), although the origin of PGCs is still unclear. Approximately at 6 GW, human PGCs migrate to genital ridges and differentiate into oogonia with the interaction of gonadal somatic cells. After passing through leptotene, zygotene, and pachytene diplotene stages of meiosis prophase I, oogonia arrest at the dictyate stage to become primary oocytes. Then single-layer pre−granulosa cells surround primary oocytes to form primordial follicles. Primordial follicles further develop into primary, secondary and antral follicles during puberty accompanied by oocyte differentiation. Primordial follicles develop into primary follicles and secondary follicles through activation. After puberty, ovulated oocytes mature after completing meiosis. The process by which a primary oocyte completes the secondary meiotic division is termed oocyte nuclear maturation (2, 3).

Studies involving later stages of human germ cell development are difficult to carry out due to the limited availability of foetal ovarian tissue and ethical constraints. Various gene markers of germ cells at different developmental stages, such as OCT4, DAZL and VASA, have been described (4). Among these markers, VASA (also called DDX4), a member of the DEAD box family, was first identified to be critical in Drosophila oogenesis in 1988 and recognized as a relatively specific marker of human germ cells (5, 6). In addition, germ cells undergoing mitosis or meiosis can be labelled for phosphohistone H3 (PHH3) or synaptonemal complex protein 3 (SCP3). PPH3 is considered a classical mitosis marker. In mitotic cells, histone H3 is phosphorylated at serine 10 and serine 28. When serine 28 is phosphorylated, PHH3 is specifically detected (7). Synaptonemal complex, consisting of SCP1, SCP2 and SCP3, is critical to chromosome segregation during meiosis (8). Studies reported that SCP3 is expressed in human ovaries (9) and is widely used as a meiosis marker (10, 11).

Remarkable progress in inducing human PGCs in vitro has been made in recent years (12–15). In 2015, Irie et al. successfully developed human PGC-like cells (hPGCLCs) from differentiated embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs). They first demonstrated the critical role of SOX17 in regulating hPGCLC specification (12). SOX17 belongs to the SRY-related box (SOX) family, located on human chromosome 8q11.23 (16). In 1996, two mRNA isoforms of the SOX17 gene were first isolated from the mouse testis cDNA library (17). Similar to other orthologous pairs of SOX genes, SOX17 is characterized by a high mobility group (HMG) box domain, which enables SOX17 to specifically combine with DNA (18). SOX17 is critical in the specification of mammalian embryo primitive endoderm (19) and regulates developmental processes in various organ systems (20–24). In addition, SOX17 might be a tumour suppressor of endometrial cancer, cholangiocarcinoma, colon carcinoma cells, and breast cancer by antagonizing the effect of the canonical Wnt/beta-catenin signalling pathway (19, 25–27).

SOX17 is pivotal for hPGCLC specification, although the molecular mechanisms are still not fully elucidated (28). Studies involving whether SOX17 regulates germ cells maturation after the specification period have rarely been reported. Herein, we describe the expression pattern of the SOX17 protein in different-stage germ cells in human foetal and adult ovaries and analyse the relationship between SOX17 expression and proliferation or first meiosis of human oogonia, which may shed some light on the oogenesis mechanism in human ovaries.




2 Materials and methods



2.1 Collection of human foetal ovaries and adult ovaries

This study was reviewed and approved by the Clinical Research Ethics Committee of the First Affiliated Hospital of Sun Yat-sen University (Ethical approval number (2016): 090) and carried out between 2016 and 2018. Women who participated in this study signed informed consent forms. We collected specimens of gonad ridge of an embryo (n=1), and ovaries of foetuses (n=23) from multiple pregnancy reduction surgery at 7 GW, inevitable spontaneous abortion or induced abortion because of severe malformation of foetus except for urogenital system. The malformations of foetus included cleft lip and palate, Down syndrome, severe thalassemia, ventricular dysplasia syndrome and Cantrell pentalogy. Gestational age was determined by ultrasonography (7 GW) and further confirmed by the foot size of the foetus (15–28 GW). In addition, three adults receiving ovariectomy due to autogenous diseases also gave consent for us to acquire their ovary specimens after surgical removal.




2.2 Histopathologic confirmation of human ovaries

Genital ridges or ovaries were fixed in 10% buffered formalin. After 24–48 hours of fixation, samples were processed for routine paraffin embedding. Embedded samples were serially cut into 4-μm-thick sections, mounted onto cleaned, coated slides and stored at room temperature until use. All samples were examined for tissue integrity and general histology using haematoxylin and eosin staining. These histological sections were all reviewed and confirmed by two pathologists.




2.3 Immunofluorescence

Multiplex immunofluorescence was performed on fixed sections of ovaries described above. Four-μm-thick sections of paraffin-embedded tissues were dried overnight, dewaxed, and rehydrated through xylene and a graded alcohol series [100% (1 min), 95% (1 min), 80% (1 min), and 70% (1 min)]. Antigen retrieval was performed by Pressure-cooking in citrate buffer (#AR0024, BOSTER, China) for 3 minutes, followed by incubation with 0.2% Triton X (#T8200, Solarbio, China) for 15 minutes. The sections were blocked in 5% donkey serum (#SL050, Solarbio) for 30 mins at room temperature and then incubated with primary antibodies (1:1) at 4 degrees centigrade for 12–14 hours. Primary antibody dilutions were as follows: SOX17 (1:20; #AF1924, R&D, USA), VASA (1:100; #AB27591, Abcam, USA), PHH3 (1:800; #AB47297, Abcam), and SCP3 (1:2000; #AB150292, Abcam). On Day 2, sections were incubated with secondary antibodies for 1 hour at room temperature. Secondary antibody dilutions were as follows: donkey anti-goat (1:400; #AB175704, Alexa Fluor 568, Abcam), donkey anti-mouse (1:400; #AB150105, Alexa Fluor 488, Abcam), and donkey anti-rabbit (1:400; #AB150075, Alexa Fluor 647, Abcam). The sections were then stained with Prolong Gold Antifade Reagent with DAPI (#8961, CST, USA). Fluorescent images were captured using a Leica TCS-SP8 laser scanning confocal microscope (Olympus Ltd.). To obtain a distinct colour contrast, we regulated the yellow signal of SOX17 from the 568 channel to the red signal.

To assess the colocalization of SOX17 and VASA and the trends of mitosis and meiosis in SOX17 positive cells, Leica TCS-SP8 counting frames were used to count the number of germ cells with positive signals. Four frames were entirely counted per section in all cases for each time point. Counting was performed by three independent observers who were unaware of the gestational age at the time-point of the investigation, and the numbers were reviewed by ImageJ software. The results are expressed as the mean value of the absolute number for each time point.




2.4 Statistical analysis

Statistical analysis was performed with IBM SPSS Statistics 25. Pearson correlation analysis was used for statistical analysis. Differences were considered statistically significant when P was less than 0.05.





3 Results



3.1 Collection and Confirmation of human female ovaries

We collected one genital ridge from multifoetal pregnancy reduction surgery and twenty-three ovaries of human foetuses (15 to 28 GW) from inevitable spontaneous abortion or induced abortion because of severe malformation of the foetus except for the urogenital system, and 3 ovarian specimens of adults undergoing ovariectomy due to autogenous diseases. We applied copy number variation sequencing (CNV-seq) to identify the ovary collected from the 7 GW embryo that was female (Supplementary Image 1).

Typical oogonia and different developmental-stage follicles of sections were observed (Figure 1), confirming that the specimens collected were ovaries. Oogonia and  primordial follicles were observed in sections from 15 GW. In the ovarian section from 28 GW, primary follicles were observed. In ovarian sections from adults, follicles appeared at different developmental stages, and oogonia were not observed.




Figure 1 | Histological sections of ovarian specimens. Representative pictures were shown. One genital ridge and ovarian specimens of foetuses (n=23) and adults (n=3) were collected. Typical oogonia (round or oval shape, chromatin was evenly distributed, and the nucleus was larger than the surrounding somatic cells) were observed in the specimens from 15 GW to 28 GW but disappeared in the adult ovary. Primordial follicles, characterized by single-layer pre−granulosa cells, were also present in ovarian sections after 15 GW. In adult ovarian sections, follicles at different stages are observed. Scale bars, 50 μm.






3.2 The subcellular localization of SOX17 during the development process of human ovaries

Germ cells from foetuses and adults both expressed SOX17 protein, and the subcellular localization of SOX17 was variable in different developmental stages of germ cells. SOX17 can be expressed not only in the cytoplasm but also in the nuclei. The expression of SOX17 in cytoplasm and nuclei seemed to be related to the maturation of germ cells. In the genital ridge of 7 GW, SOX17 was expressed exclusively in the cytoplasm of oogonia. SOX17 could only be detected in the oocyte nucleus of secondary follicles in adults. SOX17 expression could be detected both in cytoplasm and the nuclei of germ cells from 15 GW to 28 GW (Figure 2A).




Figure 2 | The expression pattern of SOX17 in female germ cells. (A) Germ cells were stained with SOX17 (red), and DAPI (blue) was used to stain the nucleus. In ovarian sections from 15 and 24 GW, SOX17 was expressed in both the cytoplasm (shown in white dashed line) and nucleus of germ cells (green full line). Signals of SOX17 were only detected in the cytoplasm of the section from 7 GW (white dashed line), and in nucleus from adult (green full line). Scale bars, 25 or 50 μm. (B) The percentages of germ cells (including oogonia, primordial follicles, primary follicles, and secondary follicles) with SOX17 expression in nucleus or cytoplasm were calculated. SOX17 was exclusively expressed in the cytoplasm of oogonia at 7 GW and then was detectable in both the nucleus and cytoplasm of oogonia at 15 to 24 GW, 26 GW, and 28 GW. In secondary follicles, SOX17 was only expressed in the nucleus of oocytes.



For further exploration of the relationship between subcellular localization of SOX17 and the developmental stage of germ cells, the proportion of germ cells with different subcellular localizations of SOX17 was calculated (Figure 2B). In female germ cells, the percentages of cytoplasmic SOX17 expression showed a declining trend with the increase of gestational age, decreasing from 100% at 7 GW to 20% at 28 GW. The percentages of nuclear SOX17 expression showed an increasing trend, elevating from 0% at 7 GW to 80% at 28 GW. In addition, SOX17 was mainly localized in the nuclei of oocytes within primordial follicles (62.9%–91.2%) and primary follicles (66.7%–94.4%) (Supplementary Table 1).




3.3 Co-expression of SOX17 and VASA in the developing female genital glands

For the purpose of investigating the co-expression pattern of SOX17 and the classic germ cell marker VASA in female germ cells during ovarian development, we co-stained human ovarian sections with antibodies of SOX17 and VASA. With the use of the double staining method, we showed the co-expression patterns of SOX17 protein and VASA protein in human female germ cells (Figure 3). The expression of VASA was detected in the cytoplasm of germ cells from 7 GW to adult.




Figure 3 | Immunolabelling of VASA and SOX17 in germ cells from genital glands during different stages. Representative pictures were shown. Germ cells were stained with SOX17 (red) and VASA (green). DAPI (blue) was used to stain the nucleus. These markers were detected in all stages of germ cells of developing human ovaries. SOX17 was expressed in a majority of germ cells marked by VASA (shown in full line). Some germ cells clustering in the ovarian cortex were positive for SOX17 (red) but not for VASA (green) (shown in dotted line). Scale bars, 25 or 50 μm.



Furthermore, we calculated the percentages of VASA+ germ cells positive for SOX17 in different developmental stages (Figure 4 and Supplementary Table 2). The percentage fluctuated from 81.29%–97.81% in foetal ovaries (Figure 4). Pearson correlation analysis showed that co-expression rates of SOX17 and VASA in germ cells did not correlate with gestational weeks (r = 0.064, P = 0.835).




Figure 4 | The co-expression rates of SOX17 and VASA in germ cells during different gestation ages were calculated. The rates fluctuated from 81.29-97.81% in fetal ovaries. Pearson correlation analysis showed that co-expression rates of SOX17 and VASA did not correlate with gestational weeks (r = 0.064, P = 0.835).



Interestingly, we observed a subpopulation of germ cells that are immunopositive for SOX17 but not for VASA, clustering in the cortex of foetal ovaries (Figure 3). In these SOX17+VASA- germ cells, the SOX17 signal was only detected in the nuclei. Representative images of these germ cells were shown (Figure 3).




3.4 The percentage of mitosis or meiosis in SOX17 immunopositive germ cells

We tried to clarify the relationship between the cell division pattern and SOX17 expression in female germ cells. In SOX17+ germ cells, we could detect the expression of mitotic marker PHH3 or meiosis marker SCP3 independently (Figure 5A). PHH3 was highly expressed in SOX17+ germ cells at 7 GW. However, the expression percentage of PHH3 decreased significantly after 15 GW. At 7 GW, we could not observe the expression of meiotic marker SCP3 in SOX17-positive germ cells, but after 15 GW, we could see nearly 30%-50% SOX17+ germ cells were marked by SCP3 in foetal gonads.




Figure 5 | The percentage of mitosis or meiosis in SOX17 (red) immunopositive germ cells. (A) Representative pictures were shown. A proportion of SOX17+ germ cells were marked by PHH3 (shown in dashed line) or SCP3 (shown in full line). Scale bars, 10, 25, or 50 μm. (B) The percentages of PHH+ in germ cells positive for SOX17 decreased along with increasing gestational weeks. The percentage of germ cells immunopositive for both SCP3 and SOX17 was 43% in 15 GW and decreased to 0% in 28 GW and adults.



We further counted the proportions of PHH3+SOX17+ germ cells and SCP3+SOX17+ germ cells (Figure 5B). At 7 GW, the percentage of SOX17+PHH3+ cells accounted for 34% of germ cells, but that of SOX17+SCP3+ germ cells was 0%. The proportions of SOX17+PHH3+ cells ranged from 3–9% in germ cells of 15 to 24 GW and were reduced to 0% in germ cells of 26 and 28 GW and adults. In contrast, the proportions of SOX17+SCP3+ germ cells varied from 31%–57% between 15–28 GW. In addition, PHH3 and SCP3 expression was undetectable in SOX17+ germ cells from adults (Figure 5B).




3.5 The co-expression features of SOX17, VASA and PHH3/SCP3 immunopositive germ cells

In order to figure out whether the co-expression status of SOX17 and VASA is related to mitosis and meiosis in female germ cells, we further co-stained germ cells with SOX17, VASA and mitosis marker PHH3 or meiosis marker SCP3 (Figure 6). We discovered that after 15GW, SOX17+VASA+ germ cells could appear mitosis state (PHH3+) and meiosis states (SCP3+). In addition, we detected a special population of SOX17+VASA- germ cells also showing mitosis status (PHH3+) but not meiosis status (SCP3-). In SOX17+ germ cells from 15 GW to 23 GW, approximately 1.03% of these cells were positive for PHH3 but negative for VASA.




Figure 6 | Coexpression pattern of SOX17 (red), VASA (green), and PHH3/SCP3 (silver grey) immunopositive germ cells. Representative pictures were shown. (A) In 15, 19 and 23 GW ovarian sections, SOX17+VASA+ germ cells were co-stained with PHH3 (white full line). In the cortex of the ovary, a small proportion of SOX17+VASA- germ cells were also co-stained with PHH3 (white dashed line). (B) In 15, 18, and 24 GW ovarian sections, SOX17+VASA+ germ cells were co-stained with SCP3 (white full line). SOX17+VASA- germ cells were not co-stained with SCP3 (shown in white dashed line). The nuclei were stained by DAPI (blue). Scale bars, 10 or 50 μm.







4 Discussion

In this study, we showed that SOX17 was detectable in germ cells from the gonadal ridge of the embryo, the ovaries of foetuses and adults. We further described that the subcellular expression of SOX17 was dynamic in germ cells at different developmental stages. We determined that there is a subpopulation of germ cells positive for SOX17 in the nucleus but not for VASA which have the potential for mitosis. These findings provide valuable insights for studies of SOX17 and human germ cells.

Müllerian ducts, which are regulated by homeobox genes during differentiation (29), and the ovary together comprise the reproductive system. As the earliest marker of hPGCLCs and a key regulator of hPGCLC fate, SOX17 attracts the interest of researchers (12, 30). In Tang’s study (31), the DNA demethylation and chromatin reorganization of human PGCs were mainly governed by a unique transcriptome, which was established by SOX17 and BLIMP1, indicating that SOX17 is critical in the DNA demethylation of PGCs. In addition, Guo et al. analysed the transcriptome and DNA methylome of human PGCs and neighbouring somatic cells from embryos between 4 and 19 GW by a single-cell RNA sequencing method (32). They reported the expression of SOX17 in human germ cells at 4, 8, 10, 11, and 17 GW at the RNA level, but the localization of SOX17 in germ cells has not yet been clarified.

Herein, we described the unique dynamic expression pattern of SOX17 in female germ cells in different developmental stages. In 7 GW, SOX17 was only expressed in the cytoplasm of germ cells. With the increase of gestational weeks, the proportion of SOX17 cytoplasmic expression in human germ cells gradually decreased, but the proportion of SOX17 nuclear expression gradually increased. It indicates that SOX17 is gradually transferred from cytoplasm to nucleus with the development and maturity of germ cells. Our study also discovered nearly 60-90% of oocytes of primordial and primary follicles in foetal ovaries expressed SOX17 in the cytoplasm. In the oocytes of secondary follicles, SOX17 was expressed exclusively in the nucleus. Our study confirms for the first time that there are two expression patterns of SOX17 in human female germ cells, and that SOX17 is gradually transferred from the cytoplasm to the nucleus along with the germ cell maturation process.

SOX17 protein was expressed in both the cytoplasm and nucleus of germ cells from foetuses but translocated to the nucleus of an oocyte from secondary follicles in adults. The subcellular localization of SOX17 in germ cells has been reported before. In 1996, Kanai et al. (17) reported two isoforms of SOX17 in mouse testes. One form of SOX17, a specific DNA-binding protein, was detectable in premeiotic germ cells. It transformed into another isoform, losing its DNA-binding ability when spermatogonia entered the pachytene stage. In addition, other research showed that SOX17 exclusively localized in the nucleus of Rhesus PGCLCs (33), or was restricted to the nucleus of Cynomolgus Monkey PGCs at embryonic day 11 (34). However, we showed that there was a nucleus-to-cytoplasm transition of SOX17 in human female germ cells during gonadal differentiation. Whether the nucleus-to-cytoplasm transition of SOX17 only exists in human female germ cells still needs more research. In addition, the specific structural changes of different SOX17 subtypes in human female germ cells still need to be clarified in future studies.

VASA has been regarded as a relatively specific marker of germ cells, especially postmeiotic germ cells (35). And VASA may regulate gonadal development by alternative splicing (36). Parte et al. (37) showed expression characteristics of VASA during ovarian stem cells differentiation and found that VASA was expressed in the cytoplasm of progenitor ovarian stem cells. In this study, we observed that VASA located in the cytoplasm of labelled germ cells from an embryo, foetuses, and adults. With double staining of SOX17 and VASA, we calculated the co-expression rates of SOX17 and VASA in germ cells, which ranged from 81.29%–97.81%. In our study, we discovered a special population of SOX17+VASA- germ cells cluster in the cortex of ovaries. Interestingly, Anderson et al. (38) reported that VASA was detected in germ cells throughout ovaries except in the cortex. They further co-stained germ cells with VASA and OCT4, a pluripotency gene marker of embryonic stem cells and germ cells (39–41). They found that some germ cells were positive for OCT4 in the nucleus but not for VASA in the cortex, similar to germ cells positive for SOX17 but not for VASA that we described.  Stoop et al. pointed out that germ cells in the cortex tended to be more proliferative than those in the medulla (35). In addition, in 1986, Konishi et al. (42) observed the ultrastructure of germ cells in foetal ovary specimens by electron microscopy and described that typical germ cells at the premeiotic stage had a 10–15 micron diameter and large, round nuclei. Hence, we hypothesized that these SOX17+VASA- germ cells might be in the early developmental phase.

To determine whether the dynamic expression of SOX17 in germ cells was related to the mitosis and meiosis of female germ cells, we conducted multilabel immunofluorescence staining of germ cells with VASA, SOX17, and PHH3 (a mitotic marker)/SCP3 (a meiosis marker). We found that the mitotic rate of SOX17+ germ cells was highest at 7 GW and then declined with progressing gestational weeks. In SOX17+ germ cells, the mitotic rate was the highest at 7 GW (34%) and decreased to 0% after 26 GW. Double-staining germ cells with SCP3 and SOX17 showed that the meiosis rate was 0% at 7 GW, and approximately 43% at 15 GW, indicating that the occurrence of germ cell meiosis was not earlier than 7 GW and no later than 15 GW. But we could not explore the time of meiosis onset in germ cells in this study.

With immunohistochemistry techniques, Fulton et al. (43) calculated the percentage of PHH3+ germ cells in foetal ovaries from 14 GW to 20 GW. The percentage was approximately 1%, which was comparable to our findings. We observed that the mitosis rate of germ cells in the human female genital ridge is around 35%, which provides evidence of a large amount of SOX17+ germ cells undergoing proliferation at 7 GW. However, the mitosis rate of SOX17+ germ cells remained at about 5% and declined to 0% at 26-28 GW, which was consistent with the conclusion drawn by Kurilo et al. (44) and Baker et al. (45). We also detected the first meiosis rate of germ cells in the genital ridge and ovary of 15-28 GW. We could not observe the meiosis factor SCP3 positive in SOX17+ germ cells from 7 GW genital ridge, though the meiosis rate increased to around 40% in SOX17+ germ cells population from 15GW to 28 GW. Our results indicated that the first meiosis is quite common for SOX17+ germ cells population at 15 GW-28 GW. Our finding is consistent with the classic theory of human germ cells development, but we further provided the detailed proportion of germ cells that underwent mitosis and meiosis during the development of the ovary in the foetus.

In adults, the rates of mitosis and meiosis were 0% in SOX17+ germ cells positive, indicating that germ cells undergoing mitosis or meiosis in prophase I were absent and that neo-oogenesis may not occur in adults. This conclusion was consistent with other studies (44, 46), but further studies are needed to investigate whether there are stem cells in adult ovaries undergo mitosis.

To explore the relationship between the cell division pattern and SOX17/VASA staining in germ cells, with the triple-staining method, we showed the colocalization of VASA, SOX17, and PHH3/SCP3 in germ cells from foetal ovarian specimens. The SOX17+VASA- germ cells population was co-stained with a mitosis marker but not with meiosis marker. However, due to the scarcity of human female gonad specimens, it is unclear whether the mitosis rate and meiosis rate differ between SOX17+VASA+ and SOX17+VASA- germ cell population and further validation is needed.

In conclusion, we first described the relatively continuous and dynamic expression of SOX17 in different stages of germ cells from human foetuses and adults and investigated the relationship between the SOX17 dynamic expression and germ cell maturation during the development of human ovaries. The dynamic expression of SOX17 was detected in human female germ cells. Cytoplasmic SOX17 transferred into the nucleus during the process of germ cell maturation. We found that the co-expression rate of SOX17 and VASA was relatively high, while a small portion of germ cells positive for SOX17 but not for VASA was found gathering around the ovarian cortex. We described the detailed rate of mitosis and meiosis in the SOX17+ germ cell subpopulation. And we found out SOX17+ VASA- germ cells subpopulation was co-stained with mitosis marker but not with meiosis marker, although we could not confirm whether mitosis rate and meiosis rate differ between SOX17+ VASA+ and SOX17+ VASA- germ cell populations. This is the first study to depict the expression pattern of SOX17 in human germ cells of foetal and adult genital organs. This study explores the relationship between SOX17 and the proliferation and differentiation of human germ cells, to provide a theoretical basis for the treatment of patients suffering from premature ovarian failure and patients with cancer needing ovarian fertility preservation (47).

The limitations of this observational study were as follows. Due to the scarcity of human female gonad specimens, the expression of SOX17 in germ cells from 8 GW to 14 GW was deficient. The molecular mechanism of SOX17 involved in germ cell maturation during foetal ovarian development needs to be explored in future studies.
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Background

Hot flashes are common symptoms afflicting perimenopausal women. A stellate ganglion block (SGB) is believed to be an effective treatment for hot flashes; however, more evidence is needed to evaluate its safety and efficacy in relieving perimenopausal hot flashes.





Objective

To investigate the efficacy and safety of SGB for the treatment of perimenopausal hot flashes.





Methods

A randomized controlled trial was conducted at Shanxi Bethune Hospital. Forty perimenopausal women with hot flashes were recruited from April 2022 to November 2022 and randomly assigned to receive either 6 consecutive SGB treatments or 6 consecutive saline placebo treatments. The primary outcome was the change in hot flash symptom score from baseline to 12 weeks after treatment. The secondary outcomes were the change in hot flash symptom score from baseline to 12 weeks after treatment and the post-treatment Kupperman Index (KI) and Pittsburgh Sleep Quality Index (PSQI) scores.





Results

Of the 40 randomized subjects, 35 completed the study. All the variables were significantly improved. During 12 weeks of follow-up, the hot flash scores, Kupperman Menopause Scale scores, and Pittsburgh Sleep Quality Scale scores decreased significantly. Two subjects in the SGB treatment group experienced transient hoarseness, and the incidence of related adverse events was 10%. No related adverse events occurred in the control group.





Conclusion

Compared to the control treatment, SGB treatment was a safe and effective nonhormone replacement therapy that significantly relieved perimenopausal hot flashes and effectively improved sleep quality. Additional studies are needed to assess the long-term efficacy of this therapy.





Keywords: stellate ganglion block, perimenopause, hot flashes, sleep quality, Kupperman Index and Pittsburgh Sleep Quality Index




1 Introduction

Hot flashes, the most common symptoms of perimenopause, are characterized by sudden fluctuations in body temperature, as well as redness and profuse sweating of the face and neck, sometimes accompanied by chills (1). Although vasomotor disturbances, such as hot flashes, are not an organic impairment, severe hot flashes can significantly impact quality of life by increasing the risk of disrupted sleep, depression and anxiety, cognitive changes, and other serious illnesses. The incidence of hot flashes increases significantly during menopause, peaking in late perimenopause or early menopause, with approximately 80% of postmenopausal women experiencing hot flashes (2, 3). It has been reported that the incidence of hot flashes in sexually mature, perimenopausal, and menopausal women is as high as 21%, 30%, and 36%, respectively (4). It is extremely important to identify effective treatments to relieve the symptoms or reduce the incidence of hot flashes in perimenopausal and postmenopausal women.

Hormone replacement therapy is by far the most effective treatment for hot flashes(5), with an efficiency rate of 80-90% (6), but the frequency of replacement therapy is greatly limited by complications, such as headaches, premenstrual irritability and vaginal bleeding (7, 8), and contraindications, such as high risks of breast cancer, chronic heart disease, stroke or venous thromboembolism (9), and the possible risk of cancer due to hormones.

Some nonhormone replacement therapies or drug therapies are currently available. Paroxetine, a selective 5-hydroxytryptamine reuptake inhibitor (SSRI), is an effective and safe drug that has been approved for the relief of hot flashes as it significantly reduces hot flash scores despite being less effective than hormone replacement therapy (10). Venlafaxine, a selective norepinephrine reuptake inhibitor (SNRI), has also been shown to improve vasomotor symptoms, but there have been reports of interruption of treatment due to complications such as acute anemia (11). In addition, the effects of more moderate drugs, such as phytoestrogens and vitamin E, on hot flashes have been studied, and the results have been less than satisfactory12. It is necessary to look for a more effective and safer nonhormone replacement therapy to manage hot flashes in perimenopausal women.

A stellate ganglion block (SGB) is a well-established technique that is widely used to relieve sympathetic-mediated pain and improve vasomotor dysfunction by blocking the sympathetic ganglia in the lower cervical and upper thoracic spine with local anesthetic agents (12). Due to equipment improvements and technological innovations, SGB technology has evolved from blind puncture to precise puncture under guidance of X-rays and ultrasound. Ultrasound during SGB displays important anatomical structures such as blood vessels, thus greatly reducing the possibility of causing damage to important structures such as blood vessels, and significantly improving the safety of the procedure (13).

The exact mechanism by which SGB relieves hot flashes has not yet been clarified. It is hypothesized that SGB may relieve hot flashes by temporarily blocking the central temperature regulation mechanism (14). The effectiveness of SGB for hot flashes has been explored in breast cancer survivors. The results of previous experimental studies have shown good efficacy of SGB for hot flashes with relatively low rates of complications (15). The aim of our current study was to evaluate the safety and efficacy of SGB for the treatment of hot flashes in perimenopausal women through a prospective randomized controlled trial.




2 Methods



2.1 Participant

This was a single-blind randomized controlled trial with a follow-up period of three months that was conducted in Shanxi Bethune Hospital. Forty women who were aged 48-52 years with a gynecologic diagnosis of perimenopausal hot flashes were included in this study. The women had regular menstruation in the past. Women with acute infection, cardiorespiratory dysfunction, hepatic and renal insufficiency, neuropsychiatric disease, communication difficulties, coagulation disorders, who had undergone anticoagulant therapy, or were unable to be followed up were excluded from the study. The clinical trial protocol of this study was reviewed and approved by the Medical Ethics Committee of Shanxi Bethune Hospital (YXLL-2021-083), and registered in the Chinese Clinical Trials Registry (ChiCTR2300070017). All subjects signed the “Informed Consent” form before participating in this study, and all injections were performed by the same experienced anesthesiologist.




2.2 Randomization and blinding

The random number table method was used to achieve random grouping. Forty subjects were numbered from 1 to 40 in the order of their visit. Starting from any number in the random number table, a random number was assigned to each subject in turn. The 40 random numbers were arranged from small to large; odd random numbers were included in the experimental group, and even random numbers were included in the control group.

Double-blinding was impossible for this study because the presence of prominent Horner’s syndrome (ptosis, miosis, conjunctival hyperemia facial anhidrosis) on the same side was a sign of successful SGB block. Therefore, this was a single-blind trial, that is, the subjects were not informed of their grouping.




2.3 Operating procedure

The SGB procedures were performed under ultrasound guidance, and the operation was as follows. The patients were placed in the supine position, with their head turned to one side. A GE-LOGIQ5 ultrasonic diagnostic instrument was used for scanning, and the frequency of the ultrasonic probe was set to 10 MHz. Ultrasonic imaging was performed on the axial plane at the level of the cricoid cartilage, and the internal carotid artery and internal jugular vein were carefully distinguished. The stellate ganglion was located on the surface of the longus carotid muscle below the oblique internal carotid artery, and the 6th cervical vertebral body and the pretransverse tubercle stellate ganglion were punctured to a depth of 3.0-3.5 cm under ultrasound guidance, ensuring that no blood, cerebrospinal fluid or gas leaked, and 5 ml of 0.5% ropivacaine was infused slowly (Figure 1A). The needle tip was adjusted appropriately during the injection process so that the liquid could fully infiltrate the internal carotid artery, the cervical transverse process, and the entire stellate ganglion tissue. After the injection was completed (Figure 1B), the puncture point was compressed to stop bleeding for 5 minutes and the patient was changed to an upright sitting position. The anesthesiologist evaluated the patient for Horner syndrome and other adverse effects within 30 minutes (16). SGB treatment was performed once a day, alternating between the left and right side, for a total of 6 times. The saline control group was treated by the same operator in the same way, and 5 ml of 0.9% saline was used for the injection. In each group, the anesthesia machine, monitor, auxiliary ventilation equipment and other rescue equipment were in a standby state and equipped with necessary first aid drugs. The patients’ vital signs were monitored throughout the operation, and whether there was any abnormality in the patients’ consciousness or breathing were assessed. After the operation, the subjects were called back every week to ask whether there were any adverse reactions, and the subjects were reminded to follow up at the hospital on time.




Figure 1 | Ultrasound-guided stellate ganglion block before and after. (A) before SGB, (B) after SGB. SCMM, sternocleidomastoid muscle; IJV, internal jugular vein; ICA, internal carotid artery; LCM, longus collimuscle.



SCMM, sternocleidomastoid muscle; IJV, internal jugular vein; ICA, internal carotid artery; LCM, longus collimuscle.




2.4 Observed indicators

Hot flashes were quantified using a hot flash score for patients at baseline (one week before operation) and during follow-up. The hot flash score was obtained by multiplying the severity of hot flashes and the frequency of daily hot flashes (17). The severity of hot flashes was assessed using the scale reported in the Gwen Finck study, and the severity of hot flashes was divided into five grades (none= 0, mild=1, moderate=2, severe=3, very severe=4) (18).

Menopausal symptoms and sleep quality were quantified at baseline and during follow-up using the Kupperman Self-Rating Scale for Female Menopause and the Pittsburgh Sleep Quality Scale for further evaluation and analysis. The Kupperman self-rating scale is used to assess common symptoms of menopause, such as hot flashes, sweating, insomnia, etc., and assigns different weighting coefficients and adds them one by one to obtain the final Kupperman score (perimenopausal syndrome: mild: 15-20, moderate: 20-35, severe: > 35) (19). The Pittsburgh Sleep Quality Scale consists of 19 self-rated items grouped into 7 categories: subjective sleep quality, sleep latency, sleep duration, habitual sleep efficiency, cumulative sleep disturbance problems, sleep medication use, and daytime dysfunction. The scores from each category are added to obtain the final score (0-5: good sleep quality; 6-10: OK sleep quality; 11-15: average sleep quality; 16-20: poor sleep quality) (20). Lower scores indicate better relief of hot flashes and menopausal symptoms and improved sleep quality.




2.5 Statistical analysis

The sample size was estimated based on data from previous studies in the literature (21), assuming a one-sided significance level of 0.05 and a test efficacy of 90%, and 20 cases per group were required with an estimated 20% loss to follow-up. The flow chart of this study is shown in Figure 2.




Figure 2 | Flowchart for participant selection.



Quantitative data are described as the mean ± standard deviation. For those with a normal distribution, one-way ANOVA was used to analyze the differences in each indicator at the four specified time points. The data of the two groups at the 4 specified time points were compared between the groups. Homogenous and unequal variances were analyzed with t tests. Those nonnormally distributed were tested by the Wilcoxon rank sum test. The chi-square test was used to compare the differences in the incidence of adverse events between the two groups.

IBM SPSS 26.0 was used for statistical analysis, and a P value < 0.05 was considered statistically significant.





3 Results



3.1 General characteristics

Forty women with a gynaecologic diagnosis of perimenopausal hot flashes underwent a three-month intervention and follow-up (Figure 2); 20 were included in the SGB treatment group and 20 were included in the saline control group. During the follow-up period, five patients were lost to follow-up, four of whom were in the SGB group (one patient was not followed up due to postoperative hoarseness, two patients did not participate in follow-up beyond 8 weeks due to unknown reasons, and one patient did not undergo the operation due to the impact of the COVID-19 pandemic). There was one case in the control group (the follow-up at the 12th week after the operation was not performed due to ineffective treatment).

Table 1 shows the population and basic clinical characteristics of the SGB group and control group, and no statistically significant differences were observed between the two groups. There was no significant difference in hot flash score, hot flash frequency, Kupperman score, or Pittsburgh sleep quality score between the two groups before the intervention (at baseline), and they were comparable.


Table 1 | Demographic and clinical characteristics of the treatment group at baseline.






3.2 Main results

The subjects’ hot flash scores and hot flash frequency data are shown in Table 2. At baseline, the mean hot flash score in the SGB group was 15.55 (95% CI, 8.66-22.44), of which 55% were mild and 45% were moderate. The mean hot flash score in the saline group was 15.15 (95% CI, 12.64-17.66), with 50% being mild and 50% being moderate. The statistical analysis of hot flash score and hot flash frequency showed that in the 12th week, hot flash symptoms were significantly relieved in the SGB group, with an average difference of 13.92 and 8.52, respectively. The difference was statistically significant. The control group showed no statistically significant change from baseline.


Table 2 | Comparison of hot flash indicators between the two groups of subjects at different time points.



As shown in Figure 3, the SGB group had the greatest relief of hot flashes during the first 4 weeks of follow-up, with a reduction of 10.1 and 4.7 in hot flash score and hot flash frequency, respectively, when compared with the baseline.




Figure 3 | (A) Hot flash score and, (B) diary flush frequency.



Data points represent the mean value for each time point.




3.3 Secondary results

As shown in Figure 4, compared with that in the control group, the Kupperman Menopause Scale score in the SGB group was more greatly decreased from the baseline. The mean decrease was 17.90 in the 4th week, 21.79 in the 8th week, and 22.15 in the 12th week. The Kupperman scores during the follow-up period were significantly different in the between-group analysis (Table 3).




Figure 4 | (A) Kupperman index score and (B) Pittsburgh sleep quality index score.




Table 3 | Comparison of the Kupperman index score and Pittsburgh sleep quality index score between the two groups of subjects at different time points.



Data points represent the mean value for each time point.

Changes in Pittsburgh Sleep Scale scores from baseline to the 12th week were similar to changes in the Kupperman Menopause Scale scores.




3.4 Safety evaluation

Only 2 participants in the SGB group had transient hoarseness, a treatment-related adverse event, that did not recur during the follow-up period. No adverse events unrelated to treatment occurred. Participants in the control group did not report any adverse reactions (Table 4).


Table 4 | The incidence of adverse events in the two groups.







4 Discussion

SGB is widely used in the treatment of chronic pain and complex regional localized pain syndrome (22–24) as it improves the prognosis of drug-refractory ventricular arrhythmias (25) and posttraumatic stress disorders (PTSD) (26). Currently, the impact of SGB on vasodilatory symptoms, such as hot flashes and night sweats, has been studied in depth (27).

The clinical data related to the effect of SGB on hot flash treatment are limited, and most are case reports, so the level of evidence is not high (28). Due to its invasive nature and lack of evidence from large, long-term randomized controlled trials, the North American Menopause Society classified SGB as a cautionary recommendation, and more trials are needed to demonstrate its safety and efficacy12. This is the first randomized controlled trial to study the effect of SGB on hot flashes in normal perimenopausal women.

SGB is considered a relatively safe clinical procedure, with a serious adverse reaction rate of 1.7/1000 as reported by Wulf and Maier (29). Most complications are temporary and mostly found during or shortly after the procedure; the most common adverse events are hoarseness and dizziness (30). During the three-month follow-up of the subjects in this study, only 2 showed temporary hoarseness within a few hours after SGB, but no adverse reactions recurred during the follow-up period. In addition, there were no reports of serious adverse reactions or events unrelated to treatment. This study provides additional clinical evidence for the safety of SGB.

The mechanism of SGB in preventing and treating hot flashes has not yet been elucidated as it is a block of sympathetic nerve conduction. Lipov believes that the therapeutic effect is based on interrupting the connection between the central nervous system and the sympathetic nervous system (31). Freedman proposed that the thermoneutral zone is narrowed, that the caudate nucleus may be stimulated by environmental stress in a state of sympathetic excitation and that SGB can reduce the stress of sympathetic stimulation and restore the normal state (5). In addition, the therapeutic effect of SGB may also involve the reduction of nerve growth factor levels (32).

SGB was initially used in the treatment of hyperhidrosis, which has similarities to hot flashes in terms of symptom presentation (33). Walega’s study showed that SGB treatment can significantly reduce vasomotor symptoms in postmenopausal women (34). In our study, improvement in hot flash symptoms was observed according to the hot flash score, similar to the results of a previous study (15). Consistent with the results of Walega’s study, subjects treated with SGB had significantly less severe and less frequent hot flashes over the 12-week follow-up period, with a 13.92 reduction in hot flash scores and an 8.52 reduction in hot flash frequency after SGB treatment. Additionally, we found that the effect was most pronounced in the first 4 weeks after treatment, which is consistent with the findings reported by Haest (15). However, Rahimzadeh found that the greatest degree of remission was observed at 2 weeks postoperatively, and we were unable perform a comparison with this result due to the relatively long follow-up interval (35). However, Othman’s study showed a statistically significant increase in hot flash frequency at 4 weeks postoperatively (36). This suggests that additional randomized controlled trials are needed to verify changes in the frequency of hot flashes after 4 weeks of treatment. The hot flash scores were further decreased at the two-month follow-up, but the downwards trend gradually slowed. Our findings support the feasibility of SGB for the treatment of hot flashes in perimenopausal women.

Sleep disturbance is another major concern for perimenopausal women and is often accompanied by hot flashes (37). In the current study, sleep quality improved as the severity and frequency of hot flashes were reduced. That is, there was a significant improvement in the first 4 weeks, and the improvement in sleep quality was relatively slight after 4 weeks. Similarly, other perimenopausal symptoms (such as irritability, dyspareunia, dizziness, fatigue, etc.) were significantly improved along with the improvement of hot flashes and sleep quality.

This study has certain limitations. First, the patients who underwent SGB treatment exhibited significant Horner syndrome, which prevented double-blinding between the investigator and the study subjects and caused possible subjective information bias of the investigator. Second, the sample size of this study was relatively small, not a multicentre, large-sample clinical study with good representation, and PP analysis may have caused overestimation of the treatment effect and reduced the reliability of the experimental results. Third, the goal of this trial is to seek a long-term effective method to alleviate hot flashes in perimenopausal or even postmenopausal women, and the follow-up period of this trial is far from adequate due to research funding constraints and other reasons. Fourth, the time interval between the subjects’ visits to the hospital and the evaluation was too long, and our trial indicators, including hot flash score, hot flash frequency, Kupperman scale, and Pittsburgh sleep scale, originated from subjects’ subjective evaluation. Fifth, in our trial, we only compared the efficacy of SGB with that of saline and did not compare the difference between hormone replacement therapy, paroxetine, or any other pharmacological treatments. A comparison of the safety and efficacy of several therapies would have revealed the best recommendation for hot flash relief.




5 Conclusion

A SGB was safe and effective for relieving hot flashes and improving sleep quality in perimenopausal women in a 3-month study. Larger sample sizes, longer follow-up times, and more frequent follow-up are needed to further understand the long-term efficacy and mechanism of action of this treatment modality.
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Introduction

Estrogens are crucial regulators of ovarian function, mediating their signaling through binding to estrogen receptors. The disruption of the estrogen receptor 1 (Esr1) provokes infertility associated with a hemorrhagic, cystic phenotype similar to that seen in diseased or aged ovaries. Our previous study indicated the possibility of altered iron metabolism in Esr1-deficient ovaries showing massive expression of lipocalin 2, a regulator of iron homeostasis.





Methods

Therefore, we examined the consequences of depleting Esr1 in mouse ovaries, focusing on iron metabolism. For that reason, we compared ovaries of adult Esr1-deficient animals and age-matched wild type littermates. 





Results and discussion

We found increased iron accumulation in Esr1-deficient animals by using laser ablation inductively coupled plasma mass spectrometry. Western blot analysis and RT-qPCR confirmed that iron overload alters iron transport, storage and regulation. In addition, trivalent iron deposits in form of hemosiderin were detected in Esr1-deficient ovarian stroma. The depletion of Esr1 was further associated with an aberrant immune cell landscape characterized by the appearance of macrophage-derived multinucleated giant cells (MNGCs) and increased quantities of macrophages, particularly M2-like macrophages. Similar to reproductively aged animals, MNGCs in Esr1-deficient ovaries were characterized by iron accumulation and strong autofluorescence. Finally, deletion of Esr1 led to a significant increase in ovarian mast cells, involved in iron-mediated foam cell formation. Given that these findings are characteristics of ovarian aging, our data suggest that Esr1 deficiency triggers mechanisms similar to those associated with aging.
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1 Introduction

Estrogens, especially 17β-Estradiol (E2), play an essential role in a variety of biological processes within the female reproductive system. They control growth and differentiation of uterine tissue and successful ovulation (1). E2 exerts its functions by binding to specific estrogen receptors in the cytoplasm, which are subsequently translocated to the nucleus and initiate signaling via binding to estrogen response elements (2, 3).

The rodent ovary, which is an important E2 producing organ, expresses all three known estrogen receptors (3). However, their expression differs between functional compartments of the ovary. While estrogen receptor beta (ERβ, Esr2) is strongly expressed by granulosa cells in growing follicles (4–7), estrogen receptor alpha (ERα, Esr1) is more diffusely expressed in interstitial and thecal cells (6–8). It is therefore not surprising that misregulation or depletion of these receptors has severe effects on physiological processes and impairs fertility (9). The lack of these receptors leads in each case to quite different phenotypic characteristics (3, 10–13). The most severe phenotype occurs when Esr1 is disrupted, resulting in infertility in both female and male mice (14), while depletion of Esr2 is associated with sub-fertility and comparatively normal gross morphology (9, 15). The third receptor through which E2 can signal is G-protein coupled estrogen receptor 1 (GPER1). Interestingly, although GPER1 is expressed in the ovary and uterus, Gper1-deficient mice do not exhibit any reproductive defects (16).

For about 30 years, mice deficient in Esr1 have been to study the molecular mechanisms responsible for infertility, and to link them to various ovarian diseases (9, 14, 17). Although Esr1-deficient females show follicular maturation up to the antral follicle stage, they do not ovulate (17). Therefore, no corpora lutea are formed in the ovaries of these animals, and instead follicular atresia or enlarged hemorrhagic cysts are formed (10, 17). A similar infertile phenotype was observed in mice lacking aromatase (Cyp19), the essential enzyme, which converts androgens to estrogens (18, 19). Recently, abnormal iron accumulation was reported in the ovarian stroma of young Cyp19-depleted females, indicating impaired iron homeostasis in context of endocrine disruption (20). Interestingly, physiological aging of the ovaries, which is associated with natural decline in fertility is also characterized by elevated iron levels (21–23). Similar findings have been noted in women with infertility-associated endocrine ovarian disorders such as polycystic ovary syndrome (PCOS) or endometriosis (24–26).

Iron is an important element that the body needs for a variety of processes, including physiological functions in female reproductive tract (27). An imbalance in iron homeostasis leads to tissue iron overload that in turn is capable to catalyze redox reactions, resulting in accumulation of toxic lipid peroxides that negatively affect folliculogenesis (28, 29). In general, iron can be present as ferrous (Fe2+) or in the oxidized ferric (Fe3+) state. Ferrous iron is mainly produced transiently because of its higher cellular toxcity, whereas ferric iron is the stable form (30). In the cell, trivalent iron is mainly transported by transferrin and stored in form of ferritin or hemosiderin (30). While ferritin is a physiological bioavailable intracellular storage protein, hemosiderin is an iron-storage aggregate consisting of partially degenerated ferritin and lysosomes, that are often formed after bleeding (31, 32). Hemosiderin accumulation has been observed in different tissues and within the ovaries where it is associated with natural aging, nulliparity and endocrine disease (21, 22, 33, 34). However, the exact function of hemosiderin and the consequences of its deposition in various body systems have not yet been conclusively clarified.

The balance of iron metabolism is ensured by a complex network of cells and proteins involved in transport, export, and import (30). In general, macrophages are described as important players in regulation of iron metabolism through their involvement in import/export, recycling and storage of iron (35). Ovarian macrophages show high levels of heterogenicity, having diverse functions in health and disease (36, 37). In naturally aging murine ovaries, these phagocytic cells are associated with iron accumulation (21, 23). In addition, aging triggers the differentiation of residential ovarian macrophages, leading to increased M2 polarization of macrophages (anti-infammatory) and the appearance of so-called marcophage-derived multinucleated giant cells (MNGCs) (22, 34, 38). Whether endocrine disorders such as the depletion of Esr1 have similar effects on the ovary has only been speculated (34).

Recently, we reported that Esr1-deficient female mice show dramatically increased levels of Lipocalin 2 (LCN2) in ovarian tissue (8). LCN2, originally described as a neutrophil gelatinase-associated lipocalin, is a 25-kDa protein glycoprotein with diverse immunological and metabolic functions including iron transport (39–41). Although LCN2 cannot bind iron directly, it has the ability to chelate Fe3+ bound to siderophores. LCN2 uses bacterial siderophores as cofactors to form a complex, thereby limiting bacterial growth and infections by sequestering iron (42, 43). In addition, mammalian siderophores have been discovered that are potential ligands for LCN2 (44). Therefore, we speculate that the strong ovarian LCN2 expression in Esr1-deficient females (8) indicates altered iron homeostasis in these animals. To the best of our knowledge, there are currently no studies on whether or in what way iron homeostasis is affected by depletion of Esr1 in the ovary. In this scenario, a change in iron metabolism is conceivable because an association between a hemorrhagic or cystic phenotype and iron excess has been noted in other ovarian disorders such as PCOS or endometriosis. Although these disorders are formed by different pathomechanisms, they are also related to infertility (24, 45–47). Similarly, natural aging of the ovaries is accompanied by a steady decline in fertility and impaired iron metabolism (21–23).

The aim of the present study was to investigate the consequences of depletion of Esr1 on iron homeostasis. Therefore, we analyzed the ovaries of adult Esr1-deficient animals and aged-matched wild type animals with respect to iron regulation. In addition, we are speculating about the potential link between the depletion of Esr1 and the early indicatiors of ovarian aging. The results of the present study highlight that endocrine dysfunction is associated with common signs of ovarian aging, such as significant accumulation of iron, the influx of macrophages and the presence of MNGCs.




2 Material and methods



2.1 Animal housing and tissue collection

Homozygote female and male Esr1-deficient mice are infertile (48). Therefore, Esr1–/– animals were obtained by mating heterozygote Esr1+/– (B6N(Cg)-Esr1tm4.2Ksk/J) males and females, purchased from The Jackson Laboratory (JAX stock #026176, The Jackson Laboratory, Bar Harbor, ME, USA). The handling of the animals was carried out in accordance with the German animal welfare law (Tierschutzgesetz, TSchG) and the Directive 2010/63/EU. All experiments involving animal sacrifice and subsequent tissue dissection were approved by the internal Review Board of the RWTH University Hospital Aachen (permit no.: TV40138). Animal housing and care was carried out as previously described in (8), with mice maintained in a 12 h light/12 h dark cycle. The mice used in this study were between 12- and 22-weeks-old (or reproductively old between 77 and 79 weeks-old, cf. Section 3.5) at sacrifice that was carried out by cervical dislocation with prior isoflurane sedation. The freshly removed female reproductive organs (as well as liver and spleen tissues) were rinsed in phosphate-buffered saline (PBS) and then either fixed for histological analysis (24 h, 4°C in 4% neutral buffered formaldehyde, stabilized with methanol), or snap-frozen in liquid nitrogen and then stored at -80°C for further processing. Since the aim of this study was to compare the female reproductive tract of Esr1-deficient animals with that of wild type mice, only female animals were used. In the present study, we included wild-type females in all estrus phases to eliminate the possibility that the reported results are simply due to hormonal fluctuations. The corresponding males were used in the previous study (8), which provides additional information such as the specific genotyping protocol and analysis of the animals total body weights.




2.2 Histological analysis of tissue sections

For all histological procedures described in the following section, the tissue was treated equally. First, the tissue was fixed for 24 h, dehydrated, and then embedded in paraffin. The formaldehyde-fixated paraffin-embedded tissue blocks were stored at room temperature (RT) until sectioning. From the tissue, 3-µm thick sections were prepared and deparaffinized in xylene and subjected for rehydration to decreasing graded ethanol. In order to compare the different histological stains, consecutive sections were made. Unless otherwise stated, all further steps were performed at RT.



2.2.1 Hematoxylin and eosin stain

The tissues were stained for 5 min in Mayers Hematoxylin (Liliess Modification, #S3309, Agilent Technologies, Inc., Santa Clara, CA, USA) diluted 1:3 in dH2O. Afterwards the tissues were washed under running tap water for 10 min. Cytoplasmic staining was done by placing the slides in Eosin pH 4.5 (#HT110216, Sigma-Aldrich, Taufkirchen, Germany) for 15 sec. The samples were dehydrated (in increasingly graded ethanol and xylene) and subsequently mounted in DPX mounting medium (#06522, Sigma-Aldrich). Hematoxylin and eosin (HE) staining was used for histological analysis of tissue structure and to determine the estrous phase of the wild type females. Details of the assessment and specific histological characteristics can be found in our previous study (8).




2.2.2 Perls Prussian Blue staining

The Perls Prussian Blue (PPB) method, known as Berlin Blue Reaction, is a histochemical method for the detection of trivalent iron associated with hemosiderin in tissue sections (49). To identify iron deposits in reproductive tracts of Esr1-deficient and wild type females, Prussian Blue [Iron (III) Detection] staining kit (#11097, MORPHISTO, Offenbach am Main, Germany) was used according to manufacturers instructions. Briefly, after rehydration (see Section 2.2), the tissue samples were incubated for 5 min at 40°C in 5% potassium ferrocyanide (II) and subsequently in freshly prepared working solution of 5% potassium ferrocyanide (II) in hydrochloric acid solution (1:1) for 30 min at 40°C. After washing the section for 5 min in dH2O, counterstaining for 10 min with 0.1% Seed red (nuclear red) was performed. The tissue samples were dehydrated and mounted with DPX as previously described (see Section 2.2.1). The reaction product of the ferric iron with the potassium hexacyanoferrate (II) in hydrochloric acid solution precipitates as an insoluble blue complex salt, which is clearly distinguishable from pale pink stained tissue structures (49).




2.2.3 Immunohistochemical detection with Perls Prussian Blue staining

To investigate whether the iron deposits co-localize with lipocalin 2 (LCN2), PPB was performed combined with immunohistochemical staining for LCN2. Therefore, the tissue sections were first treated as described in Section 2.2. Afterwards, antigen retrieval was done by heating the slices in sodium citrate buffer (10 mM, 0.05% Tween 20, pH 6.0) in a steamer for 30 min, followed by cooling on ice for 20 min). Next, the samples were washed in PBS and PBS supplemented with 0.1% Tween® 20 (PBS-T). Then, Avidin/Biotin Blocking Kit (#SP-2001, Vector Laboratories, Newark, CA, USA) was used essentially as described in the manufacturers instructions. To block non-specific antibody binding sites, tissue sections were incubated in 5% normal rabbit serum (#X0902, Agilent Technologies) in blocking solution (1% BSA, 0.1% cold fish gelatin, 0.1% Triton-X-100, 0.05% Tween® 20 in PBS) for 90 min. Primary anti-LCN2 Antibody (#AF3508, R&D Systems, Minneapolis, MN, USA) was diluted 1:40 in blocking solution and incubated on slides at 4°C overnight. Normal goat IgG (#AB-108-C, R&D Systems) were used at the same concentration as the primary antibody and served as a negative control. Next day, endogenous peroxidase was blocked by incubating the tissue slices in 3% hydrogen peroxide (#31642, Sigma-Aldrich) in dH2O. Tissue was then washed in dH2O and PBS-T and incubated with a biotinylated rabbit polyclonal anti-goat secondary antibody (#E0466, Agilent Technologies, diluted 1:300 in PBS), for 1 h. After washing in PBS-T, the slices were incubated in ABC-Complex solution (#PK-6100, VECTASTAIN® Elite® ABC-HRP-Kit, Vector Laboratories) according to manufacturers instructions for 1 h in RT. The chromogen 3,3-diaminobenzidine tetrahydrochloride (DAB, SIGMAFAST, #D9292, Sigma-Aldrich) was used to visualize LCN2 expression. Subsequently, the PPB staining kit was used as described above (Section 2.2.2). In brief, tissue sections were first incubated for 5 min at 40°C in 5% potassium ferrocyanide (II) and then for 30 min at 40°C in freshly prepared working solution of 5% potassium ferrocyanide (II) in hydrochloric acid solution (1:1). Tissue sections were washed for 5 min in dH2O and counterstained in 0.1% Seed red (nuclear red) for 5 min. Finally, samples were dehydrated and mounted with DPX as previously described (see Section 2.2.1).




2.2.4 Periodic Acid-Schiff reaction

The Periodic Acid-Schiff (PAS) reaction is a histochemical staining technique to detect carbohydrate-containing components like glycogen which are typical for macrophages (50). To visualize polysaccharide-enriched phagocytic cells in the female reproductive tract, we used a PAS reaction staining kit (#12153, MORPHISTO) according to manufacturers instructions. In brief, after the rehydration steps (see Section 2.2), tissue sections were incubated in 1% periodic acid for 20 min, washed with H2O, and the Schiffs reagent was applied on the sections for 10 min. Finally, the tissue was counterstained with hematoxylin for 2.5 min, followed by ‘blueing under running tap water for 3 min. The tissue sections were dehydrated and mounted in DPX mounting medium as previously described (see Section 2.2.1).




2.2.5 Toluidine blue staining

Toluidine blue (TB) is a dye for metachromatic staining of mast cells in tissues, which stains mast cell granules in purple and the background in blue (51). A standard protocol was used with a 1% Toluidine blue (#89640-25G, Sigma-Aldrich) stock solution in 70% ethanol. In brief, after the rehydration steps (see Section 2.2), sections were stained with 0.1% toluidine blue working solution in 1% sodium chloride for 5 min. After several immersions in distilled H2O, the tissue sections were dehydrated in ethanol and xylene and mounted in DPX as previously described (see Section 2.2.1). The number of mast cells per mm2 was determined by counting the positive (purple stained) mast cells in the ovary. For this purpose, the stained tissue sections were scanned and NDP.view2 software (see Section 2.2.8) was used to determine the areas of the ovaries.




2.2.6 Detection of autofluorescence

Autofluorescence of tissues may be due to the accumulation of lipofuscin, an aging pigment that is stored in phagocytic cells (22, 23). For visualization of autofluorescence in reproductive tissue section, slices were deparaffinized, rehydrated and embedded in aqueous PermaFluor™ mounting medium (#TA-030-FM, Thermo Fisher Scientific Inc., Waltham, MA, USA) with or without nuclear counterstaining in 4,6-diamidino-2-phenylindole dihydrochloride (DAPI) solution (#D1306, Thermo Fisher Scientific).




2.2.7 Immunofluorescence staining

Formalin-fixed, paraffin-embedded tissue sections with a thickness of 3 µm were used for immunofluorescence staining and were deparaffinized and prepared as described above (see Section 2.2). Subsequently, heat-induced antigen retrieval was done in a steamer by placing the slides in citrate buffer (10 mM, pH 6.0, 0.05% Tween® 20) for 30 min, followed by cooling on ice for 20 min. Next, samples were rinsed with PBS and PBS-T. Non-specific binding sites were blocked with 5% normal donkey serum (#ab7475, Abcam, Cambridge, UK) in PBS supplemented with blocking solution (0.1% cold fish skin gelatine, 1% bovine serum albumin, 0.1% Triton X-100, and 0.05% Tween® 20) for 90 min. Tissue sections were incubated with primary antibodies against F4/80 (1:50, #MCA497G, Bio-Rad Laboratories GmbH, Dusseldorf, Germany) and LCN2 (1:40, #AF3508 R&D Systems) or with IgG controls (normal rat IgG2b,#65211-1-Ig, Proteintech, Planegg-Martinsried, Germany; normal goat IgG, #AB-108-C, R&D Systems) in blocking buffer overnight at 4°C. IgG controls were used at the same concentration as the primary antibodies. All the following steps were carried out under exclusion of light. The next day, the sections were washed and incubated simultaneously with two fluorescently-labeled secondary antibodies (donkey anti-goat Alexa Fluor Plus 555, #A32816, Thermo Fisher Scientific and donkey anti-rat Alexa Fluor Plus 488, #A11208, Thermo Fisher Scientific), diluted 1:300 in PBS for 1 h. The TrueBlack® Lipofuscin autofluorescence quencher solution (#23007, Biotium, Fremont, CA, USA) was used to quench autofluorescence in reproductive tissue samples (52). For this purpose, the sections were incubated for 3 min in the TrueBlack® solution freshly diluted (1:20) in 70% ethanol. Thereafter, the tissue sections were washed with PBS and nuclear counterstaining was performed for 30 min using a 200 ng/ml DAPI solution in PBS. Finally, tissue slices were mounted with aqueous PermaFluor™ mounting medium and stored in the dark at 4°C until fluorescence microscopic evaluation.




2.2.8 Imaging

Images were taken with a Nikon Eclipse E80i fluorescence microscope, equipped with the NIS-element Vis software (Version 3.22.01, Nikon, Tokio, Japan). In addition, selected tissue slides were scanned using a NanoZoomer (#C13220-04, Hamamatsu, Naka-ku, Japan), viewed using NDP.view2 software (version U12388-01, Hamamatsu), and exported to create final images.





2.3 Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS)

Ovarian tissues of female animals (Wild type: n=5, Esr1–/–: n=5) aged 12-15 weeks were used for laser ablation inductively coupled plasma mass spectrometry (LA-ICP MS) measurement.



2.3.1 Tissue preparation for LA-ICP-MS

Protocols for standardized quantitative LA-ICP-MS analysis with liver tissue were previously established by us (53). In these protocols, it is necessary to flush the tissue prior measurement with saline buffer for detection of proper endogenous iron concentrations. In unflushed liver, the majority of the measured iron concentration results from the blood and thus can lead to massive misinterpretations (54). Therefore, sacrificed animals were immediately transcardially perfused. For this purpose, a 26G needle was inserted from the tip of the heart about 5 mm into the left ventricle and fixed by means of hemostatic forceps (‘Mathieu needle holder). Then a small incision was made in the right atrium with fine scissors and the perfusion with sterile PBS was carefully started and continued until the liver turned pale. Afterwards the tissues were carefully dissected and frozen at -80°C. For preparing slides for LA-ICP-MS analysis, the samples were cut into 30 µm thick slices using a cryomicrotome (#CM3050S, Leica Biosystems, Wetzlar, Germany), in which the temperature of the cryo-chamber was set to -27°C and the object area temperature to -24°C. The slices were mounted on StarFrost® self-adhesive microscope slides (B4 0303, Knittel Glass, Braunschweig, Germany) and stored at -80°C until analysis. Before the sections were subjected to LA-ICP-MS measurement, the cryosections were scanned with a slide scanner (see Section 2.2.8) to obtain a light microscopic overview. Microscopic images were viewed and analyzed using the NDP.view2 software.




2.3.2 LA-ICP-MS measurement and analysis

The LA-ICP-MS technology consists of a line-by-line ablation of tissue material with a fine, focused laser beam. The ablated tissue is then transferred into the inductively coupled plasma source of a mass spectrometer using an inert carrier gas stream (e.g., argon). After being vaporized, atomized and ionized, the molecules are split according to its mass-to-charge ratio (55, 56). In our study, trace element measurements were done in a quadrupole-based inductively coupled plasma mass spectrometer (8900 ICP-MS, Agilent Technologies) that was linked to a laser ablation system (New Wave NWR213; Elemental Scientific, Omaha, NE, USA). In addition to 56Fe, the following isotopes were routinely monitored and quantified as part of the established LA-ICP-MS analysis: 13C, 23Na, 24Mg, 31P, 34M, 39K, 44Cr, 55Mn, 63Cu and 64Zn. Generation, analysis and visualization of LA-ICP-MS data to obtain metal distribution in the tissues was done with the Excel-based Laser-Ablation Imaging (ELAI) program, consisting of Microsoft Excel with Visual Basic for Application (VBA), as described elsewhere (57, 58). For the determination of the elemental concentrations in µg/g tissue, standards including different well-defined concentrations of each element have been prepared from homogenized liver tissues. The concentration of each isotope was normalized to the mean intensity of 13C ion intensity per tissue as an alternative marker for sample thickness. More detailed information regarding experimental set up during LA-ICP-MS measurement, calibration and standard preparation are described elsewhere (53, 56, 57, 59, 60).





2.4 RNA analysis

Parts of snap-frozen female tissue were placed in RNA lysis buffer with DTT and homogenized as described previously (4). Protocols for RNA extraction and purification including DNase digestion followed by reverse transcription and quantitative real-time PCR (RT-qPCR), and evaluation were previously published (8). A list of all primers used in this study is given in Supplementary Table 1.




2.5 Protein analysis by Western blot

Female tissues were placed in RIPA buffer (on ice) containing 20 mM Tris-HCl (pH 7.2), 150 nM NaCl, 2% (w/v) NP-40, 0.1% (w/v) SDS, and 0.5% (w/v) sodium deoxycholate supplemented with the Complete™ mixture of phosphatase inhibitors (#P5726-1ML, Sigma-Aldrich). For ovarian protein analysis, both ovaries of each female were pooled. Tissue homogenization was performed with a mixer mill and protein extraction and Western blot analysis was performed as described elsewhere (8). 70 µg protein samples per lane were loaded for liver and spleen tissue analysis and 60 µg for ovaries. An overview of the antibodies used in this study is given in Supplementary Table 2.




2.6 Data analysis

All calculations were done in Excel v16 (Microsoft Corporation, Redmond, WA, USA). Statistical analysis was performed with GraphPad Prism v.8.0 (GraphPad Software, Inc., La Jolla, CA). Gaussian distribution was tested with Shapiro-Wilk Tests. Subsequently, Students t-test was used if normality could be assumed, while otherwise a non-parametric Mann-Whitney Test was applied. All data in this study is shown as mean ± standard deviation (SD). Statistical significance between groups was assumed when probability values were below 0.05 (p < 0.05). Significant differences are indicated by asterisks: * p < 0.05, ** p < 0.01, *** p < 0.001.





3 Results



3.1 LA-ICP-MS analysis of murine ovaries

In reproductive organs, especially in the ovary, studies have shown that unbalanced iron homeostasis, is associated with unexplained infertility (61, 62). Therefore, we speculated that depletion of Esr1, which leads to infertility, may be associated with imbalance in iron homeostasis. To test our hypothesis, we used the LA-ICP-MS technology that represents a powerful imaging technique that can be used to determine the distribution of iron (isotopes) in biological tissue in health and disease (55, 57).

To determine whether the absence of Esr1 affects iron load in murine ovaries, we subjected cryosections of Esr1-deficient and wild type (WT) animals to LA-ICP-MS imaging. In total 12 different isotopes were measured (57, 58). The calculated concentrations of the individual isotopes refer in each case to the total ovarian tissue shown and are given in µg/g tissue (Supplementary Table 3). The LA-ICP-MS analysis of the ovarian tissue of Esr1-deficient and WT animals showed no differences in the majority of the studied isotopes. Only 52Cr (higher in WTs), 23Na and 56Fe (both increased in Esr1-deficient) showed significant differences between the two groups (Figure 1A; Supplementary Table 3). Interestingly, statistical analysis revealed significantly higher 56Fe iron content in Esr1-deficient ovaries (Figure 1B). These animals had approximately 4-fold higher iron concentration in the ovary (595 ± 189 µg/g) compared to WTs (148 ± 63 µg/g). The increased iron concentration (56Fe) is clearly evident when the concentration-based scale (usually 0-1,000 µg/g) was expanded to 0-3,000 µg/g (Figure 1C). Defined areas of high iron content in the Esr1-deficient ovary are marked by red color. The light microscopic analysis further revealed that increased iron content in Esr1-deficient animals is most likely localized to the ovarian stroma.




Figure 1 | Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) imaging of wild type (WT) and Esr1-deficient ovaries. LA-ICP-MS imaging was performed on 30 µm-thick cryosections and the distribution of different isotopes was determined. Details are described in the Material and Methods section. (A) Overview of all analyzed isotopes in ovaries of WT (n=5) and Esr1-deficient (n=5) animals. Individual images were generated with the ELAI software tool. Light microscopy (LM) images of the cryosections of the individual ovaries are shown on the left side. Scale bar represents 500 µm. The content of 13C used for normalization is presented in %, while other isotope concentrations are shown in μg/g tissue. (B) The concentration of 56Fe (in µg/g) is significantly higher in Esr1-deficient ovaries compared to WT controls. For statistical analysis a Students t-test was performed. The significant difference between both groups is indicated by asterisks: **p<0.01. (C) Images of 56Fe distribution are shown at different concentration-based scales for a representative WT and Esr1-deficient ovary. The 56Fe isotope concentration-based scale was lowered from 0-3,000 µg/g to 0-1,000 µg/g to highlight 56Fe accumulation in Esr1-deficient animals.



From the LA-ICP-MS analysis, we concluded that Esr1-deficient animals had significantly higher amount of iron in the ovaries compared to WT animals. However, these measurements do not allow the determination of exact form of iron present, and therefore the iron metabolism of the animals was further investigated.




3.2 Analysis of different iron-regulators in Esr1-deficient ovaries and liver

Considering the increase in iron in murine ovaries of Esr1–/– mice, we speculated that proteins and genes associated with iron metabolism might be altered in these animals. Therefore, we next investigated the expression of key mediators involved in cellular handling of iron, including iron storage (ferritin, transferrin), iron export/import (ferroportin, divalent metal transporter 1) and iron regulation (iron regulatory protein 1/2) proteins. Importantly, we detected significantly enhanced expression of ferritin heavy chain 1 (Fth1) and a trend to higher ferritin light chain (Ftl1) in Esr1-deficient ovaries at the mRNA level (Figure 2A). In addition, significantly increased expression of transferrin (Tf) was detected in these animals. In line, Western blot analysis revealed significantly higher ovarian transferrin protein in Esr1-depleted mice than in WT controls (Figure 2B). Furthermore, solute carrier family 11 member 2 (Slc11a2), a metal importer, was significantly enhanced in Esr1-deficient ovaries compared with WT animals (Figure 2C). However, there was no change in ferroportin (Fpn1) expression, which is an important iron exporter/efflux pump. Moreover, we found significantly higher expression of iron responsive element binding protein 2 (Ireb2), but lower levels of aconitase (Aco1) in Esr1-deficient compared to WT ovaries.




Figure 2 | Analysis of key players in cellular iron metabolism handling in ovarian tissue. Wild type (WT) and Esr1-deficient ovarian tissues were either used for mRNA (WT, n=7; Esr1–/–, n=5) or protein analysis (WT, n=3; Esr1–/–, n=3). Relative mRNA expression of Fth1, Ftl1 and Tf were measured by RT-qPCR and validated by (B) Western blot analysis. Protein expressions of Transferrin, Fth1 and Ftl1 were quantified densitometrically and plotted relative to β-actin expression. (C) mRNA expression of Slc11a2, Fpn1, Ireb2 and Aco1 were detected by RT-qPCR. All data (A-C) are displayed as mean ± SD. For statistical analysis a Students t-test was performed. Significant differences between groups are marked with asterisks: *p<0.05, **p<0.01, ns = not significant.



Increased iron deposition and altered iron metabolism are signs of stress to which cells react by upregulating critical adaptive response mechanisms such as heme oxygenase 1 (HMOX1) (63). Interestingly, we detected significantly higher mRNA expression of Hmox1 in Esr1-deficient ovaries compared to WT animals, which was reflected by a slight but not significant increase of HMOX1 protein (Supplementary Figures 1A, B). Iron overload can drive cellular death (known as ferroptosis), which is prevented by e.g., the glutathione peroxidase signaling (GPX4) pathway (64). However, no differences in Gpx4 mRNA or protein expression was detected between WT and Esr1-deficient ovaries (Supplementary Figures 1C, D).

Since our results indicated enhanced iron storage and transport in the Esr1-deficient ovary, the question arose about whether this is a local occurrence limited to ovaries or is also systemically reflected in these animals. To address this issue, we next analyzed the expression of iron in the liver as the site of iron synthesis and the spleen as an iron recycling organ (35). To do so, liver tissue slices from female WT and Esr1 null mice were subjected to Perls Prussian blue (PPB) staining. Since PPB exclusively stains the non-heme iron in the cells, the ferric Fe3+-positive cells (stained blue) can be clearly distinguished in the staining from erythrocytes present in the blood (stained red) (49). This analysis revealed a very low overall positive staining for iron in parenchymal liver cells (Figure 3A). Several PPB-positive cells were detected in the Esr1-null livers, whereas positive cells were only rarely found in the WT livers (Figure 3A). In line, LA-ICP-MS imaging (Figure 3B) revealed that livers of WT animals have significantly higher amounts of isotope 56Fe (196.5 ± 17.6 µg/g) compared to Esr1-deficient animals (377.3 ± 36.11 µg/g). Western blot analysis of Fth1 and transferrin further showed significantly lower expression of these iron storage proteins in Esr1-deficient livers (Figure 3C). However, at mRNA level, there were no significant differences in hepatic expression of key players in iron metabolism (Fth1, Ftl1, Tf, Slc11a2, Hamp1) between WT and Esr1-deficent animals (Figure 3D). Only the expression of Fpn1 was significantly decreased in Esr1-deficient livers.




Figure 3 | Analysis of cellular iron metabolism in liver tissue. Wild type (WT) and Esr1-deficient liver tissues were used for different analysis. (A) Formalin-fixated paraffin-embedded liver tissues sections (WT, n=4; Esr1–/–, n=4) were stained for iron using Perls Prussian Blue (PPB). The scale bars equal to 50 µm (solid boarder) or 25 µm (dashed border). (B) Liver cryosections were subjected to LA-ICP-MS imaging. Concentration of elemental iron isotope (56Fe) (µg/g) is significantly lower in Esr1-deficient livers compared to WTs (left panel). 56Fe distribution is shown for both genotypes at different concentration-based scales for a representative WT and Esr1-deficient liver (left panel). (C) Regulators of cellular iron metabolism (Fth1, Ftl1, Tf, Dmt1, Fpn1, and Hamp1) were analyzed by RT-qPCR. (D) Protein expression of transferrin and Fth1 was investigated by Western blot analysis. Expression levels were quantified densitometrically and plotted relative to GAPDH expression. All data (B–D) are displayed as mean ± SD. For statistical analysis a Students t-test was done. Significant differences between groups are marked with asterisks: *p<0.05, **p<0.01, ***p<0.001.



To confirm that there was no systemic iron overload, splenic tissue of Esr1-deficent and WT mice were stained with PPB to visualize location of iron deposits. This analysis revealed iron-laden cells predominantly in the red pulp and occasionally in the white pulp of the spleen (Supplementary Figure 2A). Strikingly, Esr1-deficient animals showed no excess but even quite in opposite a lower amount of iron compared to the WTs. This corresponds to the similar Fth1 and transferrin expression in both groups as determined by Western blot analysis (Supplementary Figure 2B).

In conclusion, we found that different players of iron homeostasis are altered in Esr1-deficient ovaries, which are associated with iron overload conditions. Our data further indicate that there is no systematic iron overload in other organs involved in iron regulation (i.e., liver and spleen).




3.3 Ovaries of Esr1-knockout mice show iron accumulation and LCN2 upregulation

Hemosiderin, an iron storage aggregate with poor accessibility, can be formed during iron overload when cells reach their capacity to bind iron to ferritin, such as during hemorrhages (65). This can be easily analyzed in routine hematoxylin and eosin (HE) staining in which hemosiderin appears as golden-brown aggregates (21).

Since iron transport and storage is increased in Esr1-deficient ovaries (c.f. Figure 2), we next investigated whether hemosiderin is present in ovarian tissue. Therefore, ovarian tissue sections of adult Esr1-deficient and WT animals were initially stained with HE and serial sections were stained with Perls Prussian Blue (PPB) to confirm the ferric Fe3+ deposition (hemosiderin) (Figures 4A, B, upper panels). Interestingly, large amounts of golden-brown deposits were evident in the ovaries of Esr1-deficient animals throughout the tissue section, while in contrast no deposits were seen in the WT animals. These accumulations were preferentially located in the interstitial ovarian stroma (Figure 4B) or in close proximity to hemorrhagic cysts (Figure 4C, upper panel). PPB staining confirmed that the golden-brown deposits were hemosiderin accumulations (Figures 4A, C, lower panels). While the WT ovaries showed only sporadic, blue-stained cells, the ovaries of Esr1-deficient animals exhibited many dark, blue-stained areas that coincided with the deposits occurring in HE staining. In addition to the dark blue stains, the ovaries of Esr1-depleted mice also contained light-blue colored cell clusters (see Section 3.5).




Figure 4 | Hemosiderin deposits in ovarian tissues. Formalin-fixated paraffin-embedded ovarian tissues section of wild type (WT, n=8) and Esr1-deficient (n=8) animals were used for staining. Serial tissue slices of WT (A) and Esr1-deficient (B) ovaries were stained with Hematoxylin-Eosin (HE) or Perls Prussian Blue (PPB) to detect iron in form of hemosiderin. Hemosiderin can be seen in HE staining as brown-gold deposits and turns blue with PPB. The scale bars equal to 250 µm (solid boarder) or 50 µm (dashed border). Hemosiderin accumulations were found in ovarian stroma of Esr1-deficient animals but not in WTs and were localized around hemorrhagic cysts (C). The scale bars equal to 100 µm. (D) Immunohistochemical localization of lipocalin 2 (LCN2) was combined with PPB staining to examine whether iron-positive cells co-localize with LCN2-positive cells. WT (n=3) and Esr1-deficient (n=4) ovaries were stained, showing no co-localization of iron and LCN2. Normal goat IgG was used as a negative control instead of the primary antibody. The scale bars equal to 500 µm (solid boarder) or 50 µm (dotted boarder and dashed border).



In our previous study we demonstrated dramatically increased lipocalin-2 (LCN2) expression in female Esr1-deficient ovaries (8). Since this protein is an important player in iron homeostasis (44), we investigated in the following whether the same cells are responsible for both producing LCN2 and accumulating iron. Therefore, we combined immunohistochemical detection of LCN2 with subsequent PPB staining. Ovarian tissues of WT and Esr1-deficient animals were stained according to the described method (Figure 4D). In agreement with our previous report, WT ovaries contained only few LCN2-positive cells. In addition, we found no double-positive cells in WT ovaries. However, Esr1-deficient ovaries showed many cells that were positive for LCN2 and iron. Normal goat IgG that were used as a negative control showed no brownish stain that were observed after staining with the LCN2 specific antibody. Importantly, the results show that the vast majority of LCN2-positive cells do not coincide with the iron-loaded cells.

Taken together, staining with PPB revealed dramatically increased hemosiderin quantities in Esr1-deficient ovaries. The data further indicate that cells that are strongly positive for LCN2 are different than those in which iron is deposited. Nevertheless, it is conceivable that the high expression of LCN2 affects the iron deposition and metabolism. Possibly the iron is associated with phagocytic cell types and other immune cells, as it is the case in a different hemorrhagic disease model (66).




3.4 Macrophages in Esr1-deficient ovaries

Ovarian macrophages are an essential cell type for ovarian iron metabolism (37). Therefore, we hypothesize that the severe iron accumulation in the Esr1-deficient animals is linked to macrophage influx in these tissue. To test this hypothesis, we first performed RT-qPCR to investigate whether WT and Esr1-deficient animals differ in terms of ovarian macrophage expression. We found significantly higher expression of pan-macrophage markers Cd68 (known as well as macrosialin) and Adgre1 (encoding F4/80 protein) in Esr1-depleted ovaries when compared to WTs (Figure 5A). Moreover, Western blot analysis showed a clear trend of higher CD68 protein expression in Esr1-deficient animals (Figure 5B). The mRNA analysis was in line with results from immunohistochemical detection of F4/80 in the ovaries showing no- to low-numbers of F4/80-positive macrophages in the WT ovaries (Figure 5C). In WT ovaries, these cells were found in atretic follicles and regressing corpus luteum. Interestingly, the number of F4/80-positive cells were increased in ovaries of Esr1-deficient animals, which were located in the ovarian stroma (Figure 5D). Co-staining with LCN2 demonstrated no co-localization of F4/80-positive macrophages with LCN2-positive cells in either WT or Esr1-deficient ovaries (Figures 5C, D). As negative controls for immunofluorescence staining normal rat and goat IgGs instead of primary antibodies have been used, showing only a low background staining (Figure 5E). Furthermore, we investigated whether the increase in macrophages was predominantly due to M1-like (pro-inflammatory) or M2-like (anti-inflammatory) macrophages. Based on our previous findings of significantly elevated Tnf expression in Esr1-deficient ovaries, we anticipated an increase in pro-inflammatory macrophages. However, we observed no disparity in Nos2 or Il1r1 mRNA expression between WT and Esr1-deficient ovaries, which commonly used markers for M1-like macrophages (Figure 5F). In sharp contrast, there was a significant increase in all analyzed M2-like macrophage markers (Arg1, Cd163, Mrc) in Esr1-deficient compared with WT ovaries (Figure 5G).




Figure 5 | Macrophages in ovarian tissues. Wild type (WT) and Esr1-deficient ovarian tissues were either used for mRNA (WT, n=7; Esr1–/–, n=5-6), protein analysis (WT, n=3; Esr1–/–, n=3) or immunofluorescence staining (WT, n=3; Esr1–/–, n=3). (A) Relative mRNA expression of pan-macrophage markers Cd68 and Adgre were detected by RT-qPCR. (B) Western blot analysis was used to detect CD68 protein expression, which was quantified densitometrically and plotted relative to β-actin expression. F4/80 (green) and LCN2 (red) protein expression was visualized by immunofluorescence staining with nuclear DAPI counterstaining in (C) WT and Esr1-deficient (D) ovaries. (E) Normal rat and goat IgG were used as a negative control instead of the primary antibodies. The scale bars equal to 100 µm (solid boarder) or 50 µm (dashed border). (F) Relative mRNA expression of Nos2 and Il1r1, as well as Arg1, Cd163 and Mrc (G) were determined by RT-qPCR. All data (A-B, F-G) are displayed as mean ± SD. For statistical analysis, Students t-test was done. Significant differences between groups are marked with asterisks: *p<0.05, **p<0.01, ***p<0.001, ns =not significant.



Overall, our results demonstrate a strong increase in phagocytic cells in the Esr1-deficient ovary. Interestingly, we found significantly higher expressions of different M2-like macrophage markers in these animals, most likely indicating enhanced remodeling and tissue repair activity.




3.5 Esr1-deficient ovaries exhibit multinucleated giant cells

In the last decade, a unique ovarian macrophage-derived multinucleated giant cell population (termed as multinucleated giant cell, MNGC) has been exclusively found in aged murine ovaries (22, 23, 34), but speculated to be affected by altered endocrine processes. Therefore, we next examined Esr1-deficient and WT ovaries for the presence of MNGCs. Interestingly, in HE staining, we detected several clusters of pale brownish cells in ovaries of Esr1-depleted mice (Figure 6A), which most likely represent MNGCs. Higher magnification of these clusters showed that the cells appeared foamy and contained multiple nuclei (Figure 6A, I-IV). By phagocytosis, MNGCs engulf and store diverse products, including polysaccharides, which can be positively stained by Periodic Acid Schiff (PAS) reaction (22, 50). To verify these characteristic, serial sections of ovarian tissue from Esr1-deficient animals were stained with HE and PAS, revealing that the MNGC clusters which appeared pale brownish in HE (Figure 6B, left panels) were strongly positive (stained pinkish) in PAS reaction Figure 6B, right panels). In addition, we could confirm that these MNGCs contained iron, as they appeared colored light blue in PPB staining (Figure 6C). Another characteristic of MNGCs is their strong autofluorescence compared with the surrounding ovarian tissue (22). Observation of the PPB-stained Esr1-deficient ovary slices under a fluorescence microscope revealed that foamy ovarian MNGCs exhibited strong autofluorescence (Figure 6D). Finally, we found that MNGCs are present in aged ovaries, as we detected small numbers of these cells in old animals of all groups (WT, Esr1–/– and Esr1+/–). These cell clusters are visible in HE staining, are PAS reaction positive, contain iron accumulations, and exhibit strong autofluorescence (Supplementary Figures 3A–D).




Figure 6 | Multinucleated giant cells (MNGCs) are present in ovarian stroma of Esr1-deficient mice. Formaldehyde-fixated, paraffin-embedded serial ovarian tissue sections from Esr1-deficient mice (n=7) were used for different histological stainings. (A) Hematoxylin-Eosin (HE) staining shows pale cell clusters with a foamy appearance and multiple nuclei (I-IV) throughout the section of the Esr1-deficient ovary. (B) Cell clusters were identified as MNGCs by positive Periodic Acid-Schiff (PAS) reaction. (C) Perls Prussian Blue (PPB) staining revealed iron inclusions in the MNGCs. (D) PPB-stained MNGCs show strong autofluorescence. Scale bar equals 500 µm (solid boarder in (A)) or 50 µm (dashed boarder in (A) and in (B–D)). Mφ, macrophage.



In conclusion, we detected several clusters of MNGCs in the ovaries of 3-month-old Esr1-deficient mice, but not age-matched WT controls. These findings indicate that disruption of Esr1 leads to signs of reproductive aging, confirming altered endocrinology as an underlying cause of MNGCs formation.




3.6 Esr1-deficient ovaries show high number of mast cells

Mast cells are present in the ovary at all stages of rodent estrous cycle and human ovaries and can release various mediators such as tumor necrosis factor alpha (13, 67–70). In addition, mast cells are involved in iron-induced conversion of macrophages to foam cells during hemorrhage (66). In the last part of this study, we determined the number of mast cells in ovaries of female WT and Esr1-deficient mice by toluidine blue (TB) staining. We found numerous mast cells in the Esr1-deficient ovary in the interstitial area, whereas only singular mast cells were observed in WT ovaries (Figure 7A). This observation was reflected in the calculated number of mast cells (per mm2) in the ovaries. The mean calculated number of mast cells in 38.6 ± 11.5 mast cells per mm2 in Esr1-deficient ovary was significantly higher than those observed in WT ovaries (2.8 ± 4.3 mast cells per mm2) (Figure 7B). In addition, TB staining in Esr1-deficient ovaries showed yellow deposits that were located at the same sides of iron deposits found in PPB staining (Figure 7C). Interestingly, we observed some degranulated mast cells in the Esr1-deficient ovaries, indicated by purple-stained granules that were released in the surrounding ovarian tissue (Figure 7D). In line, RT-qPCR revealed significantly higher levels of mast cell protease 6 and 2 (Mcpt6, Mcpt2) in Esr1-depleted ovaries (Figure 7E).




Figure 7 | Increased number of mast cells in Esr1-deficient ovaries. Ovaries from wild type (WT, n=5) and Esr1-deficient mice (Esr1–/–, n=5) were dissected and formalin-fixed paraffin-embedded tissue section were prepared. Toluidine blue (TB) staining was performed on ovarian tissue sections to detect mast cells. (A) WT animals demonstrate lower number of (purple stained) mast cells in the ovary than Esr1–/– animals. Scale bar correspond to 250 µm (solid boarder) or 50 µm (dashed boarder). (B) Evaluation of all female mice shows that Esr1–/– animals have significantly more mast cells per mm2 in the ovary compared to WT controls. Each dot represents an individual mouse and horizontal lines indicate the mean (± SD). (C) Serial sections either stained with TB or Perls Prussian Blue (PPB) demonstrate that some mast cells in Esr1–/– animals reside in the vicinity of iron-accumulated areas (blue precipitates). Scale bar corresponds to 50 µm. (D) Occasionally, degranulated mast cells were found in the Esr1–/– ovary. Arrows indicate release of mast cell granules into surrounding ovarian tissue. Scale bar equals 50 µm. (E) RT-qPCR was performed to evaluate relative mRNA levels of mast cell specific markers (Mcpt6, Mcpt2). (B, D) Students t-test was used for statistical analysis. Significant differences between groups are marked with asterisks: **p<0.01,***p<0.001.



Overall, the number of mast cells is increased in Esr1-deficient ovaries compared with WT animals, suggesting that ovarian mast cells play an active role in the hemorrhagic cystic Esr1-knockout phenotype and might be involved in the formation of MNGCs.





4 Discussion

Estradiol (E2) and estrogen receptor alpha (ERα, Esr1) are essential for the maintenance of normal ovarian function and development in mammals. Consequently, Esr1-deficient animals are infertile (1, 14, 17, 48). The role of ERα in aging, particularly in ovarian aging is poorly understood. A recent study gave evidence that hormonal imbalance leads to increased iron deposition and altered iron homeostasis (20).

Overall, our data show that Esr1-deficient ovaries exhibit signs that are comparable to those seen in ovarian aging. Most interesting is the massive iron overload in the Esr1-deficient ovaries, whereas only very small amounts are found in WT ovaries. The ovarian iron overload was confirmed by different techniques. We first demonstrated it by LA-ICP-MS imaging technique, which has already been established in hepatic metal bio-imaging for diagnostics (53, 71). LA-ICP-MS imaging revealed that Esr1-deficient ovaries had approximately 4-fold higher quanties of iron compared with WTs. Based on the light microscopy images of the native preparations and the LA-ICP-MS images that provided precise iron distribution within the tissue, we conclude that large iron deposits are localized in the ovarian stroma of the animals, which is in contrast to the normal ovary where it is present within the atrectic follicles or regressing corpora lutea. Due to anovulation, infertile Esr1-deficient mice develop large cysts in the ovaries, which are mainly hemorrhagic (14, 17, 48), suggesting a link or a cause for elevated iron. Since iron is required for a variety of physiological prcoesses, but toxic in free form, precise balance of iron metabolism is mandatory (28). However, LA-ICP-MS analysis is limited to the determination of the elemental content of biometals and not suitable to assess the electron configation of measured iron. Therefore, it was necessary to investigate the form of the severe iron excess in Esr1-deficient ovaries and how this affects the iron metabolism of the animals. Our data demonstrate that ovarian iron deposition in Esr1-deficient animals was a local and not a systemic condition, due to the fact that liver and spleen (which act as important organs for iron storage and recycling) (35) were similar in control and Esr1-deficient animals. For a more detailed analysis of the systemic effects of iron, it would be useful to perform a comprehensive serum analysis. This analysis should include measuring typical iron-related parameters such as unsaturated iron binding capacity, transferrin saturation, and hemoglobin.

In a previous study we demonstrated that Esr1 deletion dramatically increases expression of lipocalin 2 (LCN2), which acts as an alternative iron transporter (8). In line, we here found that Esr1-deficient ovaries had significantly increased transferrin mRNA and protein expression whem compared to WT ovaries, which indicates enhanced iron transport, possibly due to the hemorrhaghic phenotype of the animals. The iron storage protein ferritin that exists either as heavy (Fth1) or as light chain (Ftl1), was strongly expressed by the murine ovaries, but only Fth1 mRNA was significantly enhanced in Esr1-deficient ovaries. In addition, we found significantly higher expression of Slc11a2, a metal importer that is resposible for uptake of Fe2+ (72), in Esr1-depleted ovaries. Comparable, Slc11a2 expression is elevated in ovarian endometriosis, a disease of the female reproductive tract associated with iron and related ovarian carcinogenesis (73). This suggests that the hemorrhagic iron-overload phenotype of Esr1-deficient ovaries has certain parallels with these diseases that are influenced by hormones. That only Fth1 is strongly elevated in Esr1-deficient ovaries, might be explained by the functional difference between Fth1 and Ftl1. It is known that only Fth1 has the ability to oxidize Fe2+ to Fe3+ (74). Considering that Slc11a2 mediates the uptake of iron as Fe2+, thereby leading to increase iron levels, enhanced Fth1 expression could be essential in protecting against iron-induced oxidative stress.

Iron-regulatory proteins such as IRP2 regulate iron metabolism post-transcriptionally. When iron is present, IRP2 loses its high affinity for RNA, leading to an increase ferritin to prevent cellular damage (74). In contrast, we observed increased Ireb2 expression in Esr1-deficient ovaries compared to WT controls. An abberrant expression of IRPs, especially upregulation of IRP2, has been observed in aging rat ovaries and endometrial cysts (64, 75). These and our results underline that certain conditions, such as excess iron, upset the regulation of iron metabolism, which presumably leads to cellular damage in the long term.

Using PPB staining, we detected a tremendous accumulation of hemosiderin in Esr1-deficient ovaries, closely resembling the characteristics of aged ovaries (21, 23) In naturally aged murine ovaries, these deposits are stored in macrophages (so called hemosiderin-laden macrophages) as a consequence of red blood cell phagocytosis (21). It is likely that these cells are also present in Esr1-deficient ovary, as the hemorrhagic phenotype of these animals is clearly a source of these cells. However, it is still not clear what function and effect can be attributed to this deposition of hemosiderin in the tissue. Since hemosiderin is composed in part of degraded ferritin, it is postulated that hemosiderin acts as a protective factor in the cell by reducing the ability of iron to promote oxidative stress (33). On the other hand, it is assumed that decreased stability of hemosiderin deposits may lead to iron-induced lipid peroxidation in disease and aging (76). In addition, intramyocardial hemorrhages was shown to recruit iron-laden marcrophages in an animal model of myocardial infarction, which provokes foam cell formation and lipid peroxidation (66). Therefore, we concluded that the hemosiderin deposition in the ovaries is most likely due to the hemorrhagic phenotype of the Esr1-deficient animals and could probably be cell-damaging.

Iron overload with increased lipid peroxidation can lead to tissue damage resulting in ferroptosis, a form of oxidative damage-related cell death (77). However, there are a variety of mechanisms that can be activated to reduce severe cellular damage caused by e.g. excess iron. Interestingly, Fths function is not only limited to iron storage. It further has essential roles in the detoxification capacity of macrophages (78). Ferroptosis (iron-induced cell death) is characterized by ferritinophagy, the degradation of ferritins. However, expression of genes associated with ferroptosis were not found different in Esr1-deficient and WT ovaries. Another defense mechanism of ferroptosis is the expression of glutathione peroxidase 4 (GPX4) (79). The strong expression of Gpx4 mRNA and protein in WT and Esr1-depleted ovaries suggests that antioxidant activity is not altered in ovaries lacking Esr1. In addition, we found that Esr1-deficient animals show significantly enhanced Hmox1 mRNA expression. In general, activation cytoprotective enzymes such as heme oxygenase-1 (HMOX1, Hmox1) is a mechanism to handle iron overload conditions (35, 80). In aging female mice, HMOX1 expression was found around atrectic follicles in macrophages, indicating degeneration of engulfed heme (23). Overall, we can conclude from our data that defense mechanisms against oxidative stress are activated in the Esr1-deficient animals, while we observed no alterations in iron-driven cell death associated with the lack of Esr1. Since there are a large number of parameters associated with iron-induced cell damage, it is advisable to comprehensively investigate these in future studies. It would be suitable to examine the amount of 4-hydroxynonenal as a marker of lipid peroxidation and analyze the Nrf2-Keap1 axis, which is one of the most important signaling pathways in the control of oxidative and electrophilic stress. Additionally, it is important to not only focus on protein expression, but also on its localization in the tissue.

Since macrophages are recruited in hemorrhage conditions and are key players in iron metabolism, we investigated whether these are aberrant in the Esr1-deficient ovaries. Indeed, we found signifcantly higher expression of Cd68 and Adgre representin important pan-macrophage markers. In line, immunofluoresence detection of F4/80 verified these findings. Interestingly, we found no co-localization of F4/80 and the iron regulator LCN2. LCN2 that plays a pleiotropic role in relation to macrophages and inflammation, depends on various factors (81, 82). Our results show significantly higher expression of M2-like macrophage markers (Arg1, Cd163, Mrc) in Esr1-deficient ovaries when compared to WT animals, whereas, contrary to expectations, there was no significant difference in M1-like markers (Il1r, Nos2). These results suggest that despite the intense iron accumulation, the ovary of Esr1-knockout animals express anti-inflammatory markers, which are indicative for remodeling and tissue repair, similar to characteristics foun during ovarian aging (38). Further studies should investigate systemic levels of inflammatory markers and clearly identify whether these ovarian immune cells are resident or infiltrating.

In the last decade, a unique type of ovarian macrophage found exclusively in reproductively old animals was discovered (21–23, 34). Based on the typical appearance of this cell type, these cells are referred as MNGCs. These cells are likely the result of a disruption in normal physiology that is caused by altered endocrinology as one possible cause (34). Our data provides the first evidence that endocrine dysfunction indeed causes formation of MNGCs, as these cells are present in the aged ovaries of Esr1-deficient animals but not in WT littermates. Considering that their appearance correlates with a strong increase in classical M2-like macrophage markers, they may play a role in remodeling and tissue repair. In addition, we found that iron storage seems to play a role in these cells, as we confirmed iron deposition in the MNGCs by PPB staining. These foam cell clusters in Esr1-deficient ovaries exhibit strong autofluroresence, likely due to accumulation of lipofuscin, an ‘aging-pigment observed in ovarian aging and disease (21–23, 83). Lipofuscin and iron storage are associated with oxidative DNA damage and ovarian disease (21). Although our limited results suggest that adult Esr1-deficient animals have not higher tendency to induce ferroptosis than WT animals, it is possible that this changes after futher aging. This is supported by preliminary data of a small number of older Esr1-deficient animals that we have analyzed, showing strong accumulation of lipofuscin and massive iron deposits in the aged organs (cf. Supplementary Figure 3). Interestingly, preliminary (unpublished) results using Oil Red staining show that the MNGCs in Esr1-deficient ovaries and aged WT ovaries contain numerous lipid droplets. Further analysis of these specific MNGCs, which are formed in both the aged WT animals and after Esr1 depletion, will shed light on the potential link between aging processes and Esr1 signaling.

Studies outside the ovary have shown that iron-induced macrophage influx and foam cell formation in a hemorrhage lesion are associated with increased mast cell activity (66). In fact, our results confirm a similar finding in the hemorrhagic ovary as there is a significantly higher number of mast cells in Esr1-deficient than in WT ovaries. This is consistent with the results of another Esr1 depletion model, in which the PCOS phenotype is associated with enhanced mast cells (13). Interestingly, release of granules from mast cells is mediated by hormones such as luteinizing hormone (84). As suggested previously by others (13), high quantities of serum luteinizing hormone in the Esr1-deficient ovary (48) may lead to mast cell activity.




5 Conclusion

In the study presented, we have demonstrated that disruption of Esr1 in the mouse ovary leads to changes in iron metabolism. Specifically, we report for the first time an iron overload phenotype in the Esr1-deficient ovary, accompanied by abnormal iron metabolism. In addition, these animals showed increased numbers of ovarian macrophages and mast cells. Notably, we observed an influx of M2-like macrophages and formation of foam macrophages, which are considered hallmarks of ovarian aging. Therefore, our results suggest that there may be similar underlying mechanisms involved in ovarian aging. However, further studies, including age-dependent observation of Esr1-deficient animals are required to understand the role and potential consequences of these MNGCs in the ovary. In this context, it is also important to determine whether tissue architecture remodeling is abnormal in Esr1-deficient ovaries, as is seen in aging (22, 85). A better understanding of the aging processes in the ovaries could therefore lead to the development of therapies that curb oocyte damage and age-related infertility.
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Background

This study was designed to explore the effects of flaxseed oil on the metaphase II (MII) oocyte rates in women with decreased ovarian reserve (DOR).





Methods

The women with DOR were divided into a study group (n = 108, flaxseed oil treatment) and a control group (n = 110, no treatment). All patients were treated with assisted reproductive technology (ART). Subsequently, the ART stimulation cycle parameters, embryo transfer (ET) results, and clinical reproductive outcomes were recorded. The influencing factors affecting the MII oocyte rate were analyzed using univariate analysis and multivariate analysis.





Results

Flaxseed oil reduced the recombinant human follicle-stimulating hormone (r-hFSH) dosage and stimulation time and increased the peak estradiol (E2) concentration in DOR women during ART treatment. The MII oocyte rate, fertilization rate, cleavage rate, high-quality embryo rate, and blastocyst formation rate were increased after flaxseed oil intervention. The embryo implantation rate of the study group was higher than that of the control group (p = 0.05). Additionally, the female age [odds ratio (OR): 0.609, 95% confidence interval (CI): 0.52–0.72, p < 0.01] was the hindering factor of MII oocyte rate, while anti-Müllerian hormone (AMH; OR: 100, 95% CI: 20.31–495, p < 0.01), peak E2 concentration (OR: 1.00, 95% CI: 1.00–1.00, p = 0.01), and the intake of flaxseed oil (OR: 2.51, 95% CI: 1.06–5.93, p = 0.04) were the promoting factors for MII oocyte rate.





Conclusion

Flaxseed oil improved ovarian response and the quality of oocytes and embryos, thereby increasing the fertilization rate and high-quality embryo rate in DOR patients. The use of flaxseed oil was positively correlated with MII oocyte rate in women with DOR.
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Introduction

The ovarian reserve reflects the sum of follicles in the ovary. With the increase in women’s age, their fertility decreases, as well as their ovarian reserve function and the number and quality of oocytes (1, 2). Compared with women of the same age, women with decreased ovarian reserve (DOR) have lower fecundity and responsiveness to exogenous ovarian hormone stimulation, resulting in less oocyte retrieval, poorer embryo quality, and lower implantation rate and pregnancy rate (2, 3). Additionally, DOR patients may be also characterized by perimenopausal symptoms, such as irregular menstruation, sleep disorder, and mood fluctuations (3). Currently, DOR is one of the most important therapeutic challenges in assisted reproduction (4, 5).

The decline in fertility caused by DOR has attracted attention. A woman with DOR may suffer from ovarian hypo-response, increased use of ovulation stimulants, and a high miscarriage rate after receiving assisted reproductive technology (ART) (6). These difficulties increase the psychological burden on patients and reduce the possibility of achieving parenthood. A previous study reported that DOR affected the quantity and number of metaphase II (MII) oocytes during ART treatment (7). Therefore, it is necessary to explore the treatment methods to improve the pregnancy outcomes of DOR patients.

Flax is a traditional plant, and flaxseed oil is extracted from the seeds of plant flax. Flaxseed oil is rich in omega-3 fatty acids required for human health, of which α-linolenic acid (ALA) is the most abundant (8, 9). As confirmed by previous studies, flaxseed oil plays a role in the human reproductive system, such as promoting follicular development, improving oocyte quality, and even improving oocyte fertilization rate (10, 11). Animal researchers have reported that flaxseed oil can be used as a supplement to improve reproductive processes (12, 13). However, the effects of flaxseed oil on the MII oocytes in DOR patients have not been reported yet. Therefore, this study focused on the investigation of the influence of flaxseed oil on the MII oocyte rates of women with DOR in in vitro fertilization (IVF)-assisted pregnancy.





Materials and methods




Study design and randomization

This was a prospective, randomized controlled study conducted at the Reproductive Medical Center of General Hospital of Northern Theater Command from April 1, 2021, and June 30, 2022. The experimental flow in this study is presented in Figure 1.




Figure 1 | The chart of experimental flow.



All participants were randomized 1:1 to either the study group or the control group. The randomization was performed over the period of 14 months (between April 1, 2021, and June 30, 2022) using computer-generated randomization codes. The study participants and the investigators were not blinded to the patient grouping. Additionally, this study was approved by the Ethics Committee of the General Hospital of Northern Theater Command (Y(2021)-089). All procedures were in accordance with the ethical guidelines and the Declaration of Helsinki. Informed consent was obtained from all patients.





Participants

Inclusion criteria were shown as follows: 1) women aged ≤40 years; 2) anti-Müllerian hormone (AMH) <1.2 ng/ml; 3) antral follicle count (AFC) <7; 4) follicle-stimulating hormone (FSH) greater than 10 and less than 25.

Exclusion criteria were as follows: 1) women aged >40 years; 2) suffering from gynecological diseases of the ovaries (ovarian tumors, ovarian cysts, and endometriosis); 3) having taken ovarian stimulation drugs or received controlled hyperovulation therapy within 6 months; 4) with history of ovarian surgery; 5) with endocrine or autoimmune disease (e.g., diabetes, thyroid disease, and polycystic ovary syndrome); 6) having taken drugs affecting the metabolism of macro- and micronutrients within 3 months including hypoglycemic and lipid-lowering drugs; 7) receiving prior antioxidant treatment or known allergy to flaxseed oil in the past 1 year.





Treatment protocols

The patients in the study group were given oral flaxseed oil (ALA 500 mg/pill, Kings Healthbay, Walnut, CA, USA) twice a day for 30 days before receiving ART treatment. During ART treatment, oral drug doses were maintained until a clinical pregnancy was established. The subjects in the control group received ART before and after IVF or intracytoplasmic sperm injection (ICSI), without any additional treatment.





Ovarian stimulation

On the second or third day of menstruation, recombinant human follicle-stimulating hormone (r-hFSH; Jinsai, China) was given at an initiative dose ranging from 150 to 225 U. The late dose of r-hFSH was adjusted according to the size and counts of the follicles and hormone levels. When the diameter of dominant follicles was ≥12–14 mm, gonadotropin-releasing hormone (GnRH) antagonist (Cetrorelix, 250 μg/day; Merck Serono, Darmstadt, Germany) was administered until the follicles were mature. After that, recombinant human chorionic gonadotrophin (hCG) (Ovidrel, 250 μg; Merck Serono S.p.A, Rome, Italy) was used to trigger ovulation. Thirty-six hours later, ovulation was triggered, and oocytes were extracted (14).





Embryo culture

Oocytes were fertilized by conventional IVF or ICSI depending on sperm quality (15, 16). Embryos were evaluated 16–18 hours after IVF or ICSI fertilization, and zygotes normally fertilized were cultured in an embryo incubator for 3–5 days (17).





Embryo transfer

The embryos were graded according to the consensus of the laboratory group of the Reproductive Medicine Branch of the Chinese Medical Association and the Istanbul consensus (18). All subjects selected the best morphologically graded embryos for fresh or frozen embryo transfer (ET) on the third day (19, 20). If the subjects were eligible for fresh transplantation, 40 mg of progesterone was injected intramuscularly from the day of oocyte extraction, 200-mg oral progesterone capsules were given per day, and luteal support was given until 14 days after ET (17). For subjects with a positive pregnancy, luteal support was provided until 8 weeks of gestation.

Those who failed to undergo fresh transfer were subjected to a frozen ET cycle at a later stage. Patients with a regular menstrual cycle and normal ovulation underwent the natural cycle program, and their ovulation status was tracked using transvaginal ultrasound. Meanwhile, blood luteinizing hormone (LH), estradiol (E2), and progesterone were monitored. The patients were given progesterone 20 mg/day of intramuscular injection on ovulation day and a progesterone capsule 200 mg/day orally to transform the endometrium. ET was performed 3 days after ovulation with luteal support until 8 weeks of gestation.

As for menstrual irregularities, artificial cycles were applied in the endometrium of subjects with ovulatory disorders. From the fifth day of the menstrual cycle, 2-mg fenmoton white tablets (E2 tablets) were orally given to patients twice a day, and their endometrial thickness was monitored by transvaginal ultrasonography. When the endometrial thickness exceeded 8 mm, luteal support (ketone injection 40 mg combined with oral progesterone capsules 200 mg/day) was given, and ET was performed 5 days later. Hormone therapy was discontinued if the pregnancy test result was negative. A positive pregnancy test resulted in luteal support up to 11 weeks of gestation and tapering after 10 weeks.





Outcome measures

The primary outcome measure was the MII oocyte rate for one stimulation cycle. The MII oocyte rate was defined as the ratio of the total number of MII oocytes to the total number of oocytes extracted.

The secondary outcomes included stimulation cycle parameters, embryology-related parameters, and clinical reproductive outcome parameters. Specifically, stimulation cycle parameters consisted of the total dose of r-hFSH, duration of stimulation, peak E2 concentration, LH concentration on the day of the hCG trigger, endometrial thickness on the day of the hCG trigger, duration between the day of the hCG trigger and oocyte collection, and canceled cycles. Embryology-related parameters were composed of the percentage of ICSI, fertilization rate, cleavage rate, day 3 high-quality embryo rate, and blastocyst development rate. Clinical reproductive outcome parameters were composed of the number of fresh or frozen ET cycles, clinical pregnancy rate per fresh ET, implantation rate, cumulative clinical pregnancy rate, multiple pregnancy, and spontaneous miscarriage.

The fertilization rate was defined as the number of fertilized oocytes developed by the number of MII oocytes. Cleavage rate was defined as the number of fertilized oocytes divided into embryos divided by the total number of fertilized oocytes. Day 3 high-quality embryo rate was defined as the number of good-quality embryos divided by the number of all embryos. Clinical pregnancy was defined as the presence of an intrauterine gestational sac observed on ultrasound after ET. The cumulative clinical pregnancy rate was defined as the number of clinical pregnancies resulting from the index ART cycle following fresh or frozen ET divided by the number of all women who received treatment. Multiple pregnancy was defined as the simultaneous presence of two or more gestational sacs in the uterine cavity after a single transplant. Spontaneous miscarriage was defined as a loss of clinical pregnancy before 24 weeks of gestation.





Statistical analysis

Continuous variables were expressed as mean ± standard deviation (SD) (normal distribution) or median (quartile) (skewed distribution). Categorical variables were expressed in frequency or as a percentage. For normally distributed variables, a t-test was used to compare differences between groups. For non-normally distributed variables, differences between groups were compared using the Mann–Whitney U test. The chi-squared test was employed for comparisons of categorical variables. Univariate and multivariate logistic regression analyses were performed, and MII oocyte rates ≥50% were defined as a positive event. Univariate logistic regression analyses were performed to assess potential predictors associated with MII oocyte rates. The influence factors with statistical differences (p < 0.05) in univariate analyses were subject to multivariate logistic regression analyses. All analyses were performed using SPSS 22.0 software. p < 0.05 indicated significant differences.






Results




Overall conditions and baseline characteristics of patients

A total of 442 women were recruited. Subsequently, 186 women were excluded because they failed to meet the inclusion criteria (n = 111) or declined to participate (n = 75). The remaining 256 women agreed to participate in the study, and they were randomly assigned to a study group (n = 128) or a control group (n = 128). Additionally, 38 subjects were excluded from the analysis for the following reasons: 18 women changed their minds and gave up ART, and 20 women discontinued flaxseed oil treatment due to adherence problems. Finally, 108 women were retained in the study group and 110 in the control group. Baseline characteristics of the two groups were comparable in terms of age, body mass index (BMI), duration of infertility, type of infertility, other causes of infertility, and ovarian reserve (AMH, AFC, and day 3 FSH). The baseline characteristics of the two groups are displayed in Table 1.


Table 1 | Baseline characteristics of two groups.







Comparison of ART stimulation cycle parameters and embryological results between two groups

ART stimulation cycle parameters and embryological results are summarized in Table 2. The total dose and the duration of stimulation of r-hFSH in the study group were lower than those in the control group (p = 0.04 and 0.03). The peak E2 concentration in the study group was significantly higher than that in the control group (p = 0.01). There was no significant difference between the two groups in terms of endometrial thickness on the day of the hCG trigger (p = 0.11) and the interval between the day of the hCG trigger and oocyte retrieval (p = 0.19).


Table 2 | ART cycle stimulation parameters and embryology outcomes of two groups.



There was no statistical difference in fertilization method between the two groups, and the proportions of ICSI in the two groups were 64.0% and 53.6%, respectively (p = 0.16). Although not statistically significant, the MII oocyte rate was greater in the study group (84.6%) compared to the control group (78.9%). The fertilization rate (76.9% vs. 70.9%) and cleavage rate (63.8% vs. 51.7%) in the study group were higher than those in the control group, and there was a statistical difference. In addition, the day 3 high-quality embryo rate and blastocyst formation rate in the study group were higher than those in the control group. Furthermore, flaxseed oil intervention not only improved oocyte quality and embryo quality but also increased MII oocyte rate, fertilization rate, cleavage rate, high-quality embryo rate, and blastocyst formation rate.





Comparison of clinical reproductive outcomes between two groups

The clinical reproductive outcomes of the two groups of subjects are summarized in Table 3. The cycle cancellation rate was not statistically different between the two groups (p = 0.80). In the study group, 32 subjects received fresh transfer, and 70 received frozen ET. In the control group, 26 subjects received fresh transfer, and 67 subjects received frozen ET. The fresh transfer cycle of the two groups was less than the frozen ET cycle, and there was no statistical difference. However, the embryo implantation rate of the study group (51.9%) was higher than that of the control group (45.5%, p = 0.04). Although the cumulative clinical pregnancy rate of the study group was higher than that of the control group, there was no significant difference (p = 0.81). In addition, there was no significant difference in the rates of multiple pregnancy and early miscarriage between the two groups.


Table 3 | Clinical reproductive outcomes of two groups.







Multivariate regression analysis for factors influencing MII oocyte rates

An analysis was performed on the influencing factors for MII oocyte rates. The results of the univariate analysis showed that the influencing factors for MII oocyte rates included female age, AMH, AFC, peak E2 concentration, and use of flaxseed oil (Table 4). Female age was significantly negatively correlated with MII oocyte rate (p = 0.01), while AMH (p = 0.05), AFC (p = 0.03), peak E2 concentration (p = 0.01), and flaxseed oil intake (p = 0.05) were positively correlated with MII oocyte rate.


Table 4 | Univariate analysis of MII oocyte rate.



We further analyzed the association between MII oocyte rate and these influencing factors using multiple-factor analysis (Table 5). Briefly, the female age [odds ratio (OR): 0.61, 95% confidence interval (CI): 0.52–0.72, p < 0.01] was the hindering factor, while AMH (OR: 100, 95% CI: 20.3–495, p < 0.01), peak E2 concentration (OR: 1.00, 95% CI: 1.00–1.00, p = 0.01), and the intake of flaxseed oil (OR: 2.51, 95% CI: 1.06–5.93, p = 0.04) were the promoting factors for MII oocyte rate. These results indicated that the increase in female age was related to the decrease in MII oocyte rate. Additionally, high AMH and E2 levels and flaxseed oil treatment contributed to the high MII oocyte rate.


Table 5 | Multivariate analysis of MII oocyte rate.








Discussion

DOR is characterized by a decrease in the quality and quantity of oocytes (1, 2). It has seriously affected the fertility of women and is progressively worse with the delay of childbearing age (2). The prevalence of DOR is approximately 10% among infertile women (21). Previous studies have shown that flaxseed oil can improve fertility (10, 11). In this study, we demonstrated the potential benefits of flaxseed oil treatment in improving oocyte quality and ovarian response in women with DOR. Our results showed that the flaxseed oil intervention could improve ovarian response, reduce r-hFSH dosage, shorten r-hFSH stimulation time, and increase E2 peak concentration. Furthermore, flaxseed oil intervention could improve oocyte quality and embryo quality and increase the rate of mature oocyte acquisition, fertilization rate, cleavage rate, high-quality embryo rate, and blastocyst formation rate. Additionally, the embryo implantation rate after flaxseed oil treatment was higher than that of the control group. The cumulative clinical pregnancy rate was higher after flaxseed oil treatment, but there was no significant difference, probably due to insufficient sample size. In conclusion, flaxseed oil administration enhanced ovarian response to stimulation and improved oocyte and embryo quality. The results of this study are generally consistent with those of some previous studies.

The intake of linseed oil can increase the levels of ALA and eicosapentaenoic acid in the body (22). These two substances are very important for germ cell development. Specifically, they play a role in maintaining the structure and function of cell membranes, enhancing immune function, promoting growth and development, and regulating lipid metabolism and related gene expression (23, 24). A study of 235 women who underwent IVF/ICSI revealed that a high intake of ALA was associated with a higher baseline E2 level. They also showed positive associations between ALA intake and embryo morphology (25). Another study pointed out that total oocyte volume and MII oocyte volume were positively correlated with ALA intake, and a higher intake of linseed oil increased the oocyte fertilization rate (11). The beneficial effect of flaxseed oil on the fertility of women may be related to omega-3 fatty acids. A randomized controlled study of 110 participants proposed that dietary intervention with omega-3 fatty acids could significantly improve embryo development through morphodynamic markers improving embryo quality (26). In a randomized controlled trial of 27 participants, dietary supplementation with omega-3 fatty acids reduced serum FSH levels in normal-weight women (27). This is consistent with the direction of data in mice that higher dietary omega-3 fatty acids can increase reproductive lifespan (27, 28). In addition, it was reported that the combination of flaxseed oil and vitamin E increased semen quality and sperm motility, prevented sperm lipid peroxidation, and increased blastocyst rate (29). Although our study did not pay attention to the effect of flaxseed oil on sperm, our results demonstrated the beneficial effects of flaxseed oil on reproduction and were not limited to a single gender.

In our study, flaxseed oil intervention increased the rate of mature oocyte acquisition and follicle formation. This may be related to the effects of omega-3 fatty acids. Evans et al. and Mossa et al. suggested that dietary omega-3 fatty acids increased ovarian follicle production, which may have a positive effect on fertility performance (30, 31). Studies in cattle have shown that omega-3 fatty acids promote follicle growth in the ovaries, in addition to shortening the interval between first ovulation after delivery (32). The possible mechanism is that high omega-3 fatty acid levels increase arachidonic acid (AA) in the phospholipid of follicular granulosa cells. Under the stimulation of gonadotrophin, AA is released from the phospholipid and metabolized through the cyclooxygenase pathway to produce prostaglandins. Prostaglandin E2 stimulates ovarian hormone production and then increases follicles (33–35). It also may be associated with the antioxidant capacity of omega-3 fatty acids (36).

Omega-3 fatty acids may influence many factors related to the synthesis and metabolism of important reproductive hormones, such as steroid hormones, progesterone, and E2 (37, 38). It was found that the follicular fluid progesterone concentration of ewes fed with the omega-3 fatty acids diet was significantly higher than that of the control group (39). Diets rich in omega-3 fatty acids promote early embryonic development and progesterone secretion, suggesting that sex steroid metabolism may be affected by regulating omega-3 fatty acids intake (40). To be specific, inhibition of prostaglandin-endoperoxide synthase 2 (PTGS2) activity can promote cAMP-induced steroidogenesis in mouse Leydig tumor cells by increasing the expression of steroidogenic acute regulatory (STAR) protein, and omega-3 fatty acids are effective inhibitors of PTGS2 activity (41). In this study, the E2 peak level was associated with the MII oocyte rate, and flaxseed oil increased the peak E2 concentration in DOR women.

Our study showed that flaxseed oil intervention improved the quality of oocytes and embryos and increased fertilization rate, high-quality embryo rate, and blastocyst formation rate. Additionally, omega-3 fatty acids could increase fertilization rate and promote embryo development. Notably, high levels of omega-3 fatty acids improve membrane fluidity, reduce embryo fragmentation, and make blastocyst division more (42)symmetrical; all of these are associated with increased implantation, high live birth rates, and improved blastocyst development (25, 43). It has also been suggested that omega-3 fatty acids increase insulin-like growth factor-I (IGF-I) gene expression in granulosa cells (44, 45), thereby improving fertilization rates and embryonic development. IGF-1 is a key regulator of follicular differentiation and other reproductive functions (42, 46, 47). Our study did not analyze the outcomes of fresh or frozen ET with flaxseed oil. We suspected that flaxseed oil may have no effect on the method of transplantation (fresh or frozen). Previous studies have stated that omega-3 fatty acids affect oocyte development mainly through antioxidants, steroid metabolism, gene expression, and other mechanisms (48–50). Therefore, it is speculated that flaxseed oil may mainly function by targeting the effect of ovulation induction on the oocytes of subjects. However, some studies have stated that the pregnancy outcome of fresh and frozen ET cycles may be mainly related to the quality of transplanted embryos and the endometrial environment (51, 52). Perhaps, more clinical and basic studies are needed in the future to confirm the effects of linseed oil omega-3 fatty acids on the endometrial environment and embryo quality.

The main strength of this study is that the impact of flaxseed oil on MII oocyte rate in patients with DOR has not been reported yet. Our study population was focused on a specific population of women with DOR, applying the same clinical treatment protocol and laboratory testing methods and using a prospective design of an unbiased randomization process to eliminate bias.

There are several limitations in this study. First of all, the sample size in this study was small, so a larger sample size may be required to account for significant clinical differences. Second, the pregnancy outcomes related to live births were not tracked in this study. The pregnancy outcomes related to live births are the final outcome of IVF treatment, and a longer follow-up may be needed to evaluate patients. Furthermore, the effect of other lifestyle factors that may have put women at higher risk was not assessed in this study, and these factors need to be considered in subsequent studies. Finally, the optimal time and duration of flaxseed oil supplementation in this study were unclear. Considering the patient’s need for pregnancy assistance, lengthy intervention may not be accepted by patients, so the non-intervention time of 1 month was selected. In future research, the intervention time can be explored by further grouping. In other words, future research can explore the optimal intervention program for flaxseed oil by adjusting the intervention time and duration.





Conclusion

Flaxseed oil improved ovarian response and the quality of oocytes and embryos, thereby increasing the fertilization rate and high-quality embryo rate in DOR patients. Furthermore, the use of flaxseed oil was positively correlated with MII oocyte rate in women with DOR.
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Mitochondria plays an essential role in regulating cellular metabolic homeostasis, proliferation/differentiation, and cell death. Mitochondrial dysfunction is implicated in many age-related pathologies. Evidence supports that the dysfunction of mitochondria and the decline of mitochondrial DNA copy number negatively affect ovarian aging. However, the mechanism of ovarian aging is still unclear. Treatment methods, including antioxidant applications, mitochondrial transplantation, emerging biomaterials, and advanced technologies, are being used to improve mitochondrial function and restore oocyte quality. This article reviews key evidence and research updates on mitochondrial damage in the pathogenesis of ovarian aging, emphasizing that mitochondrial damage may accelerate and lead to cellular senescence and ovarian aging, as well as exploring potential methods for using mitochondrial mechanisms to slow down aging and improve oocyte quality.
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1 Introduction

The average age of primiparous women has been gradually increasing since the 21st century, which is known to be negatively associated with reproductive outcomes (1–3). The advancement of assisted reproductive technology can compensate for the age-related decline in fertility, but evidence suggests that stopping or reversing the biological aging process is impossible (4, 5). Patients with certain genetic and autoimmune diseases, or women with excessive dieting, long-term radiation interference, or postoperative chemotherapy for cancer, may experience a premature decline in ovarian function (6), resulting in early-onset ovarian dysfunction, also called premature ovarian insufficiency (POI). Age-related infertility is mainly related to the decreased quantity and quality of oocyte that limit a woman’s ability to conceive. Studies using animal models revealed several cellular and genetic dysfunctions are causally related or correlated with aging. Although the mechanism of ovarian aging remains unclear, possible explanations for female ovarian aging are summarized in Figure 1.




Figure 1 | Potential mechanisms of ovarian aging (the figure was created with BioRender.com) Telomere shortening: Once telomere length becomes critically short, cellular senescence and apoptosis may occur during ovarian aging in mammals (7, 8); Compromised autophagy: The decrease of autophagic activity with age, likely leads to the accumulation of damaged macromolecules and organelles (9, 10); Mitochondial dysfunction: Mitochondial factors are explained further under subheadings in the text; Loss of proteostasis: Loss of proteostasis may damage the stability of microtubules and the integrity of meiosis in naturally aged mice oocyte (11); Stem cell exhaustion: Due to germ-line stem cells do not exist post-natally in female mammals (12–14), the reproductive potential of the ovaries will continue to decline after birth; Altered intercellular communication: There is an Increase In preantral follicles atresia in mice with suppression of intercellular junctions, which may be the cause of premature ovarian failure (15, 16); Epigenetic alteration: Studies have revealed the occurrence of epigenetic changes in the cells within the ovaries as age increases, including abnormal DNA methylation (17), histone modifications (18), and non-coding RNA-regulated modifications (19, 20); Cellular senescence: With the dysfunction of senescent cell, limited mitochondrial energy production, increased apoptosis of ovarian granulosa cells (21), increased inflammatory cytokines secretion (22) etc., would alter the microenvironment of follicle growth and affecting the quality and quantity of oocyte; Nutritional dysregulation: Dietary factors (23), low energy availability and high fat diet can increase the risk of POI; Genomic instability: In aging oocyte deceased efficacy of DNA repair mechanisms could cause low potentiation of anti-oxidant buffering and promote cell death (24).



Mitochondrial dysfunction provides a clue for explaining ovarian aging. Mitochondria is a kind of organelle with a double membrane structure and a diameter of 0.5~1.0 μm, containing limited Genetic material. Mitochondria is controlled by the mitochondrial and nuclear genomes. Human mitochondrial DNA (mtDNA) is a circular DNA molecule containing 16569 base pairs. All 13 proteins encoded by mtDNA are structural components of the electron transport chain (ETC), which assemble with nuclear-encoded proteins and become crucial components of the oxidative phosphorylation(OXPHOS) process. Mitochondria is the sites for oxidative metabolism in eukaryotes, and is the sites where sugars, fats, and amino acids ultimately oxidize and release energy. The common pathway responsible for the final oxidation of mitochondria is the tricarboxylic acid (TCA) cycle and OXPHOS, which correspond to the second and third stages of aerobic respiration, respectively. The glycolysis completed in the cytoplasmic matrix and the TCA cycle completed in the mitochondrial matrix produce high-energy molecules such as reduced nicotinamide adenine dinucleotide (NADH) and reduced flavin adenine dinucleotide (FADH2). The role of OXPHOS in this step is to use these substances to reduce oxygen and release energy to synthesize adenosine triphosphate (ATP).

A big difference from somatic cells is that the number of mitochondria and the copy number of mtDNA in human mature oocyte are very high (6). These mitochondria are produced during the oogenesis stage, and the mitochondrial replication is believed to remain quiescent until the embryo reaches the blastocyst stage (25, 26). Using transcriptome sequencing, differential expression of mitochondrial-related genes was found by comparing the oocyte of young women and women with advanced age (27–30). It is reported that the increase in maternal age significantly decreased the number and quality of mitochondria in aging oocyte (31, 32). After ovarian aging, the morphology of mitochondria changed significantly, showing an increase in the number of swollen and vacuolated mitochondria (33–37). But ovarian functions can be partially restored by supplementing healthy mitochondria or improving mitochondrial function (38, 39), such as reducing the risk of mitochondrial oxidative damage caused by free radicals, reducing the expression of mitochondrial apoptosis-related proteins (40), and stimulating mitochondrial autophagy enhancers (41). The current manuscript reviews and summarizes the mechanism of mitochondrial damage in ovarian aging to explore possible intervention measures for improving and protecting the fertility of women with advanced age of childbearing age.




2 Mitochondrial dysfunction leads to ovarian aging



2.1 The key role of mitochondrial oxidative stress damage in ovarian aging

The disruption of oxidative and antioxidant balance leads to excessive oxidative stress(OS), resulting in irreversible damage of ovarian. Reactive oxygen species (ROS) are byproducts resulting from energy production in the mitochondrial electron transfer chain to generate ATP. When the human body ages or is subjected to various harmful stimuli, excessive production of ROS and reactive nitrogen species (RNS) can disrupt the antioxidant defense barrier, trigger cellular OS response. The emergence of mitochondrial OS may be a mechanism leading to infertility, which is not unfamiliar to us. The high OS level detected in the human ovary is associated with follicular atresia, low fertilization potential of oocyte, the risk of aneuploidy, and sub-fertility (42, 43). Numerous studies have shown that during ovarian aging, the antioxidant enzymes in granulosa cells(GCs), and follicular fluid, such as superoxide dismutase (SOD), catalase (CAT), and Glutathione peroxidase (GSH-Px), were significantly reduced (44, 45). OS reaction is regarded as a specific initiator for oocyte aging (46), directly attacking the mitochondrial membrane and destroying the mitochondrial OXPHOS, resulting in reduced ATP production. Excessive ROS production directly affecting the target of the signaling pathway and acting as a second messenger interacting with intermediate reaction steps (47). ROS reduces the expression of isocitrate dehydrogenase 1 (IDH1) by activating the mitogen-activated protein kinase (MAPK) signaling pathway (48), activates the p53-SIAH1-TRF2 axis to induce telomere shortening (49), and promotes the aging of GCs. In addition to aging, GCs apoptosis is related to follicular atresia, which is an important mechanism of ovarian aging. Research has found that the strong oxidant H2O2 passes through HIF-1α signaling pathway to stimulates apoptosis of GCs (50). Peroxiredoxin 2(PRX2)deficiency accelerated age-related ovarian failure through the ROS-mediated JNK pathway in mice, and increased numbers of apoptotic cells (51). Another study showed that Ginsenoside Rb1 inhibits age-related GCs oxidative damage by activating Akt phosphorylation at Ser473 and by further interaction with FOXO1 (44). Therefore, the increase of OS plays an important role in the development of ovarian aging. The use of antioxidants to minimize OS may affect improving ovarian function women with advanced age (41, 43).

It is worth noting that when OS occurs, mitochondria will respond. Nuclear respiratory factors (NRF) can sense OS in the mitochondrial matrix and be activated. NRF1/2 can regulate the formation of mitochondrial respiratory chain complexes, transcription and replication of mtDNA. Loss of full-length NRF1 led to a dramatic increase in ROS and oxidative damages (52). In addition, SIRT1/3 also acts as a sensor by activating PGC1α- NRF1 promotes mitochondrial synthesis and coordinates cellular defense against ROS invasion (53, 54). Unfortunately, current research has found that NRF1, SIRT1, and SIRT3 are all downregulated in the ovaries of reproductive aging (55–57), indicating a decrease in the ability of mtDNA transcription and replication (mitochondrial synthesis). The antagonist response orchestrated by SIRT1 in oocyte seems to decrease with aging (53). When ROS accumulation exceeds the critical point, OS will further induce cell aging or apoptosis, affecting oocyte quality.

In summary, the increase of OS plays an important role in the development of ovarian aging by disrupting OXPHOS, inducing telomere shortening, and stimulating cell apoptosis (46–48). At the same time, the expression of molecules that receive ROS signals to activate mitochondrial synthesis is downregulated in the aging ovaries (55–57). The insufficient transcription and replication ability(mitochondrial synthesis) of mtDNA leads to a decreased ability to resist ROS in the cells.




2.2 Changes in mitochondrial genome during ovarian aging



2.2.1 The decrease in mtDNA quantity leads to a decrease in the quality of aging oocyte

When OS occurs within cells, mtDNA transcription and replication are driven to synthesize new mitochondria. Unfortunately, it has been found that mtDNA copy number decreases with ovarian aging (58, 59). The mtDNA is compacted into dense mitochondrial nucleoids. The mitochondrial transcription factor A (TFAM) binds to mtDNA and regulates mtDNA transcription activation in vivo by recruiting mitochondrial RNA polymerase (POLRMT) and mitochondrial transcription factor B (TFBM) for mtDNA replication (58). Current research has found that female individuals with TFAM recessive missense mutation showed the clinical phenotype of POI (59). Evidence up to date indicated the decreasing pattern of mitochondrial quantity and mtDNA content in mammalian oocyte with aging (31, 60, 61). In addition, a significant decrease in the copy number of mtDNA was found in unfertilized and degenerated oocyte of women with advanced age, with a notable positive correlation existing between the cytoplasmic volume of blastomeres from embryos and the mtDNA copy number (35). The decrease in mtDNA copy number is consistent with the difficulty in conceiving in patients with reproductive aging. The mtDNA copy number is an indicator of oocyte maturation and fertilization potential (62). The optimal mtDNA copy number and sufficient ATP level (at least 2pMol) are prerequisites for normal follicular development and maturation to ensure the good developmental potential of the fertilized blastocyst (63, 64).

On the other hand, the quality of oocyte is regulated by GCs (65). GCs include two types: mural granulosa cells(MGCs) and cumulus cells (CCs). Current research has found that, women with moderate expression of TFAM in the cytoplasm of human follicular fluid GCs exhibit better results in IVF (66). The mtDNA content of CCs and oocyte in women with diminished ovarian reserve (DOR) significantly decreased, while the quality of oocyte was positively correlated with the expression of TFAM mRNA in CCs (60). The copy number of mtDNA in GCs in POI patients and low prognosis in patients classified by POSEIDON negatively correlate with age (67). Due to the crucial importance of maintaining stable mtDNA copy number for maintaining mitochondrial function and cell growth (68), the decrease in mtDNA copy number in GCs is closely related to the occurrence of excessive cell apoptosis (69). Excessive apoptosis of GCs can lead to follicular atresia and decreased oocyte quality.

In summary, a significant decrease in the copy number of mtDNA in oocyte and GCs was found in individuals with reproductive aging (35, 60, 67). The decrease in mtDNA copy number is associated with a decrease in oocyte fertilization potential. In this context, some researchers have carried out mitochondrial transplantation techniques with the aim of increasing the number of healthy mitochondria in the cells, resulting in improved oocyte quality and pregnancy rates (70, 71). However, due to the small sample size of the study, further expansion is still needed to confirm the findings. Due to the high number of mitochondria and copy number of mtDNA in mature human oocyte (6). The decrease in mtDNA copy number may only affect one aspect of oocyte quality, and mtDNA mutations cannot be ignored.




2.2.2 The significant increase in mtDNA instability leads to a decrease in the quality of aging oocyte

The “mitochondrial aging theory” hypothesizes that mtDNA undergoes sustained oxidative damage, leading to the accumulation of harmful mutations (72). ROS formation takes place in close proximity to mtDNA, which lacks the protective measures of histone complexes and efficient DNA repair mechanisms, in contrast to nuclear DNA. Consequently, this vulnerability results in a heightened mutation rate (73). In situations such as aging, obesity, or chronic inflammatory stimulation, ROS production escalates, which renders mtDNA more susceptible to mutations (74, 75). The instability of mtDNA is manifested in various means, including mutations, base oxidation modifications, single-strand breaks, and so on. It has been found that harmful mtDNA mutations gradually accumulate in aging human tissues (76, 77). In addition, multiple studies have demonstrated that mutations in mtDNA encoding genes may lead to mitochondrial dysfunction and play a positive role in the pathogenesis of POI (28–30).

However, a few studies found no correlation between mtDNA deletion, rearrangement, and mutations of human oocyte and maternal age (75, 78–80). In their studies, the mtDNA mutation rate of oocyte was as high as 28~50.5%, and that of CCs was as high as 66% (78–80). The heteroplasmy created by mtDNA mutations are common in oocyte. The mtDNA bottleneck genetic mechanism during generational transmission is predicted to filter out the mitochondria population with mtDNA mutations effectively (81, 82). The difference in representative phenotypes and lower recurrence risk among women carrying heterogeneous mtDNA mutations demonstrate the effectiveness of the bottleneck theory (83, 84). Additionally, the number of primordial follicles in female mammals is fixed at birth, and there is no regeneration or renewal of the follicular pool after birth. It is unclear whether the prolonged quiescent stage before the resumption of meiosis could be affected by a hypoxic environment to undergo mtDNA mutations. In addition, during the oocyte’s maturation, there is a surge in mtDNA quantity and redox reactions (6), due to excessive ROS can also lead to mtDNA mutations, making it difficult to evaluate the occurrence time of mtDNA mutations.

Besides, nuclear encoded mitochondrial Helicase Twinkle (TWNK) and mitochondrial DNA polymerase γ (POLG) are essential proteins for mtDNA proofreading and fidelity (85–87). In humans, individuals with TWNK mutations exhibit Perrault syndrome (ovarian hypoplasia) (88), individuals with POLG mutations exhibit premature aging (89), genome wide association studies(GWAS) has found that POLG is associated with female menopause (89), and individuals with DOR have decreased POLG mRNA expression in CCs (90). POLG mutant mice showed a decrease in the number of mitochondria, abnormal mitochondrial distribution (aggregation and clustering), lower NADH/NAD+ redox ratio and weaker energy production, and a corresponding decrease in fertility (91, 92). The above research highlights the insight that mutations in nuclear coding genes lead to ovarian aging by affecting the stability of mtDNA.

In summary, many studies on mitochondrial gene expression have shown a link between decreased mtDNA copy number, accumulated mtDNA mutations, and ovarian failure. Genes are internal factors that determine the normal operation of mitochondria. The instability of the mtDNA genome will lead to dysfunction of executing proteins within mitochondria, which in turn will lead to a decrease in mitochondrial function. In fact, there is an endogenous protective mechanism within cells that is responsible for monitoring mitochondrial mass to maintain mitochondrial balance. Will the negative effects caused by mtDNA instability be recognized and eliminated? Therefore, it is necessary to further elucidate the relationship between mitochondrial quality testing and ovarian aging.





2.3 Disorder of mitochondrial quality monitoring mechanism in ovarian aging



2.3.1 Mutation of the key gene CLPP in mitochondrial unfolded protein response leads to depletion of ovarian reserve

Mitochondrial unfolded protein response (UPRmt), as a typical mitochondrial nuclear signal transduction process, promotes the high expression of nuclear-encoded mitochondrial stress proteins by transmitting mitochondrial damage signals to the nucleus (93, 94), helping to restore mitochondrial protein balance, thereby protecting electron transport chain complexes to avoid proteotoxicity. The maintenance of mitochondrial protein function, including correct folding, aggregation, and necessary degradation, requires the involvement of proteolytic enzymes and molecular chaperones. It is known that caseinolytic peptidase P(CLPP) is a highly conserved serine proteolytic enzyme and a key enzyme in UPRmt (95). Currently, it is reported that human CLPP gene mutation has a clinical phenotype of Perrault syndrome or POI (96, 97). In animal experiments, CLPP-/- mice showed auditory defects and complete infertility (98), and the ovarian reserve in mice showed an accelerated state of depletion with age (99, 100). The reason maybe that CLPP-/- mice activate the Sirolimus target (mTOR) pathway in vivo (99), affecting the degradation of aggregated or misfolded cytochrome oxidase subunit 5A(COX5A) (97), blocking UPRmt, thus affecting the content and activity of complex IV in ETC, accumulating ROS and reducing mitochondrial membrane potential (MMP), and finally activating the internal apoptosis pathway. It follows that mutations in the key gene CLPP, where UPRmt is affected, will lead to ovarian reserve depletion in mice and humans. Therefore, we hypothesize that ovarian aging may be associated with differential expression of the CLPP gene, but providing a definitive conclusion is challenging due to the paucity of studies on ovarian aging-associated UPRmt. The inhibition of UPRmt process means a decrease in the genes driving mtDNA replication and transcription in the nucleus, and a limitation in the synthesis of new mitochondrial proteins.




2.3.2 Obstacles in mitochondrial biogenesis in aging ovary

Mitochondrial biogenesis is a strict regulatory process that activates signaling molecules such as NRF1/2, TFAM, and TFBM through peroxisome proliferator-activated receptor-gamma coactivator-1alpha (PGC1α), driving the replication and transcription of mtDNA, translating it into proteins, and assembling it into new mitochondria (101). SIRT1/3 also activates PGC1α-NRF1 promotes mitochondrial synthesis (53, 54). When mitochondria sense the initiation of OS or UPRmt processes, mitochondrial biogenesis is activated to maintain mitochondrial balance. Current research found a significant downregulation of PGC1α expression in the ovaries of cyclophosphamide-induced injury in POI (54, 102). NRF1, SIRT1, and SIRT3 are all downregulated in the ovaries of reproductive aging (55–57). In the ovaries of SIRT3 gene knockout mice, there was a decrease in mitochondrial membrane potential, uneven distribution of mitochondria, and a decrease in mtDNA copy number (56). Ginsenoside Rg1 improves ovarian function by activating SIRT1 and coenzyme Q10 improves ovarian function by increasing the expression of SIRT1 in PGC1α in animal experiments (103, 104). In addition, Adenosine 5’-monophosphate-activated protein kinase (AMPK), which is associated with the onset of POI (105), can activate and interacts with PGC1α through various mechanisms (106). Research has found that exercise can increase intracellular energy metabolism, activate AMPK and PGC1α to increase intracellular calcium concentrations thereby increasing the induction of mitochondrial biogenesis through transcription factors (such as NRFs, TFAM) (101). Inhibition of the AMPK/SIRT3 pathway will induce mitochondrial protein hyperacetylation and mitochondrial dysfunction in pig oocyte (107). In summary, mitochondrial biogenesis is a regeneration process that maintains the number of mitochondria, replacing old and damaged mitochondria with new and healthy mitochondria. Mitochondria with decreased membrane potential will fuse with newly formed mitochondria (one aspect of mitochondrial dynamics), sharing an internal system to restore mitochondrial quality once again. However, the downregulation of key genes involved in mitochondrial biogenesis in aging ovaries may lead to obstacles in the regeneration process (55–57, 60).




2.3.3 Defects in mitochondrial dynamics of aging oocyte

Mitochondria undergo continuous transformation through fusion and division states, which are manifested by morphological remodeling of the mitochondrial cristae and fracturing and lengthening of the tubular network, in order to achieve physiological functions. Mitochondrial fusion protein (MFN) mediate the assembly and fusion of mitochondrial inner and outer membranes to form a homogeneous mitochondrial network to maintain quality. Optic Atrophy 1(OPA1) is a GTPase that promotes fusion of the inner mitochondrial membrane and maintains cristae integrity. Dynamin-related protein 1 (DRP1), as core protein in mitochondrial division, can promote rapid changes in mitochondrial division activity according to cellular needs. Existing studies found that, the absence of MFN1 and MFN2 in mice oocyte resulted in infertility phenotype and loss of follicular reserve (108, 109), and the expression of DRP1 in aging oocyte was reduced (110). Low expression of MFN2 is associated with mitochondrial damage and apoptosis in ovarian tissue in POI model mice (111, 112). Since activated JNK phosphorylates MFN2, causing it to be degraded via the ubiquitin-proteasome system, the expression of MFN2 can be restored after supplementation with hydrogen sulfide or glutathione, antioxidants, or JNK inhibitors, and the improvement of mitochondrial morphology contributes to cell proliferation in ovarian cancer (113). In goat ovarian granulosa cell, Neuromedin S(NMS) treatment upregulates the expression of OPA1, MFN1, and MFN2 in the presence of NMUR2 knockdown, maintains mitochondrial fusion capacity and function, and thus regulates steroidogenesis (114). Therefore, we speculate that there are mitochondrial motility defects in aging oocyte. Due to the ability of mitochondrial fission to separate damaged mitochondria with low membrane potential from the entire mitochondrial network. Damaged mitochondria either fuse with newly formed mitochondria or are cleared through mitochondrial autophagy. The downregulation of mitochondrial fusion and fission ability implies an inevitable decrease in mitochondrial quality.




2.3.4 Downregulation of mitochondrial autophagy in aging ovary

When mitochondrial damage cannot be repaired through fission/fusion, the role of mitochondrial autophagy becomes particularly important. Mitochondrial autophagy is achieved through the phagocytosis of damaged mitochondria by autophagosomes, primarily via the PINK1-Parkin pathway, which removes damaged and membrane potential loss mitochondria, and receptor-dependent mitochondrial autophagy such as BCL2/adenovirus E1B 19 kDa protein-interacting protein 3 (BNIP3), BCL2/E1B 19kDa interacting protein 3-like (BLIP3L or NIX), or FUN14 domain-containing protein 1(FUNDC1) (115). Studies have shown that maintaining mitochondrial autophagy is crucial for prolonging the reproductive capacity and oocyte quality of C. elegans and mice (116, 117). In particular, mitophagosome formation defects and accumulated damaged mitochondria were observed in germinal vesicle (GV) oocyte collected from the ovaries of older mice (118), which may be caused by PINK1 and Parkin proteins age-related accumulation and the degradation of ras-related protein rab-7a(RAB7) ubiquitination modification (118, 119). RAB7 is a monomeric guanosine triphosphate(GTP)-binding protein and an essential regulatory factor for the late endosomal/lysosomal network (120). Following treatment with RAB7 activators, the fertility of mice was improved. Therefore, Jin et al. suggested that excessive ubiquitination of RAB7 inhibits mitochondrial autophagy that should have been activated during ovarian aging (118). Another research reported a therapeutic strategy to ameliorate oocyte quality and reproductive outcome by enhancing mitophagy in aged mice (117). CoQ10 significantly increased PINK1 and Parkin proteins and improved embryonic development in postovulatory oocyte of pigs (104). From the above findings, it can be surmised that mitochondrial autophagy is down-regulated in senescent oocyte. Defects in the formation of mitochondrial phagosomes lead to the accumulation of damaged mitochondria and a decrease in mitochondrial quality. The decline in mitochondrial function ultimately leads to ovarian aging. Although the above results are exciting. It should be noted that so far, most of our understanding of mitochondrial autophagy has been through detecting the expression of proteins related to related pathways. However, for some reasons, such as the instantaneous occurrence of mitochondrial autophagy leading to cell apoptosis, it is challenging to measure mitochondrial autophagy accurately (121, 122).

In summary, we have elucidated four aspects of mitochondrial quality monitoring that may be related to ovarian aging (as shown in Figure 2). Current researches indicate that mutations in the key gene CLPP of UPRmt can lead to depletion of ovarian reserves in both mice and humans. The expression of key genes involved in mitochondrial biogenesis, mitochondrial dynamics, and mitochondrial autophagy in aging ovaries has been downregulated. Therefore, various functions of mitochondrial quality monitoring in aging ovaries may have been downregulated to varying degrees. A decrease in mitochondrial quality usually means a decrease in mitochondrial cristae area and enzymes related to aerobic respiration in the matrix, resulting in insufficient mitochondrial energy supply and affecting the function of oocyte.




Figure 2 | Mitochondrial quality monitoring and ovarian aging(the figure was created with BioRender.com) (1)mitochondrial fusion: The low expression of MFN1 ang MFN2 in the outer membrane in aging oocyte may affect mitochondrial fusion and inhibit the PI3K-AKT pathway, affecting oocyte-somatic cell communication (108, 109); (2) mitochondrial fission: The decreased expression of DRP1 in oocyte may affect mitochondrial function, leading to a decrease in oocyte quality (110); (3) mitophagy: Mitochondrial autophagy function decreases during ovarian aging (117, 118); (4) UPRmt: The decreased expression of CLPP and PGC1α in aging oocyte may hinder the occurrence of UPRmt (96, 97).







2.4 Mitochondrial dysfunction disrupts normal physiological function of oocyte



2.4.1 Inadequate mitochondrial energy supply is a factor in meiotic errors

Some scholars have found that euploid oocyte screened from women with advanced age have implantation potential similar to that of young women with in vitro fertilization (IVF) (123). The production of aneuploid oocyte is the main reason for the decline in female fertility. The error of MI of female oocyte is considered to be the primary cause of human abortion and congenital defects (124, 125), and oocyte meiotic spindle morphology is a predictive marker of blastocyst ploidy (126), although mechanism of meiosis is complex. During meiosis, mitochondrial dysfunction significantly affects spindle assembly and ratio of kinetochore-microtubule connection (127, 128), and maternal age-related meiotic errors can be attenuated by reducing mitochondrial function (128). In the process of meiosis of mice oocyte, mitochondrial calcium uniporter protein (MCU) mediates the rapid entry of Ca2+ into mitochondria and provides high energy in an instant (129). The specific deletion of MCU leads to a low concentration of Ca2+ in mitochondria, low ATP levels, abnormal spindle assembly, and altered meiosis progression (129). Interestingly, the decrease of mitochondrial ATP concentration activates AMPK signal transduction. However, over-activated AMPK and Ca2+ overload result in OS, apoptosis, and meiotic cell cycle arrest and apoptosis in mammalian oocyte (130, 131). Above research demonstrated that precise mitochondrial Ca2+ homeostasis mediated by MCU is critical to oocyte meiosis. Moreover, the deletion of spindle defective protein 3 (SPD3) located on the outer membrane of mitochondria directly leads to the abnormal pairing of homologous chromosomes in the meiosis of Caenorhabditis elegans, which may be caused by the inhibition of mitochondrial function (132). Other proteins that regulate mitochondrial function, such as multidrug resistance protein 1 (MDR1) (133), regulate ROS efflux from the inner mitochondrial membrane, and RAB7 specific deletion regulates DRP1 phosphorylation (134), resulting in mitochondrial dysfunction, abnormal spindle shape, and increase of oocyte meiosis chromosome errors. In addition, SIRT3-/- mice aging oocyte exhibited spindle assembly interruption (55). These studies together highlighted the importance of mitochondrial energy supply for meiosis (as shown in Figure 3). In aging ovaries, the decline in mtDNA number and mutations, the down-regulation of mitochondrial quality monitoring mechanisms, and insufficient supply of mitochondria may persist, culminating in derangement of spindle assembly and motility, leading to an increase in meiotic chromosome errors in oocyte.




Figure 3 | Mitochondria and meiosis in the oocyte (the figure was created with BioRender.com) MCU mediates the rapid entry of Ca2+ into mitochondria and provides high energy in an instant (129). MDR1 regulate ROS efflux from the inner mitochondrial membrane to maintain mitochondrial function (133). SPD3 may affect the abnormal pairing of homologous chromosomes which may be caused by the inhibition of mitochondrial function (132). Oxidative stress and mitochondrial ATP production disorders in aging oocyte may lead to abnormal spindle shape and increase chromosomal errors during meiosis in oocyte.






2.4.2 Mitochondrial dysfunction disrupts the oocyte-cumulus cell crosstalk in aging ovaries

In the cumulus oocyte complex (COC), CCs continuously consume glucose to supply metabolic intermediates (such as pyruvic acid) to oocyte, which will be crucial to energy metabolism in the mitochondria of oocyte (135). CCs are GCs surrounding oocyte that participate in the reproductive and maturation processes of oocyte through intercellular communication. MFN1-/- mice oocyte showed DOR phenotype, as well as damaged communication between oocyte and CCs (cadherin and connexin were downregulated), which may be caused by mitochondrial dysfunction and mitochondrial dynamics changes, the accumulation of ceramide in oocyte and the damage of PI3K-AKT signal transduction (109, 136). Ceramide is considered an important inducer of programmed cell death, and ceramide metabolic enzyme therapy can improve the quality of oocyte and embryos and the outcome of IVF (137). The PI3K-AKT pathway is an important signaling pathway for FSH to regulate glucose uptake in GCs and prevent ovarian aging (138). In addition, mitochondrial dysfunction of MII oocyte in AMPK -/- mice increased abnormally, PGC1α level decreased, ATP concentration decreased from normal, and connexin 37 and n-cadherin, which are involved in connection and communication between oocyte and CCs, were downregulated (139). The emergence of mitochondria-associated gene mutant mice with down-regulated expression of junctional gap junction proteins may have affected the delivery of some small molecules from the colobus cells to the oocyte, which in turn affected the quality of the oocyte. The above research provides evidence for mitochondrial dysfunction leading to abnormal communication between oocyte and CCs, supporting the theory of mitochondrial dysfunction leading to ovarian aging. However, there is a paucity of relevant studies, which need to be further clarified by rigorous experiments.




2.4.3 Hyperactivation of the mitochondrial apoptotic pathway is present during ovarian aging

In addition to energy generation, the important role of mitochondria in cells is also reflected in regulating cell apoptosis. Mitochondria is the central organelle of the apoptosis pathway, having an irreplaceable role in apoptosis. Under physiological conditions, Cytochrome c (Cytc) is the carrier for transferring electrons in ETC, establishing the mitochondrial transmembrane potential and generating ATP. BCL2 and BCL-xL form heterodimers with BCL2-associated X(BAX) and BCL2 homologous antagonist/killer (BAK), maintaining the integrity of the mitochondrial outer membrane and preventing mitochondrial apoptosis response. When stimulated by apoptosis, BAX/BAK forms an oligomer complex and inserts into the outer membrane pores of mitochondria, leading to changes in mitochondrial osmotic pressure, abnormal activation of Cytc release channels, and initiation of downstream caspase cascade reaction to induce apoptosis. Consistent with this, many studies have illustrated upregulated expression of apoptotic protein BAX, Cytc and Caspase 9 in the ovaries of mice with POF and POI animals (140–142), while the expression of anti-apoptotic protein BCL2 was downregulated. After intervention, the expression of these proteins was reversed, partially restoring ovarian function. Gene knockdown experiments have shown that BAX mutations prolong the fertility of female mice and alleviate health issues related to aging (143, 144). In addition, mitochondrial dysfunction and reduced ATP production may disrupt the normal physiological functions of cells (145, 146), leading to cell apoptosis. In summary, mitochondrial dysfunction can disrupt cellular antioxidant capacity and disrupt the OXPHOS process, hindering ATP production. Mitochondria themselves can perceive a decrease in membrane potential, sense apoptotic signals, and initiate the mitochondrial apoptotic pathway. The excessive activation of mitochondrial apoptosis pathway is likely closely related to the occurrence of ovarian aging (as shown in Figure 4). Because there is excessive apoptosis of GCs and increased follicular atresia during ovarian aging.




Figure 4 | Mitochondrial-mediated oocyte apoptosis pathway (the figure was created with BioRender.com) In aging oocyte, excessive cell apoptosis signals are activated under stimuli such as mitochondrial oxidative stress and decreased mitochondrial membrane potential. At the same time, the expression of anti-apoptotic proteins such as BCL2 decreased, while the expression of apoptotic proteins such as BAK, CytC and Caspase9 increased (140–142).






2.4.4 The link between mitochondrial dysfunction and telomere damage as one of the latest mechanisms of ovarian aging

In addition, the telomere theory is one of the latest mechanisms to explain female reproductive aging (147).Telomeres are nucleoprotein complexes at the end of chromosomes, maintaining the integrity of chromosomes and inhibit DNA damage reactions at the free end of chromosomes (148). It is widely recognized that telomeres are susceptible to oxidative damage, and OS markers have been shown to exhibit a negative correlation with telomere length (149). Due to the significant features of ovarian aging, such as reduced ATP production and increased ROS accumulation (88), telomere loss and telomere-driven replicative senescence caused by OS may be important mechanisms of ovarian aging (150). In addition, there is a link between telomere function and mitochondrial biosynthesis. Existing studies have found decreased telomerase activity in ovarian GCs of POI patients (151, 152). The lack of telomerase activates p53 which in turn binds and represses PGC1α and PGC1β promoters, thereby inhibiting mitochondrial biogenesis (153, 154). The dysfunction of mitochondrial biosynthesis leads to the decline of cell resistance to OS and further accelerates the modification of 8-hydroxy deoxyguanosine on the telomere guanosine base. In addition, the link between telomere shortening and mitochondria is also mediated by NAD+-SIRT1-PGC1α axis establishment (124, 155, 156). The DNA repair process after telomere damage consumes NAD+, and the loss of SIRT1 activity will further affect the mitochondrial biogenesis mediated by PGC1α (155). In aging ovaries, the decrease in SIRT1 expression is a common phenomenon (55). Thus, the excessive occurrence of mitochondrial OS may accelerate telomere shortening at the ends of chromosomes, which in turn can inhibit the expression of the key gene for mitochondrial biosynthesis, PGC1α, through the activation of P53, leading to a decline in intracellular mitochondrial function, which further affects the DNA repair process. Ultimately, this vicious cycle of the above leads to the onset of ovarian senescence (as shown in Figure 5). Given the current research results, it is difficult to explain the sequence between telomere damage and mitochondrial dysfunction. Still, the two seem to interact with each other to lead to ovarian aging in women.




Figure 5 | Mitochondria and telomeres in the oocyte (the figure was created with BioRender.com) The cAMP response element-binding protein (CREB) is a co-factor for PGC1 expression. Abnormal telomere function can activate p53, thereby inhibiting the expression of PGC1. The decrease in PGC1 expression in turn inhibits mitochondrial biogenesis, leading to a decrease in the ability of cells to resist oxidative stress (156). In addition, increasement in the proportion of intracellular AMP/ATP and NAD+/NADH also promotes PGC1 expression, but this is not suitable for aging cells, as the content of NAD+ and SIRT1 significantly decreases (53, 54).






2.4.5 Epigenetic regulation involving mitochondria influences oocyte senescence

Oocyte quality decline during ovarian aging occurs in part through epigenetic regulation. Intermediates generated by metabolic processes within mitochondria can generation and modify nuclear epigenetic marks to achieve important mediators of mitochondrial-nuclear communication (157). Histone methyltransferases (HMTs) and histone demethylases (HDMs) are responsible for histone methylation status. S-adenosyl methionine (SAM) produced by the cytoplasmic methionine homocysteine cycle in the mitochondrial folate cycle is a donor of histone methyltransferases (HMTs) (158). Besides, the acetyl-CoA-producing enzyme ATP-citrate lyase (ACL) also regulates DNA methyltransferase 1 (DNMTl) (159), which affects the level of DNA methylation. Pyruvate, ketones, amino acids, citrate, acetate, and beta oxidation of lipids can produce acetyl-CoA, which is the substrate for the histone acetyltransferases (HAT) (160). Under conditions of energy and acetyl-CoA enrichment, this leads to histone acetylation and gene transcription. Histone demethylases (HDMs) comprise two major classes: lysine-specific demethylases (LSD) and Jumonji C domain demethylases (JMJD). LSD1 catalyzes the demethylation of mono- or dimethylated H3K4 and H3K9, whereas LSDs act as receptors in the mitochondrial ETC (161). JMJD-mediated demethylation of histones requires α-ketoglutarate (162), a substrate produced mainly by the tricarboxylic acid (TCA) cycle in the mitochondrial matrix. Current research has found that low methylation of DNMT1/DNMT3a/DNMT3b/DNMT3L promotes oocyte aging (17). Specific disruption of LSD1 led to a significant increase in autophagy through its H3K4me2 demethylase activity and a decrease in the number of oocyte in perinatal mice, leading to depletion of oocyte (163). Epigenetic enzymes recognize, add, and remove epigenetic markers on DNA and histones. Due to the association between the formation of epigenetic enzymes and mitochondrial metabolism, the transmission of mitochondrial metabolite levels or stress signals may lead to various epigenetic changes. Unfortunately, few studies have directly explored the association between mitochondrial epigenetic regulation and ovarian aging.

In summary, mitochondrial dysfunction during cellular aging may lead to spindle assembly and motility during meiosis by affecting energy supply. Both MFN1-/- and AMPK -/- mice showed mitochondrial dysfunction and abnormal communication between oocyte and GCs. In addition, the occurrence of mitochondrial dysfunction may directly initiate the mitochondrial apoptosis pathway, leading to follicular atresia. Excessive OS during aging not only activates the mitochondrial apoptosis pathway, but may also accelerate telomere shortening. Telomere shortening hinders the recovery of mitochondrial function by inhibiting mitochondrial biosynthesis. Finally, mitochondrial metabolites may also affect the expression of epigenetic enzymes and promote ovarian aging.






3 Methods to slow down ovarian aging and prolong reproductive lifespan by intervening in mitochondrial function

At present, there is no effective technology in clinical practice to prevent the occurrence of female reproductive aging, and the current treatment methods are still in the exploratory stage. However, it is worth celebrating that some animal experiments have shown great potential in improving female reproductive function. Below we will discuss each of the currently discovered therapeutic mechanisms of drugs for mitochondrial damage.



3.1 Mitochondrial nutrition therapy

We summarize the therapeutic drugs targeting mitochondria to prevent ovarian aging in Table 1 and classify them according to mitochondrial energy metabolism, quality control, and mitochondrial apoptosis pathways.


Table 1 | Drugs that improve mitochondrial function.





3.1.1 Drugs for improving mitochondrial energy metabolism

Research has shown that multiple antioxidants can restore mitochondrial function by reducing ROS production and stimulating antioxidant production. It mainly includes coenzyme Q10 (177), vitamin E (164), vitamin C (164), L-carnitine (165, 166), melatonin (167, 168), quercetin (169), resveratrol (170), astaxanthin (171), and ginsenoside Rb1 (44).

In addition, ginsenoside Rb1 also promotes Akt binding to FOXO1 and inhibits OS occurrence (44). Metformin regulates calcium homeostasis to prevent follicular atresia of aging ovaries of Laying Chickens (40). NAD+/NADH, or coenzyme I, is a redox cofactor and enzyme substrate in mitochondria, critical for energy metabolism, DNA repair, and epigenetic regulation in cells. In the ovaries, the level of NAD+ decreases with age in a dependent manner (172, 173). After supplementing NAD+ precursors (NR or NMN), ovarian function in elderly mice was restored, and the mitochondrial TCA cycle was improved at the micro level (172, 173).




3.1.2 Drugs for coordinating mitochondrial quality control

Normal mitochondrial function and internal environmental homeostasis require close coordination between mitochondrial biogenesis and clearance. Compounds coordinating mitochondrial quality control are expected to become effective therapeutic interventions for ovarian aging. It is reported that ginsenoside Rg1 can increase SOD, CAT levels, and activate SIRT1 in POF mice model (103). CoQ10 significantly prevented aging-induced oxidative stress, and increased mitochondrial biogenesis (SIRT1 and PGC1α) and mitophagy (PINK1 and Parkin)-related proteins in postovulatory oocyte of pigs (104). Resveratrol can increase the expression of PINK1 and Parkin proteins regulate the autophagy ability of mitochondria, and protect ovarian function (175). Metformin and Melatonin are AMPK activators (105, 174), which could increase intracellular calcium concentrations thereby increasing the induction of mitochondrial biogenesis through transcription factors (such as NRFs, TFAM) (111). After 20 weeks of treatment with NMN in 40-week-old mice (41), mitochondrial biogenesis, autophagy level and protease activity in ovarian GCs were increased, and the ovarian reserve was rescued to some extent.




3.1.3 Drugs that regulate mitochondrial apoptosis pathways

The study found that Resveratrol treatment reduced the expression of mitochondrial apoptosis promoting protein caspase 3 and BAX and upregulated BCL2 expression in POI model mice (176). Metformin can inhibit the release of mitochondrial apoptosis factors (BAD and caspase) in Laying Chickens (40). However, whether these benefits observed in animal models can be replicated in humans remains to be determined.

Currently, various potential drugs targeting mitochondria have been developed (Table 1). However, these drugs are not necessarily suitable for preventing ovarian aging. Various drugs have been found to have positive effects in resisting OS, improving OXPHOS efficiency, promoting mitochondrial occurrence and autophagy, and inhibiting mitochondrial apoptosis in animal experiments. Whether these benefits observed in animal models can be replicated in the human body remains to be determined.





3.2 Mitochondrial replacement therapy

Mitochondrial transplantation was initially primarily used to prevent disease transmission caused by mtDNA mutations, becoming a viable alternative to avoiding damaged mitochondrial offspring inheritance. Subsequently, due to the increasingly important role of mitochondria in human reproduction, people began to think about improving the quality of gametes by enhancing the quality of mitochondria.



3.2.1 Autologous mitochondrial transplantation technology

The autologous mitochondrial transplantation technology (178), focuses on increasing the number of healthy mitochondria in cells while avoiding the introduction of third-party DNA in gametes. It is reported that injection of mitochondrial from oogonial precursor cells(OPCs) while intracytoplasmic sperm injection (ICSI) can improve the quality of oocyte and pregnancy rate in the ICSI cycle of women with multiple IVF failure (70, 71). Unfortunately, a more rigorous tri-blinded, randomized, and single center-controlled study conducted in Spain in 2019 found that mitochondrial transfer of OPCs did not improve embryonic development potential and pregnancy rate in patients with previously IVF failed (179). Recently, it has been confirmed that autologous adipose stem cells (ASCs) mitochondrial transplantation can improve the quality of oocyte in juvenile or aged mice (180–182), while Sheng et al. found negative results (183). It should be noted that the mitochondrial dysfunction of aging oocyte seems to have occurred long ago. Most of the common aneuploid oocyte originate from MI (126, 184). It may be too late to save the quality of MII oocyte by ICSI injection of active mitochondria. Furthermore, the origin of mitochondria is an issue, and whether oogonial stem cells exist and how to obtain them is a highly controversial issue (185, 186). In summary, the efficacy of the above mitochondrial transplantation methods in improving ovarian function is controversial, and they are not considered standard treatments.

Tang et al. have established a noninvasive optimized autologous mitochondrial transplantation technique: inducing mice autologous umbilical cord mesenchymal stem cells into GCs (iGCs) and co-cultured them with weakened zona pellucida GV in growth differentiation factor 9 (GDF9) containing medium for three days. Tang et al. have found that mitochondria migrate from iGCs to GV oocyte through transzonal filopodia, significantly improving these oocyte’ maturation rate, quality, and developmental potential (187). The birth rate of aged mice after embryo transfer has also been improved (187). In Table 2, we summarized the mitochondrial transplantation methods of from different sources. Due to its non-invasive and early intervention characteristics, it is worth further research. In the future, we look forward to researching and solving the source of mitochondrial acquisition, achieving timely and non-invasive transplantation as much as possible, and providing promising strategies for improving the quality of oocyte and the fertility of women with advanced age.


Table 2 | Comparison of mitochondrial transplantation methods from different sources.






3.2.2 Cytoplasmic transfer and germline nuclear transfer

A study in 1998 reported that Cohen et al. injected a small amount of oocyte cytoplasm directly from the donor oocyte into the oocyte of patients with recurrent implantation failure (RIF) through cytoplasmic transfer (CT), and successfully achieved live birth (188). Unfortunately, specific abnormalities (chronic migraine headaches, mild asthma, minor vision and minor skin problems et al.) were found in the investigation of the health status of offspring, and the safety and benefits of CT are still unclear (189), although it is uncertain whether CT causes these abnormalities. However, there are concerns about mtDNA heterogeneity in CT (190), and currently, the US FDA has suspended this study.

Previous nuclear transfer (NT) is used clinically in patients with mtDNA diseases to prevent the transmission of maternal mutated mtDNA to the next generation. The new NT technology can improve embryonic development by transferring nuclear DNA from oocyte with inferior cytoplasm to oocyte with higher fertility potential. NT includes spindle transfer (ST), pronuclear transfer (PNT), and polar body transfer (PBT).

ST refers to the transfer of spindle apparatus from MII oocyte to denucleated MII donor oocyte (191). A pilot study conducted in Europe reported the feasibility of ST technology, targeting 25 couples with recurrent IVF failures and giving birth to 6 newborns over 28 ST and ICSI cycles (192). However, it is worth noting that one child with the same low mtDNA carryover (0.8%) in the blastocyst stage showed an increase in maternal mtDNA haplotype, accounting for 30% to 60% of the total number at birth (192). The mtDNA haplotype phenomenon may be due to the specific interaction between nuclear and mitochondrial coding genes. Heterogeneous mice model experiment show that one of the mtDNA haplotypes gradually dominates during oogenesis and early embryonic development (193). Therefore, before applying NT to clinical practice, it is necessary to carefully consider the occurrence of mtDNA mutations in patients.

In addition, PNT is a nucleoplasmic replacement technique, which refers to the process of removing the male and female protoplasts together and transplanting them into a new cytoplasm after the oocyte is fertilized. It was found that by replacing the cytoplasm of young mice, the MMP of oocyte from ST or PNT-reconstructed aged mice was increased, the probability of spindle and chromosome misalignment was decreased, and the rate of embryo haploidy and blastocyst formation was improved (194, 195). Several human preclinical studies have also reported the feasibility of the PNT technique in human zygotes (196), where early PNT performed 8 hours after ICSI can achieve blastocyst formation rates at control levels.

PB1T and PB2T also emerged as a strategy to prevent the spread of harmful mtDNA mutations. Unfortunately, the rate of reconstructed PB1T oocyte developing from zygotes to the blastocyst stage (42%) was lower compared to the control (75%) (197). Subsequently, researchers optimized the use of PB2T in human oocyte through new technologies. They found that PB2T embryos produced by in vitro maturation (IVM) oocyte exhibited similar development and diploid rates to the ICSI control group (198). It is important to note that more studies are needed to improve the efficiency and safety of the PNT technique and to provide at least evidence of live birth before it can be considered for clinical use.

In Table 3, we summarized the research methods for cytoplasmic transfer and germline nuclear transfer. It is worth noting that CT and NT cannot correct fertility disorders in all women with advanced age by improving receptor mitochondrial function, and the use of PGT to evaluate embryo ploidy remains an important choice. Because if there are genetic abnormalities in the spindle apparatus or polar body of women with advanced age, CT and NT are of little value. In 2015, the UK became the first country to approve the use of mitochondrial donations. More research evaluating the safety of this technology for women with low fertility is warranted.


Table 3 | Comparison of cytoplasmic transfer and germline nuclear transfer.







3.3 Biomaterials and advanced technologies for preventing ovarian aging

Over the years, various strategies have been developed to maintain women’s Fertility. Recently, advances in biomaterials and technology have shown the potential to prevent ovarian aging. Exosomes from various sources, such as human umbilical cord mesenchymal stem cell-derived exosomes (hUCMSC-exos) (199), human amniotic mesenchymal stem cell-derived exosomes (hAMSC-exos) (200), human amniotic epithelial cell-derived mitochondria (hAEC-exos) (201), human amniotic fluid mesenchymal stem cells (AFMSC-exos) can decreased the ROS levels (202), increase the expression of anti-apoptotic genes (such as BAD and BCL2) and reduce the expression of pro-apoptotic genes (such as CPP32 and BAX) by transferring functional miRNAs (such as miR-320a, miR-1246, and miR-21), thereby inhibiting the mitochondrial apoptotic pathway and preventing ovarian GCs apoptosis in POI mice and primitive follicle activation. In mice ovarian experiments, transplantation of platelet-rich fibrin scaffolds indirectly reduced OS, thereby improving ovarian endocrine function and follicle formation (203). The effect of biomaterials on improving ovarian function is mainly based on the results of animal experiments. However, it is necessary to clarify the effectiveness of biomaterials in evaluating and treating ovarian aging, and to use effective preclinical models to accurately predict the therapeutic outcomes of these biomaterials.

In summary, some potential therapeutic drugs or technologies for improving mitochondrial quality have been developed or clinically tested. However, no treatment method is definitely suitable for preventing ovarian aging. Due to the highly complex process of reproduction, some treatment methods that have been introduced into clinical practice need to undergo comprehensive evaluation and be determined to have no side effects before being applied in clinical practice.





4 Focus on mitochondria of human oocyte during assisted reproduction technique

Age related infertility is mainly related to a decrease in the quantity and quality of oocyte, which limits a woman’s ability to conceive. Currently, an increasing number of women worldwide are seeking help from ART for conception. The need between mitochondria, infertility, and ovarian aging has attracted people’s attention. There is a close relationship between mitochondria and the declining quality of oocyte with age. The instability of mtDNA leads to the accumulation of mtDNA mutations in oocyte, posing a risk of transmitting mitochondrial abnormalities to offspring. Overactivation of OS during ovarian aging disrupts OXPHOS, induces telomere shortening, and stimulates cell apoptosis. However, due to the decrease in mtDNA copy number and the downregulation of mitochondrial quality monitoring ability, mitochondrial homeostasis is difficult to recover. At the cellular level, the mitochondrial apoptosis pathway is overactivated and ATP required for meiosis is lacking. Table 4 summarizes and highlights the findings and links between mitochondrial dysfunction and infertility. During the oocyte developmental maturation stage, there is a process of transmission of damaged mitochondria to the embryo. Studies have shown that abnormalities in mitochondrial structure and function may be responsible for abnormal embryonic development in ART cycles.


Table 4 | Link between mitochondrial damage and infertility.





4.1 How do abnormal mitochondria in aging oocyte affect ART outcomes?



4.1.1 The mtDNA content of oocytes and cumulus cells affects embryo quality

Prior to oocyte maturation, the mitochondria of the oocyte is virtually quiescent to prevent genetic mtDNA mutations, and the energy to support oocyte maturation is supplied primarily by the surrounding CCs and GCs. This observation is reflected in the fact that the number of oocyte obtained from in vitro fertilization (IVF), basal follicle-stimulating hormone (FSH) levels, and anti-Mullerian hormone (AMH) are the determining factors of mtDNA content (209), and the copy number of mtDNA in CCs can positively predict embryo quality and developmental outcomes (204–207). In addition, a significant reduction in mtDNA copy number was found in unfertilized oocyte from women with advanced age, and there was a significant positive correlation between cytoplasmic volume of the cleavage sphere of uncleaved embryos and mtDNA copy number (35). In addition, oocyte from women with advanced age had higher mtDNA copy numbers after IVM than younger women, which may be related to spindle abnormalities and increased oxidative stress in IVM (210).

It has been suggested that the survival rate of early mammalian embryos is related to their quiet metabolism (211). Research indicates that the mitochondrial oxygen consumption rate of morula embryos is linked to maternal age rather than mtDNA content (212, 213). However, by the blastocyst stage, as differentiation occurs within the embryo, mtDNA replication rapidly recovers, and the TCA cycle becomes widely activated, leading to a more efficient ATP generation method (214). Consequently, low oxygen consumption is observed in undifferentiated stem cells in the inner cell mass, while the mtDNA copy number in trophoblast cells and mitochondrial aerobic metabolism increases (213). Interestingly, Fragouli et al.’s have shown that the mtDNA level in blastocysts significantly increases with female age, with high mtDNA levels present in 30% of non-implanting euploid embryos (215). These studies suggest that the elevated mtDNA content in blastocyst embryos of women with advanced maternal age could be driven by a compensatory mechanism (as shown in Table 5). This abnormal increase in mtDNA content appears to compensate for the low energy generation efficiency and diminished developmental potential observed in non-implanting euploid embryos.


Table 5 | Prediction of embryonic developmental potential by detection of embryonic mtDNA quantity.






4.1.2 Abnormal distribution patterns of mitochondria and increased mitochondrial vesicle complex in vitro matured oocytes affect development and fertilization potential

Despite the tremendous advances that have been made in IVF techniques, infertility outcomes continue to correlate strongly with the age of the patient. To date, very few clinical studies have looked at the ultrastructure of oocyte, particularly mitochondria. A study of 158 ICSI cycles evaluated the changes in mitochondrial distribution in human oocyte before and after in vitro maturation(IVM) and the effect of IVM on mitochondrial distribution, identifying three patterns of mitochondrial distribution: peripheral, semi-peripheral, and uniformly diffuse (221). The 64.1% of GV-stage oocyte showed a peripheral distribution, compared with 45.2% of MI oocyte, but after IVM 75.5% (80/106) of oocyte showed a uniformly spread distribution, which may explain part of the reduced developmental potential of oocyte matured in vitro (221).

Bianchi et al. in 2015 evaluated the ultrastructure of oocyte from patients of different ages (<35 years old and ≥35 years old, n = 36) undergoing in vitro aging (IVA) (due to extended culture), showing that significant decrease of mitochondria-smooth endoplasmic reticulum (M-SER) aggregates, increase of mitochondrial vesicle (MV) complexes size and amount, decrease of cortical granules and microvilli, and alterations of the spindle structure characterized both reproductive aging and IVA oocyte, these changes were significantly more evident in the reproductive aging oocyte submitted to IVA (222). M-SER aggregates are considered to be precursors of MV complexes, and they play an important role in making oocyte fertile and facilitating the formation of preimplantation embryonic developmental membranes (223). Therefore, the presence of a greater number of MV complexes in reproductively senescent oocyte is considered to be an aberration. In addition, dysregulation of the M-SER/MV ratio may also lead to disturbances in calcium homeostasis known as a cause of low fertilizing capacity of oocyte (224). Another study demonstrated that MII oocyte from IVA exhibited a low-frequency, short-duration pattern of calcium oscillations within the matrix. In human oocyte (225), oocyte with dark zona pellucida have more MVs than normal oocyte, and dark zona pellucida has been associated with reduced fertilization, implantation and pregnancy rates (226). The above studies suggest that the abnormal mitochondrial distribution pattern and increased MV complexes in our in vitro matured oocyte may affect fertilization capacity, but the limited number of in vivo matured MII oocyte in humans donated for research and ethical issues have prevented extensive studies.

In summary, limited clinical studies have shown that the copy number of oocyte and CCs mtDNA during ART can positively predict embryo quality. But the abnormal increase in mtDNA content in embryos seems to be a compensatory response to low-quality embryos. In addition, mitochondria exhibit a more peripheral distribution state, and the imbalance of M-SER/MV ratio may affect the fertilization ability of oocyte. However, due to the extremely small number of MII oocyte obtained in current clinical studies, further research is needed to confirm the above findings.





4.2 Aging and mitochondrial disorders affect the developmental potential of oocytes and embryos: can we intervene?



4.2.1 Detection of mtDNA quantity in embryos for embryo selection

In clinical application, PGT or prenatal testing can be used to evaluate the mtDNA heterogeneity of embryos to prevent the occurrence of mitochondrial genetic diseases. According to a study, the mtDNA mutation rate of embryos should be less than 18% if they can be used for transplantation (227). However, it should be noted that PGT is not always effective, because patients carrying homoplasmic mtDNA mutations cannot be screened through PGT and mtDNA in embryos may undergo mutations during development due to environmental influences.

Practically, the assessment of mtDNA quantity accompanying the preimplantation genetic testing for aneuploidy (PGT-A) of the trophectoderm biopsy has been used to predict embryo implantation potential. Studies in multiple clinics found that high mtDNA levels in blastocysts were related to aneuploidy embryos and implantation failure (216–218). The latest retrospective investigation analyzed the transfer cycle of frozen single euploid embryos, and the results showed that no correlation was observed between mtDNA content and blastocyst morphology grades or pregnancy outcomes (219, 220). Still, lower mtDNA content was associated with delayed blastocyst development (219). It should be noted that there is currently no consensus on the threshold for the mtDNA copy number of blastocysts, and the accuracy of using mtDNA copy number as a single predictive biomarker for embryo selection and developmental potential remains low (216–220).




4.2.2 Adding antioxidants to IVF or IVM culture medium to prevent oxidative stress

Some clinical trials have added compounds targeting mitochondrial function to IVF culture media in an attempt to evaluate whether they can enhance mitochondrial dysfunction caused by advanced maternal age, but it is currently unclear.

According to a report, the level of melatonin in follicular fluid is related to the quantity and quality of oocyte, and can predict the outcome of IVF (228). A clinical trial has shown that supplementing with melatonin in the IVM culture system can enhance the reactive oxygen species and Ca2+ levels and decrease the mitochondrial membrane potential compared to in vivo maturation IVF oocyte (229). In addition, compared to the control group, adding melatonin to the embryo culture medium can improve the rate of high-quality embryos on the third day in patients with repetitive low-quality embryos and the blastocyst development rate in FET patients (230). At the same time, it can increase the expression of CAT gene in blastocysts, but there is no significant statistical difference in ROS level and clinical pregnancy rate between the two groups. Another human study showed that compared to the control group, melatonin supplements increased the fertilization rate, high-quality embryo rate, and high-quality blastocyst development rate of patients with previous IVF/ICSI failures, and significantly increased the implantation rate and clinical pregnancy rate of this group of patients during FET (231).

A study demonstrated that the addition of Coenzyme Q10 supplement (MitoQ) culture during IVM of human GV-stage oocyte significantly promoted nuclear maturation and had a similar positive effect in preventing chromosomal misalignment (52).

A trial was conducted on 38 thawed embryos from 6-11 cell stages provided to 19 couples (232). Two embryos from each couple were randomly divided into two groups and cultured in a medium containing or without 1 mM L-carnitine. The results showed that adding L-carnitine to the medium significantly increased the oxygen consumption rate of morula and the formation rate of blastocysts.

Overall, current research supports the discovery that antioxidants that improve mitochondrial function may enhance pre-implantation embryo development and implantation success rates, as demonstrated by human clinical and animal studies (as shown in Table 6). However, since these antioxidants are not the main essential factors for pregnancy, it is even more necessary to determine whether adding them to the culture medium will have any negative effects on fetal and perinatal outcomes.


Table 6 | Comparison of antioxidants added in IVF or IVM culture medium.






4.2.3 Oral antioxidant pretreatment to improve mitochondrial function before starting IVF treatment

In IVF treatment, clinical workers have been committed to studying how to improve the quality of oocyte in order to produce more high-quality embryos for transfer to the uterus. In addition to being applied to IVF culture media, some clinical trials have used antioxidants in women with poor IVF prognosis to observe whether treatment for mitochondrial damage can improve the quality of embryos obtained.

A randomized controlled trial enrolling 169 patients in POSEIDON classification group 3 (age < 35 years, poor ovarian reserve parameters), in which participants were randomly assigned to coenzyme Q10 pretreatment or no pretreatment 60 days prior to the IVF-ICSI cycle, demonstrated that women treated with coenzyme Q10 had more high-quality embryos, usable frozen embryos, and significantly fewer women cancelled embryo transfers due to poor embryo development than the control group (233). Additional clinical trials have shown that the use of coenzyme Q10 prior to and during IVF treatment in women 31 years of age and older resulted in significant reductions in levels of follicular fluid total antioxidant capacity of mature oocyte (234).

115 patients who failed to conceive due to low fertilization rate (≤50%) in the previous IVF-ET cycle were divided into two groups in the next IVF-ET cycle: 56 patients who received melatonin treatment (3 mg/day) and 59 patients who did not receive melatonin treatment. Compared with the previous IVF-ET cycle, melatonin treatment increased fertilization rate, and the concentrations of 8-hydroxy-2'- deoxyguanosine (8-OHdG) and hexanoyl-lysine adduct in follicles were significantly reduced, which suggests that melatonin treatment can protect oocyte from free radical damage, improve mitochondria, and increase fertilization rate (235). Another clinical trial showed that supplementing with melatonin did not increase the mRNA level of the MT-ATP6 gene in CCs of ovarian follicles, as well as the likelihood of clinical pregnancy and the number of retrieved mature oocyte, but significantly reduced the number of low-quality embryos (236).

Furthermore, 214 patients who underwent previous IVF-ET and were unable to conceive received IVF-ET again after an average of 82 days of treatment with L-carnitine, and results showed that the quality of embryo on Days 3 and 5 after implantation was improved (237).

In a clinical trial of DOR patients with advanced age given resveratrol supplementation three months prior to an IVF cycle, follicular fluid was tested for 13 differentially expressed microRNAs compared to women not receiving supplementation, specifically miR-125b-5p, miR-132-3p, miR-19a-3p, miR-30a-5p and miR- 660-5p, and functional predictions of these microRNAs indicate possible regulation of mitochondrial proteins thereby controlling metabolism and mitochondrial biogenesis (238). On the contrary, a retrospective study compared the pregnancy outcomes of consecutive recipients of resveratrol supplements (200 mg/day) and a control group, showing that the clinical pregnancy rate was reduced and the risk of miscarriage was increased in the resveratrol supplemented group (239).

Table 7 summarizes the application of oral antioxidants in the IVF/ICSI cycles. In summary, it is necessary to further study downstream signaling pathways to accurately understand how these antioxidants affect embryonic development. These molecules may not act in isolation, but rather form complex interactions. Therefore, a comprehensive approach that includes different perspectives is essential for its thorough research and application. These antioxidants are expected to be beneficial supplements to IVF treatment, especially when research evidence with larger sample sizes, multi center participation, and comprehensive long-term follow-up (including birth outcomes) is obtained.


Table 7 | Comparison of oral antioxidants in IVF/ICSI cycles.






4.2.4 Improving embryonic development potential through mitochondrial transfer technology

Mitochondrial transplantation techniques, including autologous mitochondrial transplantation, ST, and PNT, have been applied on a small scale in assisted reproductive clinical practice and live births have been reported using autologous mitochondrial transplantation and ST (70, 71, 179, 195, 196) (as shown in Table 8). However, mitochondrial transplantation technology still needs further optimization and development. Currently, it cannot correct fertility disorders in all elderly women by improving receptor mitochondrial function. Before considering its clinical application, more evidence is needed to demonstrate its efficiency and safety.


Table 8 | Mitochondrial transplantation techniques in ICSI cycles.



In summary, we summarized the close relationship between oocyte quality and mitochondria during human IVF. A certain number of mitochondria allows for normal early embryonic development and avoids untimely activation of mitochondrial biogenesis, and thus abnormalities in mtDNA content have been linked to a reduced developmental potential of the oocyte and embryo. In addition, abnormal mitochondrial distribution patterns, and abnormal structure may affect the fertilizing ability of the oocyte. A small number of clinical trials are currently attempting to measure mtDNA levels to predict embryonic developmental potential or to explore ways to improve maternal oocyte quality for better IVF outcomes through modified IVF/IVM media, oral antioxidants, and mitochondrial transplantation techniques. All of the above explorations are of great interest, and a more comprehensive understanding of the role of mitochondria in clinical cases of infertility associated with ovarian senescence will contribute to better management of this disease in the future.






5 Outlook

The postponement of childbirth due to the advancement of the economy and society has emerged as a worldwide concern. Maternal and fetal health risks, such as infertility, elevated miscarriage rates, birth defects, and pregnancy complications, have become significant challenges (226, 240–242). Mitochondrial function plays an important role in maintaining the physiological state of the human body, and mitochondrial damage at any stage may lead to a decrease in oocyte quality.

In this manuscript, we summarize the insights between mammalian models and human senescent oocyte and mitochondrial damage. Quantitatively, mitochondrial biogenesis is critical during oocyte maturation and fertilization. The mtDNA of the oocyte and the surrounding granulosa cells needs to be maintained at a certain quantity, and a decline in mtDNA quantity predicts a decline in ovarian reserve. Senescence-associated mtDNA instability leads to the accumulation of mtDNA mutations in oocyte, which may carry the risk of passing on abnormal mitochondria to the offspring and thus play a key role in the deterioration of oocyte quality. Excessive OS occurs in the aging ovary, and impairment of mitochondrial function is difficult to recover from by autophagy, biogenesis. The link between telomere shortening, meiotic abnormalities, apoptosis and mitochondria has also been tentatively revealed. In addition, mitochondrial dysfunction may also affect cellular communication between oocyte and surrounding GCs. Epigenetic changes also contribute to the decline in oocyte quality during ovarian aging, and the involvement of mitochondrial metabolites in the epigenetic regulation of these processes deserves further investigation. At present, some animal experiments have explored the changes in mitochondrial function during ovarian aging, but most of them have detected changes in mitochondrial related indicators. Lack of more reliable and rigorous experiments to verify the specific roles of mitochondrial related genes. At present, there is a need for more flexible application of cutting-edge molecular and cellular biology technologies to further enhance the coherence, multi-perspective, and depth of research on mitochondrial damage and ovarian aging.

Mitochondria is known as the energy factory of cells and play an important role in the maintenance of human health and the occurrence of diseases. In fact, it is difficult to accurately explain the relationship between mitochondrial damage and disease occurrence. Mitochondrial dysfunction is present in some genetic diseases, such as Perrault syndrome (243), individuals with POLG mutations (89, 208), and individuals with CLPP mutations (95, 96), all exhibiting clinical phenotypes of ovarian dysfunction and infertility. In addition, the environment in which humans is exposed, including air pollution exposure and chemical exposure, seems to be associated with premature menopause, premature ovarian failure, and low fertility (244–246). Given the sensitivity of mitochondria to the external environment, environmental pollution is likely to lead to ovarian aging by disrupting mitochondrial function. Unhealthy lifestyles, such as excessive dieting and lack of exercise, also lead to aging by affecting mitochondrial OS, biogenesis, and ATP generation (247, 248). Therefore, the mechanism of mitochondrial damage is most likely a key player in ovarian aging rather than a single pathogenic factor. The relationship between mitochondrial damage and genetics, environment, and diet deserves further research and determination. It is important to use epidemiological methods to investigate the correlation between reproductive health and mitochondrial damage, establish predictive models, and actively develop more accurate preventive measures that include the elderly population.

In addition, given that the current research on the mechanism of mitochondrial damage in ovarian aging is not comprehensive enough, emerging biomarkers that appear to predict ovarian function and embryonic development potential, such as mtDNA, may be valuable. During ART, it was found that abnormal mitochondrial distribution patterns and increased MV complexes in mature oocyte in vitro may affect fertilization capacity. It is feasible to predict the developmental potential of embryos by detecting the level of mtDNA in blastocysts (215). However, it should be noted that due to differences in PGT methods, biopsy methods, and techniques, it is not possible to provide standardized decision-making methods for mtDNA for embryo management. In the future, the combination of mtDNA detection with big data, multi-omics technology, and multimodal imaging may contribute to embryo management, birth defect prevention, and other aspects.

Consequently, enhancing the quality of oocyte through the improvement of mitochondrial quality appears to be a novel approach for the management and enhancement of reproductive outcomes in the elderly population. In recent years, the efficacy of targeted treatment of mitochondrial function in ART-assisted pregnancy has been discussed (249), thereby enhancing the success rate of IVF/ICSI. In a limited number of clinical studies, scholars have evaluated methods for improving oocyte energy supply through autologous mitochondrial transplantation from multiple sources (71), and reversing the decline in oocyte quality caused by aging. However, the evidence for high-level randomized controlled trials with large sample sizes from multiple centers is still very limited. We call on clinical researchers to design more rigorous trials to assess the safety and effectiveness of targeted mitochondrial therapies.

In summary, we call for more in-depth research to better understand the mechanisms and consequences of mitochondrial damage in ovarian aging. Mitochondrial targeted therapy is expected to play an important role in delaying female reproductive aging. Incorporating these new technologies and therapies into routine treatment can provide more ideal reproductive outcomes for elderly patients.
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Glossary

assisted reproductive technology: ART

in vitro fertilization: IVF

intracytoplasmic sperm injection: ICSI

preimplantation genetic testing: PGT

preimplantation genetic testing for aneuploidy: PGT-A

embryo transfer: ET

in vitro maturation: IVM

in vitro aging: IVA

diminished ovarian reserve: DOR

premature ovarian insufficiency: POI

premature ovarian failure: POF

follicle-stimulating hormone: FSH

anti-Mullerian hormone: AMH

germinal vesicle: GV

cumulus oocyte complex: COC

granulosa cells: GCs

cumulus cells: CCs

mitochondrial DNA: mtDNA

tricarboxylic acid: TCA

oxidative stress: OS

oxidative phosphorylation: OXPHOS

nicotinamide adenine dinucleotide: NADH

flavin adenine dinucleotide: FADH2

adenosine triphosphate: ATP

guanosine triphosphate: GTP

reactive oxygen species: ROS

reactive nitrogen species: RNS

electron transport chain: ETC

mitochondrial unfolded protein response: UPRmt

oogonial precursor cells: OPCs

cytoplasmic metastasis: CT

nuclear transfer: NT

spindle transfer: ST

pronuclear transfer: PNT

polar body transfer: PBT

mitochondrial membrane potential: MMP

mitochondria-vesicle: MV

mitochondria-smooth endoplasmic reticulum: M-SER






SYSTEMATIC REVIEW

published: 11 July 2024

doi: 10.3389/fendo.2024.1361573

[image: image2]


The clinical value of acupuncture for women with premature ovarian insufficiency: a systematic review and meta-analysis of randomized controlled trials


Hengjie Cao 1, Huize Li 2, Guangyao Lin 1, Xuanling Li 1, Shimin Liu 2, Peiqi Li 2, Chao Cong 1 and Lianwei Xu 1*


1 Department of Gynecology, Longhua Hospital, Shanghai University of Traditional Chinese Medicine, Shanghai, China, 2 School of Acupuncture-Moxibustion and Tuina, Shanghai University of Traditional Chinese Medicine, Shanghai, China




Edited by: Antonio Simone Laganà, University of Palermo, Italy

Reviewed by: Michał Kunicki, Medical University of Warsaw, Poland

Jian Liu, Guangdong Provincial Hospital of Chinese Medicine, China

*Correspondence: 

Lianwei Xu
 xu_lianwei2800@shutcm.edu.cn


Received: 26 December 2023

Accepted: 01 May 2024

Published: 11 July 2024

Citation:
Cao H, Li H, Lin G, Li X, Liu S, Li P, Cong C and Xu L (2024) The clinical value of acupuncture for women with premature ovarian insufficiency: a systematic review and meta-analysis of randomized controlled trials. Front. Endocrinol. 15:1361573. doi: 10.3389/fendo.2024.1361573






Objective

The aim of this study was to evaluate the therapeutic implications of acupuncture on improving ovarian function in women diagnosed with premature ovarian insufficiency (POI) through the implementation of randomized clinical trials (RCTs).





Methods

A comprehensive search of eight databases was conducted to identify RCTs up until 5 October 2023. The outcomes included the levels of sex hormones, antral follicle count (AFC), Kupperman score, and total effective rate. The risk of bias (RoB) tool was utilized to evaluate the quality of the included studies. In order to guarantee the robustness and reliability of the findings, subgroup and sensitivity analyses were performed to investigate potential sources of heterogeneity.





Results

A total of 13 RCTs comprising 775 patients were included in the study. Acupuncture demonstrated significant efficacy in reducing follicle-stimulating hormone (FSH) [SMD = 0.83, 95% CI (0.27, 1.39), I2 = 92%, p = 0.004], enhancing estradiol levels (E2) [SMD = 0.50, 95% CI (0.07, 0.93), p = 0.02, I2 = 87%], and increasing anti-Müllerian hormone (AMH) [SMD = 0.24, 95% CI (0.05, 0.44), p = 0.01, I2 = 8%], as well as improving the overall effective rate [RR = 1.22, 95% CI (1.10, 1.35), p < 0.01, I2 = 14%]. Subgroup analysis revealed that compared with non-acupuncture therapy, the acupuncture with Chinese herbal medicine (CHM) and hormone replacement therapy (HRT) group exhibited a substantial reduction in FSH levels [SMD = 1.02, 95% CI (0.52, 1.51), I2 = 60%, p < 0.01]. Furthermore, the acupuncture with CHM group also exhibited a substantial reduction [SMD = 4.59, 95% CI (1.53, 7.65), I2 = 98%, p < 0.01]. However, only the acupuncture with CHM and HRT group demonstrated a significant increase in E2 levels [SMD = 0.55, 95% CI (0.23, 0.87), I2 = 12%, p < 0.01].





Conclusion

Acupuncture has demonstrated superiority over non-acupuncture in diminishing serum FSH levels and increasing serum E2, AMH, and the overall efficacy rate in women diagnosed with POI. These research findings suggest the necessity for broader-scale research with meticulous designs to fully demonstrate the efficacy and safety of acupuncture in the treatment of women with POI.





Systematic review registration

https://www.crd.york.ac.uk, identifier CRD42023467751.
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1 Introduction

Premature ovarian insufficiency (POI) is a syndrome characterized by ovarian hypofunction occurring prior to the age of 40, with an approximate incidence of 1% (1). Various factors including genetic (2, 3), immunological, viral, iatrogenic (4, 5), and environmental factors are common contributors to POI, with over 50% of patients encountering an etiology that remains undetermined (6). Irregular menstruation is a common manifestation in POI patients, presenting as oligomenorrhea or amenorrhea persisting for ≥4 months. The condition is characterized by elevated levels of gonadotropins and reduced estradiol, ultimately leading to a decrease in reproductive capacity. Symptoms of POI encompass hot flashes, perspiration, reduced libido, bone rarefaction, metabolic disturbances, and other repercussions. It not only impacts fertility, mental health, and quality of life but also exerts influence on various systems, including skeletal, cardiovascular, urogenital, and nervous systems among others (6–8). The concept of POI was introduced in 2008 (9), but its diagnosis has always lacked a precise criterion. In 2016, the European Society for Human Reproduction and Embryology (ESHRE) lowered the cutoff point for follicle-stimulating hormone (FSH) in early-onset ovarian insufficiency to 25 IU/L. This adjustment has drawn attention to POI, differentiating it from premature ovarian failure (POF).

Common treatments for POI encompass hormone replacement therapy (HRT), selenium and vitamin E supplementation, exercise therapy, and more (7). HRT is sequential estrogen–progesterone therapy with progesterone supplementation for 10 to 14 days per month in addition to continuous estrogen use. HRT stands as the recommended standard protocol for individuals with POI to alleviate symptoms of low estrogen (10, 11). Additionally, HRT has the potential to prevent cardiovascular diseases and bone rarefaction. However, this therapy has limitations as it cannot enhance ovarian activity, and breast cancer is a contraindication (12). Oral hormone therapy may elevate the risk of hypertension in women (13). Furthermore, judicious assessment is imperative for the use of HRT in POI patients with conditions such as SLE, gallbladder disorders, epilepsy, or asthma (6, 14, 15). A novel therapy known as in-vitro activation of follicles has been introduced, with a limited number of clinical pregnancy reports; however, its efficiency falls below the optimal level (16–18). Advanced treatments, including immunotherapy, stem cells, and gene editing, are currently in the research stage (19, 20).

Acupuncture, regarded as a traditional Chinese non-pharmacological intervention, has demonstrated promising outcomes, a high degree of safety, and minimal adverse effects. It is widely utilized in the field of reproductive endocrinology (21, 22). Recently, there has been a surge in randomized controlled trials investigating the efficacy of acupuncture for POI. It is imperative to integrate and systematically evaluate these research findings. Given the revised diagnostic criteria for POI by ESHRE in 2016 and the limited attention to the impact of acupuncture on the subset of POI patients with FSH >25 IU/L, a meta-analysis and systematic evaluation of existing data were conducted to furnish a pertinent reference for clinical practice.




2 Materials and methods

The Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines (23) were followed in the reporting of this systematic review and meta-analysis (PROSPERO registration No. CRD42023467751).



2.1 Search strategy and study selection

Eight databases were comprehensively searched, namely, the English-language databases Cochrane Library, Web of Science, EMBASE, and PubMed and the Chinese-language databases Wanfang, VIP Information, CBM, and China National Knowledge Infrastructure (CNKI) from inception up to October 2023. Our retrieval strategy comprised three main components: clinical conditions (including premature ovarian failure, primary ovarian failure, primary ovarian insufficiency, premature ovarian insufficiency, premature menopause, POI, POF), interventions (such as acupuncture, electroacupuncture, manual acupuncture, warming needle, acupuncture therapy, needling, needles, needle therapy), and study types (RCT). No retrieval filters or limits were applied. To identify redundant papers, researchers manually examined the reference summaries of the retrieved articles. The initial screening of articles, independently conducted by the first two authors (H.J.C. and H.Z.L.), involved a thorough review of titles, abstracts, or full text to substantiate the eligibility of the studies. Any uncertainties regarding inclusion were deliberated among the other authors (L.W.X and S.M.L).




2.2 Inclusion and exclusion criteria

Studies that met the following criteria were included: 1) subjects: the standard of diagnosis was based on the clinical recommendations for the treatment of POI patients presented by ESHRE in 2016: a) women under 40 years old with amenorrhea/oligomenorrhea or symptoms of estrogen deficiency, b) oligomenorrhea or amenorrhea persisting for ≥4 months, and c) FSH level >25 IU/L on two occasions with a gap of >4 weeks; 2) intervention: acupuncture (including manual acupuncture and electroacupuncture regardless of the level of needling techniques), as well as the singular or combined use of Chinese herbal medicine or (and) HRT. Studies would be included if acupuncture was regarded as an adjuvant therapy for POI, and there were similar concomitant treatments between the experimental group and the control group; 3) controlled method: HRT, Chinese herbal medicine, or a combination of HRT and Chinese herbal medicine; 4) outcome indicators with sufficient data: effective rate, FSH, LH, E2, AMH, etc. Blood tests were performed before and after treatment, respectively, on the second to fourth days of the menstrual cycle to evaluate the basic hormone levels during the cycle; 5) study type: RCT; and 6) availability of complete data in the literature and precise data in the experimental and control groups.

Studies that met the following criteria were excluded: 1) interventions without acupuncture treatment (e.g., massage, moxibustion, or electrostimulation without needle); 2) interventions of control groups receiving different acupuncture treatments (e.g., acupoint catgut embedding); 3) patients suffering from other endocrine diseases (e.g., polycystic ovary syndrome, thyroid dysfunction, and hyperprolactinemia); 4) lack of definite or self-made criteria for efficacy evaluation; 5) studies about animal experiments, commentaries, editorials, experience introductions, conference articles, reviews, graduation theses, and case reports; 6) duplicate publication; 7) literature with incomplete outcome index data or full texts that cannot be obtained; and 8) literature with incorrect data and unidentified authors.




2.3 Data extraction and quality evaluation

Two authors, H.J.C. and H.Z.L., independently extracted relevant data using a standardized form. Information regarding the characteristics of the study population (such as sample size, age, and disease duration), treatment specifics (including types of interventions, acupoints, and duration), and group-wise results was collected.

Meanwhile, the quality assessment of the included studies was carried out by two independent reviewers (H.J.C. and H.Z.L.) utilizing the Cochrane Collaboration’s Risk of Bias tool. Any discrepancies were resolved through discussion with L.W.X.

The STRICTA (Standards for Reporting Interventions in Controlled Trials of Acupuncture: the STRICTA recommendations) (24) standard was used to evaluate acupuncture intervention measures. A response is considered “positive” by the STRICTA standard if every item is fully recorded. There were three categories for the reporting rate (N = reported RCTs/13): high (N ≥ 80%), moderate (N = 50%–80%), and low (N < 50%).




2.4 Statistical analysis

The data management software RevMan 5.3 was employed for data organization. Each group’s mean and standard deviation of the pretreatment and posttreatment results was collected. Continuous data were measured using the mean difference (MD) or standardized mean difference (SMD) with 95% confidence intervals (CIs). The following formula was used to figure out the D-value of the statistical mean and standard deviation: S * S = S1 * S1 + S2 * S2 − 2 * R * S1 * S2; D = M1 − M2 (D-value, difference before and after treatment; S, standard deviation of D-value; S1 and S2, standard deviation before and after treatment, respectively; M1 and M2, mean value before and after treatment; R = 0.4) (25). Statistical significance was established at p <0.05 on both sides. Dichotomous variables, such as the total effective rate, were presented as the risk ratio (RR). Additionally, I2 statistics were utilized to assess interstudy heterogeneity. In cases of non-significant heterogeneity, we adopted the fixed-effects model; otherwise, the random-effects model was employed. A subgroup analysis based on the type of intervention was conducted to explore potential sources of heterogeneity. If a meta-analysis was considered inappropriate, we would offer a qualitative description of the results. To ensure result stability, a sensitivity analysis was performed by excluding specific studies. Moreover, if at least 10 studies were included, Begg’s tests and funnel plots were adopted by evaluating the p-value for publication bias.





3 Results



3.1 Included articles

Figure 1 illustrates the flowchart utilized for selecting publications. Initial database searches yielded 741 papers related to the therapeutic efficacy of acupuncture therapy in the treatment of premature ovarian insufficiency. After removing 391 duplicate publications, 350 pieces of literature remained. Upon reviewing the titles and abstracts among the remaining studies, 319 papers were excluded for failing to meet the inclusion criteria. Subsequently, 18 additional studies were excluded due to non-compliance with POI diagnostic criteria or insufficient data for evaluation. Finally, the meta-analysis included 13 RCTs published between 2019 and 2023.




Figure 1 | The PRISMA flowchart.






3.2 Study characteristics

We incorporated 13 RCTs, all conducted in China and published in Chinese between 2019 and 2023. The studies encompassed 775 POI patients, divided into an experimental group (acupuncture group) and a control group, with 388 and 387 cases, respectively. In the studies, blood samples were collected on days 2–4 of the menstrual cycle to assess baseline sex hormone indices. Twelve of the studies collected blood samples before and after the last treatment, while the other study (26) collected blood samples before treatment and 3 months after the cessation of treatment, respectively. Among them, 13 reported FSH levels (26–38), 12 reported LH and E2 levels (26–33, 35–38), 8 reported AMH levels (26, 27, 31–33, 35–37), 5 trials reported the total effective rate (26, 30–32, 35), and 9 presented adverse events (26, 27, 29–33, 35, 38). Baseline homogeneity was observed across all RCTs. Comprehensive details on the characteristics of the study are shown in Table 1.


Table 1 | Study characteristics.






3.3 Quality assessment

Except for Song (31), the methodological quality of all studies regarding selection bias was assessed as low risk due to clear procedures and concealed allocation in the patient randomization process. Given the inherent limitation that acupuncture therapy cannot be blinded, all included RCTs were categorized as “high risk” for participant and staff blinding. Incomplete outcome data and selective reporting were considered to pose a low risk of bias across all studies. Among the 13 studies, no indication of potential bias was identified (Figure 2). The quality of interventions reported was evaluated against the STRICTA list, with a mean reporting rate of 71.04% for all entries (Table 2). In summary, the quality of the included studies was considered moderate.




Figure 2 | Risk of bias assessment.




Table 2 | Quality evaluation based on the STRICTA list.






3.4 Outcome measurements



3.4.1 FSH levels

Thirteen studies reported FSH levels of 388 participants in the acupuncture group. Combining the results of these studies showed that acupuncture dramatically reduced the levels of FSH in women with POI [SMD = 0.83, 95% CI (0.27, 1.39), I2 = 92%, p = 0.004] (Figure 3). Sensitivity analysis was employed to confirm the robustness of the aggregated outcomes.




Figure 3 | Forest plot illustrating the relationship between FSH levels and acupuncture therapy.






3.4.2 LH levels

Twelve studies involving 715 patients focused on the LH levels. Compared with the control groups, the acupuncture group had no advantage [SMD = 0.27, 95% CI (−0.02, 0.57), I2 = 74%, p = 0.07] (Figure 4). The robustness of the combined findings was confirmed through sensitivity analysis.




Figure 4 | Forest plot illustrating the relationship between LH levels and acupuncture therapy.






3.4.3 Estradiol levels

The evaluation of the impact of acupuncture on estradiol levels yielded 12 RCTs with a total of 715 individuals. It showed a statistically significant connection between the function of acupuncture and the improvement in estradiol levels [SMD = 0.50, 95% CI (0.07, 0.93), I2 = 87%, p = 0.02] (Figure 5). The pooled estimates remained unaffected by any individual study, as confirmed through the sensitivity analysis.




Figure 5 | Forest plot illustrating the relationship between E2 levels and acupuncture therapy.






3.4.4 AMH levels

Among all studies, only eight studies reported the AMH levels. The heterogeneity dropped from 81% to 8% after the exclusion of one study (26) in the sensitivity analysis. The combined findings of seven trials with 212 individuals showed a significant increase in the AMH levels [SMD = 0.24, 95% CI (0.05, 0.44), I2 = 8%, p = 0.01] (Figure 6).




Figure 6 | Forest plot illustrating the relationship between AMH levels and acupuncture therapy.






3.4.5 KI score

Four studies reported the modified KI score (39). The results of the fixed-effects model analysis indicated that there was no statistically significant difference between the control group and the acupuncture therapy group [MD = 0.04, 95% CI (−1.71, 1.80), I2 = 26%, p = 0.96] (Figure 7).




Figure 7 | Forest plot illustrating the relationship between KI score and acupuncture therapy.






3.4.6 Antral follicle count

This meta-analysis of the antral follicle count (AFC) result contained 111 participants from a total of four studies. The pooled result revealed that the effects of acupuncture did not exhibit a significant difference from others [MD = 0.38, 95% CI (−0.73, 1.49), I2 = 89, p = 0.50] (Figure 8). Furthermore, following the sensitivity analysis, the outcomes remained unchanged.




Figure 8 | Forest plot illustrating the relationship between AFC and acupuncture therapy.






3.4.7 Total effective rate

Five studies assessed the overall effective rate (26, 30–32, 35), sticking to the same score scale including the menstrual cycle, menstrual blood volume, and general symptoms, such as palpitation and sleeplessness. Pretreatment and posttreatment evaluations were conducted, revealing a notable increase of 30% or more in symptom amelioration, thereby indicating effectiveness. The study results indicated that patients who received acupuncture treatment had a higher overall effective rate compared with those who did not receive acupuncture treatment [RR = 1.22, 95% CI (1.10, 1.35), I2 = 14%, p < 0.01] (Figure 9). The figure revealed low heterogeneity.




Figure 9 | Forest plot illustrating the relationship between total effective rate and acupuncture therapy.






3.4.8 Adverse effect

Nine of the thirteen studies reported the situation of adverse effects: five of them reported adverse effects (29, 31, 33, 35, 38), while the remaining four documented no adverse effects (26, 27, 30, 32). One study reporting abdominal distension was excluded due to insufficient detailed description (31), while the following statistics included eight studies (26, 27, 29, 30, 32, 33, 35, 38). Among 226 patients in the trial groups, 11 cases of adverse events were reported, consisting of nine cases of subcutaneous hemorrhage (33, 35, 38), one case of breast distending pain (29), and one case of needle sticking (35). In the control groups, 12 adverse events were reported in 227 patients, consisting of five cases of stomach discomfort (29, 33), five cases of breast distending pain (29), and two episodes of menostaxis (38). Meta-analysis showed that the difference between the two groups lacks statistical significance (p = 0.86 > 0.05) (Figure 10).




Figure 10 | Forest plot illustrating the relationship between adverse effect and acupuncture therapy.







3.5 Subgroup analysis

Due to three pooled results indicating significant heterogeneity (I2 > 60%) in the levels of FSH, LH, and estradiol, subgroup analysis was conducted based on various types of interventions.



3.5.1 FSH and LH levels

In the subgroup analysis for FSH levels, the pooled result revealed that both the acupuncture combined with CHM and HRT group [SMD = 1.02, 95% CI (0.52, 1.51), I2 = 60%, p < 0.0001] and the acupuncture with CHM group [SMD = 4.59, 95% CI (1.53, 7.65), I2 = 98%, p = 0.003] exhibited greater efficacy in lowering FSH levels compared with the non-acupuncture group (Figure 11). However, for the LH levels, no decrease in heterogeneity was observed during the subgroup analysis (Figure 12).




Figure 11 | Forest plot illustrating the relationship between FSH levels and acupuncture therapy with subgroup analysis.






Figure 12 | Forest plot illustrating the relationship between LH levels and acupuncture therapy with subgroup analysis.






3.5.2 Estradiol levels

The meta-analysis indicated that the acupuncture with CHM and HRT group outperformed the control groups [SMD = 0.55, 95% CI (0.23, 0.87), I2 = 12%, p = 0.0007] (Figure 13). High-level heterogeneity was seen in the remaining three subcategories, including nine journals. Rather than using a meta-analysis, a qualitative description was employed. Out of the nine investigations, three (28–30) demonstrated an increase in estradiol levels of the trial groups following treatment, surpassing those of the control groups (p < 0.05). The remaining six (26, 27, 35–38) investigations revealed no difference between the two groups (p > 0.05).




Figure 13 | Forest plot illustrating the relationship between E2 levels and acupuncture therapy with subgroup analysis.







3.6 Publication bias

The presence of publication bias was assessed using Begg’s tests, with a minimum of 10 studies being included in the analysis. There was no apparent asymmetry in the funnel plots, as shown in Figure 14. Begg’s test for FSH (p = 0.06), LH (p = 0.06), and E2 (p = 0.09) was not significant for publication bias in this meta-analysis due to p >0.05.




Figure 14 | Funnel plots of publication bias. (A) Publication bias of FSH. (B) Publication bias of LH. (C) Publication bias of E2.







4 Discussion

This study represents the inaugural meta-analysis evaluating the clinical efficacy of acupuncture for POI, employing FSH >25 IU/L as the diagnostic criterion. In this investigation, we incorporated a total of 13 RCTs, involving 775 patients, to scrutinize the efficacy of acupuncture for POI. The findings are succinctly presented as follows: 1) sex hormones—acupuncture demonstrated a significant reduction in FSH levels and an increase in AMH and E2 levels in POI patients, with negligible impact on LH levels. 2) Follicular development status—following the reduction of heterogeneity, acupuncture yielded a significant improvement in AMH levels, while no discernible difference was observed in AFC. 3) Climacteric symptoms—patients subjected to acupuncture exhibited a higher overall effective rate compared with their counterparts without acupuncture. However, the acupuncture group manifested no improvement in the Kupperman index, and the difference in adverse effects between the two groups lacked statistical significance.

FSH possesses the capability to enhance follicular development and stimulate estrogen secretion. Elevated FSH levels are associated with excessive follicular depletion, culminating in diminished follicular reserve. Lower FSH levels can enhance fertility probabilities. Serving as a biomarker of follicular development, estrogen not only protects the cardiovascular system and nerves but also prevents the risk of bone rarefaction. Addressing estrogen deficiency effectively markedly improves the quality of life for POI patients. AMH can prevent premature follicular depletion by inhibiting the recruitment of primordial follicles. According to our findings, acupuncture demonstrated the potential to lower FSH levels, elevate E2 and AMH levels, and alleviate associated symptoms. Preantral follicle development took 85 days to mature, during which time the follicles underwent continuous growth (grades 1 to 4) and exponential growth (grades 5 to 8). The findings of the study suggest that acupuncture has the potential to decrease FSH levels, increase E2 and AMH levels, and alleviate associated symptoms. However, due to the long time required for follicle development from the preantral follicle to the antral follicle, which can be observed by B-ultrasound, this study did not find any benefit of acupuncture treatment on antral follicle-related outcomes.

In contrast to previous systematic reviews, we adhered to the latest diagnostic criteria for POI as outlined by the ESHRE. Additionally, the intervention window was advanced. The literature incorporated into this study was not considered in prior relevant articles. Consistent with earlier discoveries (40, 41), our findings demonstrate the efficacy of acupuncture in lowering serum FSH levels and increasing E2 levels. Limited research has focused on the isolated effects of acupuncture. Our study revealed that acupuncture has the potential to elevate AMH levels and the overall effective rate, exerting positive effects on menstrual disorders and perimenopausal symptoms.

Acupuncture, emerging as a novel therapy for POI, has been demonstrated to modulate a diverse array of cellular processes and pathways. In another investigation, acupuncture exhibited the capacity to stimulate Bcl-2 and diminish Bax expression in ovarian tissues, thereby mitigating granulosa cell apoptosis and impeding primordial follicle loss through the induction of antioxidant and anti-apoptotic systems (42). Additionally, Zhang et al. (43) unveiled that electroacupuncture could potentially inhibit the phosphorylation of proteins in the PI3K/AKT/mTOR pathway, leading to the restoration of serum levels of AMH, E2, FSH, and LH, along with the proliferation of small follicles. Remarkably, electroacupuncture exhibited the potential to regulate characteristic metabolites linked to energy and neurotransmitter metabolism in the liver and kidney, thereby enhancing the menstrual cycle in the participants (44). Moreover, a recent experiment revealed that electroacupuncture could potentially stabilize hormone levels and mitigate follicular atresia by upregulating the expression of CDK6/CCND1 in murine ovarian granulosa cells (OGCs) (45).

The limitations of this systematic study are as follows: firstly, the clinical effect is susceptible to various factors such as acupoint selection, stimulation intensity, qi generation, and acupuncture techniques, lacking uniformity and objectivity at present. It may contribute to the observed heterogeneity, and no significant improvement was achieved in the subgroup analysis. Furthermore, due to limitations in the source studies, pregnancy outcomes cannot be assessed though serving as a crucial concern for reproductive-aged women with POI. Individuals with POI may experience anxiety, depression, and dyssomnia (46). Although acupuncture has demonstrated benefits for ovarian function, its impact on physical and psychological health or quality of life remains unexplored. Additionally, the thickness of the endometrium should be monitored in time after the rise of estrogen, and if necessary, progesterone should be used to transform the endometrium. Moreover, a majority of the included studies lacked explicit descriptions of double-blind procedures, resulting in methodological shortcomings. Nevertheless, the nature of acupuncture involves mutual interaction between the physician and the patient, making the application of a blinding approach challenging. Therefore, our study represents the inaugural meta-analysis and systematic review of RCTs adhering to the 2016 ESHRE criteria, with a specific focus on acupuncture for POI patients. Despite these limitations, future efforts should involve larger and higher-quality RCTs incorporating essential acupuncture outcomes to comprehensively assess its current clinical efficacy.




5 Conclusion

Considering the research findings, acupuncture emerges as a potentially efficacious alternative therapy for the treatment of POI, particularly in light of the existing deficiencies in HRT. However, the quality of evidence remains constrained due to the significant heterogeneity and the small sample effect. Future research is imperative to substantiate the efficacy of acupuncture in the treatment of POI, necessitating meticulously designed, large-scale and multicenter RCTs.
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i . i (086000
Hui, (26) 2021 30/30 +3 i £236 | +232 Acu+HRT HRT 3 times a week 3 [ce0000]
35.16 36.50
12.80 10.86 Acu+CHM = CHM .
Zhang, (32) 2020 30/30 3t32 3:;2 +9.03 +952 JHRT HRT 3 times a week 3

34.60 3533 13.00 12.10
Acu+CHM =~ CHM

Song, (31) 2020 30/30 + + + + 3 times a week 3
HRT HRT
378 299 | 1099 10.08 * *
B0 224
Qiu, (30) 2020 29/29 + + : : Acu+HRT | HRT | 3 timesa week 3
£556 | 407
421 456
31 33 192 192 )
Zhang, (29) 2019 25/25 i 4 £108 96 Acu. HRT 3 times a week 3 [0e6)
sLs a5 | a2
Qi, (28) 2019 30/30 + £ e ®  AwsCHM | CHM 3 timesa week 3
484 ase | Y s
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206 | 22
Miao, (27) 2019 31/31 + + 208 3 Acu+CHM | CHM | 3 timesa week 3
or6 | oss | T218 | 2217
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hormone (LH); ® estradiol (E,); @ anti-Miillerian hormone (AMH); ® Kupperman score; ® antral follicle count (AFC); ® total effective rate.
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620 infertile women received assisted reproductive
technology (ART) treatment

Exclusion criteria: (1)Patients with the polycystic ovarian syndrome (PCOS)
endometriosis, premature ovarian insufficiency (POI); (2) Patients with a high incidence of
ovarian stimulation hyperresponsiveness; (3)Patients with a history of ovarian tumors and
other malignancies; (4) Patients with a history of endocrine abnormalities such as diabetes.
hyperthyroidism, and hypothyroidism.

[Inclusion criteria:(1) Aged < 40 years; (2) FSH < 25 U/L; (3) Patients
received IVF/ICSI treatment; (4) Complete case information.

428 infertile women were included in
this study

Correlation between OSI and other Threshold effect analysis for the association between FSH/LH and OSI in
parameters of ovarian response in this study AMH <1.1 ug/Land 1.1<AMH<6 ug/L group

The comparison between two groups separated by FSH/LH in the AMH normal
group:FSH/LH<3.5 n=151 FSH/LH>3.5 n=92
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Results

successfully achieved live birth in patients with recurrent
implantation failure

6 newborns in 28 cycles

increased the MMP of oocyte, the rate of embryo haploidy and
blastocyst formation; decreased the probability of spindle and
chromosome misalignment

early PNT performed 8 hours after ICSI can achieve blastocyst formation
rates at control levels

the rate of blastocyst (42%) was lower compared to the control (75%)

similar development and diploid rates in IVM compared to ICSI control

Disadvantage

concerns about the health status of
offspring and mtDNA heterogeneity

an increase in maternal mtDNA haplotype

species diversity; inability to correct
aneuploidies already present in some aged
MII oocyte

unreported pregnancy outcomes

unreported pregnancy outcomes

unreported pregnancy outcomes

Reference

(189)

(192)

(194, 195)

(196)

(197)

(198)
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Parameters up A roup B

No. of cases 316 616 ‘ 307 =
Age(year) 30.14 + 4.36 31.06 + 4.47 32.06 + 5.14 0.765
Infertility duration 4.59 + 3.48 4.56 + 3.47 4.58 + 3.53 0.991
BMI 23.34 + 343 2241324 2232 £3.18 0.664
AFC 10.91 + 4.41 10.12 + 4.53 8.79 + 4.18 <0.05
FSH 749 +2.16 8.15+ 221 8.22 +1.99 <0.05
FSH/LH 279 £2.74 3.28 +3.54 329+3.14 0.042
E2 53.63 + 48.33 63.88 + 79.04 66.32 + 80.06 0.0589
AMH 524 +4.24 4.09 + 3.50 2.89 +2.79 <0.05
PRL 12.75 + 7.68 14.60 + 15.86 14.65 + 8.64 0.0766
T 45.90 +19.35 42.96 + 19.90 46.56 + 18.79 0.843
P 0.60 + 0.42 0.65 + 043 0.72 £ 0.38 0.0462
Endometrial thickness on transfer day 650 +2.42 6.63 245 6.96 254 0.0539
Total dosage of Gn used 2279.45 + 743.23 2429.19 £ 712.90 252223 + 805.24 0.324
Gn used duration 9.80 +2.34 9.84 + 2.15 9.72 + 2.64 0.849
E2 on HCG day 2810.39 + 1278.89 2755.21 + 1494.15 2027.26 + 1002.33 < 0.05
No. of eggs obtained 11.29 + 4.46 9.88 +4.23 6.67 + 3.96 <0.05
No.of MII oocytes 10.32 £ 4.27 8.98 + 4.04 6.06 + 3.78 <0.05
No.of available embryos 412 +1.23 3.56 + 1.25 2.54 + 1.01 <0.001
No.of transferred embryos 1.69 + 0.58 171 £ 048 1.53 +0.52 0.465

Clinical pregnancy rate 60.76(192/316) 52.92(326/616) 47.88(147/307) 0.0306





OPS/images/fendo.2024.1361289/table4.jpg
Mechanism

changes in
mitochondrial genome

oxidative stress

mitochondrial
dynamics

mitochondrial
biogenesis

mitochondrial
autophagy

mitochondrial
unfolded
protein response

mitochondrial
apoptotic

mitochondrial
dysfunction and
telomere damage

Inadequate
mitochondrial energy
supply and

meiotic errors
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Species

human

human

human

human

human

human

human

human

human

mice, human

rathuman

human

human

mice

mice

mice, human

human

mice

mice

mice

human

mice

mice

mice

mice

human
Caenorhabditis

elegans

mice

mice

human

mice

mice

mice, rat

mice

human

mice
Caenorhabditis
elegans

mice

mice

mice

Targets

TFAM

TFAM, POLG

TFAM

POLG

POLG

IDHI, JNK, p38 MAPK

SIAHIL,TRF2

H202, HIF-10,VEGF

SOD, CAT, GSHPx

SIRT1

PRX2, JNK

MEN1, MFN2

MEN1

MEN2

MEN2

DRP1

PGClo

SIRT1

SIRT3

SIRT3

PINK1

RAB7, PINK1, PRKN

CLPP

CLPP

CLPP, mTOR, COX5A

BAX, CytC, Caspase9, BCL2

BAX

MCU

SPD3

MDR1

RAB7, DRP1

AMPK

Results

a recessive variant in TFAM causes mtDNA
depletion associated with POI

a decreased mtDNA content in DOR, and a
positively correlation between the quality of
oocyte with the expression of TFAM and POLG
in cumulus cells

women with moderate TFAM expression in
follicular fluid granulosa cells showed better
IVF outcomes

the mtDNA copy number in cumulus cells can
positively predict embryo quality and
developmental outcome in IVF

the mtDNA copy number in granulosa cells was
significantly negatively correlated with age in the
POSEIDON low prognosis groups

a significantly lower mtDNA copy number in
unfertilized oocyte and uncleaved embryos in
‘women >40 years age

mutations in POLG cause premature aging
POLG is associated with female menopause

there was no correlation between mtDNA
deletion, rearrangement, and mutation of human
oocyte and maternal age

ROS inhibits proliferation and promotes
apoptosis in granulosa cells

ROS promotes telomere shortening and granulosa
cell aging

H,0, stimulated oxidative injury and apoptosis
in GCs

decreased expression of antioxidant enzymes in
follicular fluid of women with advanced age

SIRT1 signaling protects mice oocyte against
oxidative stress and is deregulated during aging

ROS accelerates ovarian failure

an increase in ROS and a decrease in MMP may
lead to spindle and chromosomal abnormalities

in aging oocyte

the assessment of the oxidative stress rate may be
helpful in evaluating in vitro fertilization potential

lack of MFN1 and MFN2 in oocyte resulted in
accelerated follicular depletion and impaired

oocyte quality

absence of MFN1 and resulting apoptotic cell loss
caused depletion of ovarian follicular reserve

low expression of MFN2 was associated with
mitochondrial damage and apoptosis of ovarian
tissues in the POI mice

MEN2 expression was remarkably lower in
granulosa cells from the DOR patients and
decreased as age increased

DRP1 deficiency affected follicle maturation
and ovulation

the expression of PGCI in the ovaries of POI
mice induced by cyclophosphamide was
significantly downregulated, and mitochondrial
damage occurred

SIRTI deficiency led to a decrease in the number
of oocyte and premature infertility

SIRT3 deficiency accelerated ovarian
reserve depletion

decreased SIRT3 mRNA in granulosa cells of
DOR and women with advanced age

the absence of PINK1 shortened the reproductive
span of C.elegans

polyamine metabolite spermidine restored oocyte
quality by enhancing mitochondrial autophagy in
elderly female mice

the regulation of mitophagy affected oocyte
meiosis and oocyte quality control during
ovarian aging

mutations in CLPP cause Perrault syndrome
and POI

mutations in CLPP cause complete sterility

CLPP deficiency accelerated the depletion of
ovarian follicle reserves

excessive occurrence of mitochondrial apoptosis
in POF and POI

absence of BAX protein extends fertility and
alleviates age-related health complications

reduced telomerase activity in granulosa cells of
POI patients

oocyte of MCU knockdown failed to correctly
assemble the spindle during meiosis

the absence of SPD3 can lead to homologous
chromosome pairing defects

MDRI mutation leads to abnormal meiosis and
decreased oocyte quality

RAB7 GTPase regulates actin dynamics for
DRPI1-mediated mitochondria function and
spindle migration in oocyte meiosis

lack of AMPK can alter oocyte quality through
energy processes and oocyte-
somatic communication

(66)

(204-207)

(67)

(35)

(208)

(89)

(75,77, 79, 80)

(48)

(49)

(50)

(44, 45)

(53)

(51)

(42)

(43)

(108)

(109, 136)

(111)

(112)

(110)

(54, 102)

(55)

(56)

(57)

(116)

(117)

(118)

(96, 97)
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(140)
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All patients with embrory transfer IVF/ICSI
during June 2019- March2022
N=5424

GnRH Antagonist Protocol
N=1624

Exclusion:

Patients with incomplete data and losing follow-up: N=124
Patients diagnosed with endometriosis: N=116

Patients with a hydrosalpinx: N=80

Patients with intrauterine adhesions: N=65

1239 patients after exclusion

Group A (PMOI < 0.06 ug/L, P0-P25) Group B (0.06-0.14 ug/L, P26-P75) Group C (PMOI= 0.14 ug/L, P76-P100)
N=316 N=616 N=307
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Univariate analysis Multivariate analysis

Variables
OR (95%Cl) OR (95%Cl)

Age 0.027 0.772(0.644-0.942) 0.032 0.742(0.578-0.863)

E2 on the day of hCG injection 0.524 1.000(1.000-1.0000) - -

P on the day of hCG injection 0.267 0. 817(0.571-1.168) - -

No.of My oocytes 0315 0.941(0.836-1.059) - -

No.of available embryos 0.034 1.287(1.057-1.363) 0.126 1.194(0.857-01.384)
No.of 2PN 0.604 1.070(0.828-1.383) - -

No.of transferred embryos 0.130 1.353(0.879-2.556) - -

PMOI on hCG injection day 0.010 0.002(0.000-0.227) 0.043 0.005(0.000-0.780)
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95% Cl P valve Best threshold

PMOI 62.1 0.590-0.652 <0.05 0.063
Age 0.546 0.513-0.578 <0.05 34.5 274 83.5
Model 0.592 0.561-0.624 <0.05 0.160 53.7 62.1

AUG, area under the curve; CI, confidence interval; NPV, negative predictive valve; PPV, positive predictive valve.

Model included PMOI and Age.
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Std. Mean Difference

Experimental Control
Study or Subgroup Mean SD Total Mean SD Total Weight
Bai 2023 21.67 30.9251422 30 15.87 24.70687232 30 8.5%
Liang 2022 66.59 59.84496052 32 41.62 58.22242334 30 8.5%
Zhuo 2021 -2.91 33.58790913 40 -4.78 33.34882966 40 8.8%
Xu Qing 2021 13.58 52.02933115 30 6.95 41.41882302 30 8.5%
Liu 2021 16.97 36.51722607 21 9.18 15.20177884 22 8.1%
Hui 2021 3.47 27.46741488 30 7.88 16.17987454 30 8.5%
Zhang 2020 33.79  9.25908959 30 23.58 13.07922016 30 8.4%
Song 2020 26.43 10.61257933 30 2222 11.5082301 30 8.5%
Qiu 2020 38.04 12.7898405 29 29.84 13.30575064 29 8.4%
Zhang 2019 47.02 23.23185055 25 70.35 37.44416376 25 8.2%
Qi 2019 90.82 12.54991155 30 54.81 9.27167838 30 7.3%
Miao 2019 30.51 4.32153908 31 25.76 3.95158196 31 8.4%

Total (95% ClI)

358

Heterogeneity: Tau? = 0.50; Chi? = 85.46, df = 11 (P < 0.00001); I = 87%
Test for overall effect: Z=2.30 (P = 0.02)

357 100.0%

Std. Mean Difference

1V, Random, 95% CI IV, Random, 95% CI

0.20 [-0.30, 0.71]
0.42 [-0.09, 0.92]
0.06 [-0.38, 0.49]
0.14 [-0.37, 0.65]
0.28 [-0.33, 0.88]
-0.19[-0.70, 0.31]
0.89 [0.36, 1.42]
0.38 [-0.14, 0.89]
0.62 [0.09, 1.15]
-0.74 [-1.31, -0.16]
3.22 [2.44, 4.00]
1.13[0.59, 1.67]

0.50 [0.07, 0.93]

-4

+ t
-2 0 2
Experimental Control
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Records identified from databases Additional records identified through
(n=741) other sources
(n=0)

Records identified in total
(n=741)

Duplicates removed
(n=391)

Records screened

(n=350) Excluded Records(n =319):
Review or Meta Analysis (n=41),
Animal experiments (n=40),
Study protocols(n=3),Case Series(n=1),
Acupuncture combined with other
treatments (n=103),
Not POI (n=73),
Acupuncture not compared with
HRT(n=47),

Full-text articles assessed for ot relevant(n=11).

eligibility
(n=31)

Records excluded after reviewing full
texts, with reasons:
(n=18)
Unclear diagnostic criteria of POI(n=2)
Not insufficient data(n=16)

Studies included in meta-analysis
(n=13)
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Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Random, 95% CI IV, Random, 95% CI
Bai 2023 19.67 24.95186125 30 18.34 28.6851906 30 82% 0.05[-0.46, 0.55] T
Liang 2022 16.57 6.02727136 32 725 5.8507179 30 8.0% 1.55[0.98, 2.12] -
Zhuo 2021 19.98 5.01981673 40 18.88 4.84403344 40 8.3% 0.22 [-0.22, 0.66] =
Xu Qing 2021 2459 33.86305863 30 18.5 36.22968948 30 82% 0.17 [-0.34, 0.68] il
Xu Chengchao 2021 22.11 30.19336649 30 12.12 31.37261736 30 82% 0.32[-0.19, 0.83] =
Liu 2021 2411 36.03101719 21 34.06 25.48091717 22 7.9% -0.31[-0.92, 0.29] i
Hui 2021 3.77 6.44410428 30 8.23 5.56325984 30 8.1% -0.73[-1.26, -0.21] R
Zhang 2020 14.79 6.67424902 30 10.12 5.2657763 30 8.1% 0.77[0.24, 1.29] -
Song 2020 15.84 7.45130861 30 10.46 6.26398595 30 81% 0.77 [0.25, 1.30] ER
Qiu 2020 17.5 5.31279399 29 12.32 5.04267786 29 81% 0.99 [0.44, 1.53] -
Zhang 2019 39.16 27.35819914 25 254 18.21093518 25 8.0% 0.58[0.02, 1.15] B3
Qi 2019 2418 0.56836608 30 15.17 0.60134849 30 27% 15.20[12.34, 18.06]
Miao 2019 22.86 4.93418686 31 18.58 4.7044107 31 8.1% 0.88[0.35, 1.40] Eo

Total (95% Cl)

388

387 100.0%

Heterogeneity: Tau? = 0.94; Chi? = 156.30, df = 12 (P < 0.00001); 12 = 92%
Test for overall effect: Z =2.90 (P = 0.004)

0.83[0.27, 1.39]
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Experimental

Control

Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight
Bai 2023 11.63 19.87468943 30 5.44 17.17052416 30 8.4%
Liang 2022 11.43 5.9160071 32 467 4.38617145 30 8.1%
Zhuo 2021 14.59 5.90925714 40 16.16 5.78003114 40 9.0%
Xu Qing 2021 7.23 16.07158362 30 8.32 34.80176001 30 8.5%
Liu 2021 9.38 22.83220182 21 16.34 16.68023021 22 7.7%
Hui 2021 0.91 2.64873555 30 1.74 276315038 30 8.4%
Zhang 2020 6.87 10.13762595 30 4.01 12.4369715 30 8.5%
Song 2020 8.78 4.95836667 30 7.97 5.63478837 30 8.5%
Qiu 2020 6.94 4.27226872 29 3.75 4.38053193 29 8.2%
Zhang 2019 20.93 15.94789328 25 16.37 18.48765913 25 8.0%
Qi 2019 9.91 5.36718362 30 4.06 4.39969317 30 8.1%
Miao 2019 11.77  3.17184489 31 11.33 3.1276253 31 8.5%

Total (95% ClI)

358

357 100.0%

Heterogeneity: Tau? = 0.20; Chi? = 42.55, df = 11 (P < 0.0001); I = 74%
Test for overall effect: Z=1.82 (P = 0.07)

Std. Mean Difference

1V, Random, 95% CI IV, Random, 95% CI

0.33 [-0.18, 0.84]
1.280.73, 1.83]
-0.27 [-0.71, 0.17]
-0.04 [-0.55, 0.47]
-0.34 [-0.95, 0.26]
-0.30 [-0.81, 0.21]
0.25 [-0.26, 0.76]
0.15 [-0.36, 0.66]
0.73[0.19, 1.26]
0.26 [-0.30, 0.82]
1.18[0.63, 1.73]
0.14 [-0.36, 0.64]
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infertile women

experiment l:repeated-
poor-quality-embryo
patients; experiment 2:
non-repeated-poor-
quality-embryo patients

patients with repeated
cycles after IVE/
ICSI failure

infertile women

infertile women

mber

22 patients (15 IVF vs.15 IVM/
IVE oocyte)

experiment 1:42 patients (48 melatonin
cycles vs. 133 non-melatonin cycles);
experiment 2:143 supernumerary human
cleavage-stage embryos(71 in melatonin
group vs. 72 in control group)

140 patients (140 melatonin culture cycles
vs. previous failed cycles)

89 GV oocytes (44 in MitoQ group vs. 45
in control group)

38 vitrified-thawed morulae after ICSI
from 19 couples (1:1matched)

Protocol

IVF, ICST

IVF

IVE, ICST

VM

1Cs1

Treatme|

a melatonin-
supplemented
M/

IVF system

107 M
melatonin
added to the
culture
medium

10°M
melatonin
added to the
culture
medium

50nM MitoQ
added to the
culture
medium

1mM -
carnitine
added to the
culture
medium

Results

increased the cleavage rate in the IVF
versus IVM group, increased reactive
oxygen species and Ca®* levels, decreased
mitochondrial membrane potential in
VM compared with IVF oocyte.

increased 3 high-quality embryos in
melatonin cycles, the rate of available
blastocysts and clinical pregnancy rate in
experiment 1; increased the expression of
CAT in experiment 2

increased the fertilization rate, cleavage
rate, high-quality embryo rate, blastocyst
rate, high-quality blastocyst rate,
biochemical pregnancy rate and clinical
pregnancy rate

a similar positive effect in protecting
against chromosomal misalignments

increased the oxygen consumption rates
of morula and the morphologically-good
blastocyst formation rate

Reference

(229)

(230)

(231)

(52)

(232)
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Patients

poor ovarian reserve women
with age < 35 years old

infertile women aged 31-46
years old

infertile women with a low
fertilization rate (< or =50%)
in the previous IVF-ET cycle

infertile women

patients with IVE-ET failure

poor ovarian reserve women
with advanced age

infertile women

Number

169 patients (76
treated with CoQ10
vs. 93 controls)

30 patients (15
treated with CoQ10
vs. 15 controls)

115 patients (56
treated with
melatonin vs.
59 controls)

90 patients(45 treated
with melatonin vs.

45 controls)

214 patients(treated
with l-carnitine vs.
previous

failed controls)

12 patients (6 treated
with resveratrol vs.
6 controls)

7277 cycles (204
treated with
resveratrol vs.
7073 controls)

Protocol Treatment
oral 200 mg CoQ10
IVE, 18T three um.es a day,
for a period of
60 days
200 mg/day
A oral CoQ10
IVE, ICSIT melatonin 3 mg/day
IVF melatonin 3 mg/day
1000 mg/day 1-
IVF, ICSI carnitine for 82 days
on average
IVF 150 mg resveratrol
200 mg/day
IVF resveratrol
supplementation

Results

increased number of retrieved oocyte, fertilization
rate, high-quality embryos, available cryopreserved
embryos and decreased cancelled embryo

transfer rate

decreased follicular fluid total antioxidant capacity

decreased 8-OHdG and hexanoyl-lysine adduct,
increased fertilization rate

decreased the number of low-quality embryos

increased quality of embryos on Days 3 and 5

increased number of fertilized good quality oocyte,
decreased the level of miR-125b-5p, miR-132-3p,
miR-19a-3p, miR-30a-5p and miR-660-5p

decrease clinical pregnancy rate, increased risk
of miscarriage

Reference

(233)

(234)

(235)

(236)

(237)

(238)

(239)
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Patients

women with multiple
IVF failures

patients with a poor
prognosis for success with
standard IVF

patients with previously
IVF failures

women with multiple
IVF failures

healthy women aged 25-31
years old

infertile women with aged
<37 years old

umber

10 patients

94 patients (106 ICSI-only
cycles vs. 171
AUGMENT cycles)

57 patients (250 ICSI-only
MII vs. 253

AUGMENT MiIls)

25 patients (28 ST cycles)

32 PBIT oocytes vs. 21
control oocytes

139 PB2T oocytes vs. 77
control oocytes

Protocol

1cst

1Cst

1Cst

1Cst

1cst

IVM, ICST

Treatmen

OPCs-derived
autologous
mitochondrial injection

OPCs-derived
autologous
mitochondrial injection

OPCs-derived
autologous
mitochondrial injection

ST

PBIT

PB2T

Result

increased fertilization rate

increased oocyte, embryo transfers, and
pregnancy rate

decreased Day 5 blastocyst
formation rate

19 embryo transfers, 7
clinical pregnancies

decreased blastocysts rate, but similar
DNA methylation and
transcriptome profiles

similar 2PN zygotes rate, cleavage
embryo rate, and blastocysts rate

Reference

(70)

(71)

(179)

(190)

(195)

(196)
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Patients

infertile
‘women

infertile
women

infertile
women

infertile
women

infertile
women

Number Protocol

275 patients and

PGT-A
716 blastocysts
490 pfauents and 1505 PGT
euploid blastocysts
174 patients and PGT-A

199 blastocysts

829 D5 and 472 D6
blastocysts from PGT-A
460 patients

61 patients and

287 blastocysts FELA

Technique

mtDNA copy
number
detection

mtDNA copy
number
detection

mtDNA copy
number
detection

mtDNA copy
number
detection

mtDNA copy
number
detection

Results

higher mtDNA copy number in aneuploid embryos than in euploid
embryos, whereas no statistically significant differences in ability
to implant

increased implantation rates for embryos with normal and elevated
mtDNA levels

increased ongoing pregnancy rate for morphologically good, euploid
blastocysts, with normal/low levels of mtDNA.

higher mean mtDNA levels in D5 than their D6 counterparts

lower mtDNA content in euploid blastocysts compared to
aneuploid blastocysts

Reference

(216)

(217)

(218)

(219)

(220)
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baseline 8 weeks 12 weeks

n=20 Nnsgg = 16, Ncont = 19
SGB 28.90 + 8.71 11.00 + 4.06* 7.11 £293° 671 +3.63°
KI score control 26.85 + 12.64 23.15 +£9.79™ 26.70 + 12,01 i 26.95 + 13.19%
Pvalue | 0.554 <0.001 <0.001 <0001 ‘
SGB 10.80 + 1.88 367 + 153 233 + 1.61b 214 £ 1.87¢ ‘
PSQI score control 11.20 + 2.82 10.60 + 2.60°* 10.20 + 2.14> 10.38 + 2.58% ‘
Pvalue 0.601 <0.001 <0.001 ' <0001 ‘

K1, Kupperman index; PSQL Pittsburgh Sleep Quality Index.
‘compared to the baseline, P<0.05.

"compared to the baseline, P<0.05.

“compared to the baseline, P<0.05.

*compared to the SGB group, P<0.001.
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hoarseness = dizziness upper limb  pneumothorax infections at the haematoma at total
numbness puncture site the puncture site
SGB 2(10%) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 2
(10%)

Control 0(0) 0(0) 0(0) 0(0) ‘ 0(0) 0(0) 0(0) 0(0)
7 0526
value
P value 0.468

There were no statistically significant differences in the safety evaluation between the two groups.





OPS/images/fendo.2024.1325386/crossmark.jpg
©

2

i

|





OPS/images/fendo.2024.1325386/fendo-15-1325386-g001.jpg
64Zn
(ng/g) (ng/g)

(ng/g)

44Ca 52Cr 55Mn 56Fe 63Cu

— | | | N —
5000 0 (ug/g) 200 O (ug/g) 1 / I / pglg) 100

39K

<

1M

A KN -t 3K XX .

--4453

13C
-
0 % 200
*°Fe
R
0 (ug/g) 3000

°Fe
S —
0 (ng/g) 1000

1
n na
! '
il
' o =
'
4‘_
I

WT

Esr1--
L @ -

C

T
= =< m
W
X
*
e
o O O o o o
o O O o o
o o0 O <
1

(6/6n) 94, JO UOljRIUSIUOD





OPS/images/fendo.2023.1293358/table1.jpg
treatment group

SGB(n=20) control(n=20)

age(y) 49.60 + 1.43 49.75 + 1.37 0.737

BMI(kg/m2) 2347 £2.02 22.58 £ 1.67 0.134

Menstrual disorder

how long(m) 5.65 + 1.46 5.85+ 142 0.664
KI score 28.90 + 8.71 26.85 £ 12.64 0.554
PSQI score 10.80 + 1.89 11.20 +2.82 » 0.601
hot flash score 15.55 + 14.72 15.15 £ 5.37 0.910
diary flush frequency 10.15 + 6.80 10.55 + 3.44 0.816

The general data of the subjects in the two groups are presented as the mean + standard
deviation. SGB, stellate ganglion block; BMI, body mass index; KI, Kupperman index; PSQ,
Pittsburgh Sleep Quality Index. There were no statistically significant differences in the general
data between the two groups.
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baseline 8 weeks
n=20 Nsgs = 16, Neone = 19
SGB 15.55 + 14.72 5.45 + 355" 3.85 + 2.60° 1.63 + 0.74°
hot flash score control 15.15 +5.37 13.95 + 4.39™ 15.00 + 5.76% 1530 + 5.48°
P value 0.910 <0.001 <0.001 <0.001
SGB 10.15 + 6.80 5.45 + 355 3.85 + 2.60° 1.63 + 0.74°
diary flush frequency control 10.55 + 3.44 9.70 + 2.56™ 10.25 + 2.88" 10.70 + 3.54% |
P value 0.816 <0.001 <0.001 <0.001
SGB 145 +0.51 1.00 + 0.00* 0.80 + 0.41° 0.63 + 0.49°
Hot flash severity control 1.50 +0.51 1.50 + 0.51™ 1.50 + 0.51> 1.50 + 0.51
P value 0.759 <0.001 <0.001 <0.001

*compared to the baseline, P<0.05.
"compared to the baseline, P<0.05.
‘compared to the baseline, P<0.05.
*compared to the SGB group, P<0.001.
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Variables

Canceled cycles (%)
Number of fresh ET cycles (%)

Number of frozen ET
cycles (%)

Implantation rate (%)

Cumulative clinical pregnancy
rate (%)

Multiple pregnancy (%)
Spontaneous miscarriage (%)

ET, embryo transfer.

Study

group
=108)

6/108 (5.56)
32/108 (29.6)

70/108 (64.8)

56/108 (51.9)

41/108 (38.0)

11/108 (10.2)

12/108 (11.1)

Control

group
(n =11

7/110 (6.36)
26/110 (23.6)

67/110 (60.9)

50/110 (45.5)

40/110 (36.4)

13/110 (11.8)

14/110 (12.7)

0.80

0.32

0.55

0.04

0.81

0.70

0.71
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Variables OR P

(95% CI)

Female age (years) 1.81 0.01
(1.15-2.85)

BMI (kg/m?) 0.97 0.56
(0.93-1.00)

Infertility duration (years) 1.00 0.96
(0.97-1.04)

Types of infertility 0.77 0.06
(0.58-1.02)

Infertility factor 0.93 0.66
(0.66-1.30)

AMH (ng/ml) 1.59 0.05
(1.00-2.51)

AFC (number) 1.12 0.03
(1.01-1.23)

Day 3 FSH (IU/ml) 1.02 0.38
(0.98-1.07)

Total dose of r-hFSH (IU) 1.00 0.56
(1.00-1.00)

Duration of stimulation (days) 1.00 091
(0.97-1.04)

Peak E2 concentration (pmol/L) 1.00 0.01
(1.00-1.00)

Endometrial thickness on the day of hCG 0.88 0.62

trigger (mm) (0.54-1.43)

Duration between the day of hCG trigger and 0.96 0.32

oocyte collection (hour) (0.89-1.04)

Flaxseed oil intake 1.33 0.05
(1.01-1.75)

OR, odds ratio; CI, confidence interval; BMI, body mass index; AMH, anti-Miillerian
hormone; AFC, antral follicle count; FSH, follicle-stimulating hormone; r-hFSH,
recombinant human follicle-stimulating hormone; E2, estradiol; hCG, human
chorionic gonadotrophin.
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Multivariate analysis

Variables OR (95% ClI) P
Female age (years) 0.61 (0.52-0.72) <0.01
AMH (ng/ml) 100 (20.3-495) <0.01
AFC (number) 1.25 (0.94-1.67) 0.13
Peak E2 concentration (pmol/L) 1.00 (1.00-1.00) 0.01
Flaxseed oil intake 2.51 (1.06-5.93) 0.04

OR, odds ratio; CI, confidence interval; AMH, anti-Miillerian hormone; AFC, antral
follicle count.
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Approached n = 442 women

Exclueded n=186 women

Did not meet inclusion criteria n=111 women
Declined to participate n=75 women

Randomized n = 256 women

Study group n = 128 women

H

Control group n = 128 women

Exclueded from analysis n = 18 women
(gave up ART)

Exclueded from analysis n = 20 women
(discontinued flaxseed oil treatment)

Analyzed n = 110 women Analyzed n = 108 women
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Variables Study Control

group group
(n =108) (n = 110)

Female age (years) 35 +2.54 344 +3.02 0.15
BMI (kg/mz) 23.9 £4.24 235 +3.47 0.41
Infertility 397 £3.23 4.17 + 3.46 0.66

duration (years)
Primary infertility, n (%) 45 (41.7%) 51 (49.1%) 0.48

Diagnosis of infertility in addition to DOR, n (%)

Male factor 22 (20.4%) 26 (23.6%) 0.56
Tubal factor 38 (35.2%) 45 (41.0%) 0.38
Adverse pregnancy and 15/108 14/110 (12.7%) 0.80

birth history, n (%)

Ovarian reserve markers

AMH (ng/ml) 0.66 £ 0.31 0.60 + 0.32 0.42
AFC (number) 3(24) 3(2,4) 0.08
Day 3 FSH (IU/ml) 16.2 £2.50 16.2 £ 2.56 0.96

Data are expressed as mean + SD, n (%), or median (IQR).
BMI, body mass index; DOR, decreased ovarian reserve; AMH, anti-Miillerian hormone;
AFC, antral follicle count; FSH, follicle-stimulating hormone.
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Variables Control

group
110)

Cycle stimulation

Total dose of r-hFSH (IU) 2,111 + 788 2,233 + 900 0.04

Duration of 9.34 £2.96 9.78 +3.04 0.03
stimulation (days)

Peak E2 concentration 1,212 £792 1,026 0.01
(pmol/L) +1,114
Endometrial thickness on the 0.98 +0.25 1.02 £0.21 0.11

day of hCG trigger (mm)

Duration between the day of 36.2 +0.65 36.1 + 0.66 0.19
hCG trigger and oocyte
collection (hours)

Embryology outcomes

MII oocyte rate (%) 287/ 292/ 0.05
339 (84.6%) 370 (78.9%)

ICSI (%) 68/108 (63.0%) 59/ 0.16
110 (53.6%)
Fertilization rate (%) 221/ 207/ 0.02

287 (76.9%) 292 (70.9%)

Cleavage rate (%) 141/ 107/ 0.01
221 (63.8%) 207 (51.7%)

Day 3 high-quality embryo 155/ 133/ 0.04
rate (%) 287 (54.0%) 292 (45.6%)
Blastocyst development 67/117 (57.3%) 50/ 0.04
rate (%) 114 (43.9%)

Data are expressed as mean + SD or n (%).
-hESH, recombinant human follicle-stimulating hormone; E2, estradiol; hCG, human
chorionic gonadotrophin; MII, metaphase II; ICSL, intracytoplasmic sperm injection.
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Argl
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ICP-MS
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Mept
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PAS
PBS
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PCOS.
PPB

RT
RT-qPCR

Slel1a2
TB

™

Aconitase 1
Adhesion G protein-coupled receptor
Arginase 1
Cluster of differentiation
17p-Estradiol
Estrogen receptor
Ferroportin
Ferritin heavy chain 1
Ferritin light chain 1
G-protein coupled estrogen receptor 1
Hepcidin antimicrobial peptide 1
Hematoxylin-cosin
Interleukin 1 receptor type 1

Tron regulatory protein
Taser ablation inductively coupled plasma mass spectrometry

Lipocalin 2
Mast cell protease
Macrophage-derived multinucleated giant cell
Mannose receptor
Nitric oxide synthase 2
Periodic acid-Schiff
Phosphate-buffered saline
PBS supplemented with 0.1% Tween® 20
Polycystic ovary syndrome
Perls Prussian Blue
Room temperature

reverse transcription and quantitative real-time polymerase
chain reaction

Solute carrier family 11 member 2
Toluidine Blue

Transferrin
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Ovarian sensitivity

index

Parameter

Correlation = p-value

coefficient
Ages(years) -0.115 0.017
Infertility duration(years) -0.044 0.362
Body mass index (BMI, kg/mz) -0,043 0.374
basal E2(ng/L) 0.078 0.107
basal P(ug/L) 0.004 0.927
Anti-Miillerian hormone (AMH, ug/L) 0.340 P<0.001
Antral follicle count (AFC) 0.223 P<0.001
Basal Follicle-stimulating hormone(FSH, U/L) -0.267 | P<0.001
Basal Luteinizing hormone(LH, mU/L) 0.057 0.238
FSH/LH -0.203 I P<0.001
Gn total dose(IU) -0.551 P<0.001
Gn total days (d) -0.139 0.004
Retrieved oocytes(pieces) 0.789 P<0.001
No. of transferred embryos(pieces) -0.037 | 0.448
No. of MII eggs (pieces) 0.099 0.040
E, level on HCG day(ng/L) 0.032 0512
LH level on HCG day(mU/L) -0.041 0.397
P level on HCG day(ug/L) -0.134 0.006

BMI, body mass index; AFC, antral follicle count; AMH, anti-Miillerian hormone; FSH,
Follicle-stimulating hormone; LH, Luteinizing hormone; E;, estrogen, E»;Gn, gonadotropin;
Statistically significant(P<0.05,P<0.001).

Models [, linear analysis; Models II, non-linear analysis. LRT test, Logarithmic likelihood ratio
test (p value<0.05 means Models 11 is significantly different from Models I, which indicates a
non-linear relationship). Adjusted: adjusted for age, BMI, AMH, E2, and AFC; BMI, body
mass index: AMH, anti-Miillerian hormone; E,, estrogen, E,; AFC, antral follicle count; OSI,
Ovarian sensitivity index.
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Osl Osl

(group: AMH<1.1 ug (group:1.1<AMH<6u
A(clgj;g/:g:)l[i Pvalve AdjustedB(95%Cl) Prvalie

Models I ‘ Models 1

One line slope -0.3(-0.9,0.3) 0.413 One line slope -0.1(-0.2,0.1) 0.358
Models IT Models 1T

Turning point 23 Turning point 35

< 2.3 slopel 2.1(-44,8.7) 0.513 <3.5 slopel -0.2(-0.6,-0.1) 0.049
>2.3 slope2 -0.1(-0.3,0.3) 0.316 >3.5 slope2 0.1(-0.1,0.3) 0.052
LRT test 0.03 LRT test 0.042

Models I linear analysis; Models I1, non-linear analysis. LRT test, Logarithmic likelihood ratio test (p value<0.05 means Models I1 s significantly different from Models I, which indicates a non-
linear relationship). Adjusted: adjusted for age, BMI, AMH, E2, and AFC; BMI: body mass index: AMH, anti-Millerian hormone; E2, estrogen, E2; AFC, antral follicle count; OSI, Ovarian
sensitivity index.
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FSH/LH<3.5 FSH/LH=3.5

Parameter n=151 n=92
Age(years) 31(28-34) 32(29-35) ‘ 0.042
Infertility duration (years) 3(2-5) 3(2-5) ‘ 0.265
Body mass index (BMI, kg/m?) 21.33(19.53-24.22) 21.77(19.82-24.65) ‘ 0.024
Antral follicle count (AFC) 8(6-9) 7(6-8) 0.049
Anti-Miillerian hormone (AMH, ug/L) 3.36(2.26-4.80) 3.05(2.39-4.02) 0.039
Follicle-stimulating hormone(FSH, U/L) 8.28(7.37-10.06) 9.78(7.88-11.24) 0.001
Luteinizing hormone(LH, mU/L) 3.68(2.67-4.97) 2.13(1.28-2.56) ‘ P<0.001
basal E2(ng/L) 47.03(34.40-64.94) 41.24(31.13-62.37) 0.031
basal P(ng/L) 0.67(0.38-1.08) 0.61(0.43-1.01) 0417
2475 2700 0.024
SHICEL dose (2025.00-2475) (2050-3375)
Gn total days 11(9-13) | 11(9-13) 0.877
Retrieved oocytes 9(5-13) 8(6-12) 0.038
mature eggs 1(0.83-1.00) 1(0.88-1.00) } 0.900
No. of transferred embryos(pieces) 2(1-2) 2(1-2) ‘ 0.805
No. of MIT eggs (pieces) 8(6-11) 7(5-10) 0.043
E, level on HCG day(ng/L) 2758.42(1863.22-3326.22) 2386.82(1473.28-3370.23) 0.045
LH level on HCG day(mU/L) 0.80(0.46-1.34) 0.94(0.56-1.18) 0.054
P level on HCG day(ug/L) 0.83(0.55-1.19) 0.81(0.58-1.23) ‘ 0.047
outcomes (Pregnancies %) 41(27.15%) 28(30.43%) 0.66

BML body mass index; AFC, antral follicle count; AMH, anti-Millerian hormone; FSH, Follicle-stimulating hormone; LH, Luteinizing hormone; E,, estrogen, Ey;Gn, gonadotropin; Statistically
signiﬁcam(P<0,05,P<0,001).
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Univariate logistic regression analysis Multivariate logistic regression analysis

95%Cl P 95%Cl P
Age 0.78 0.68-0.92 0.003 0.72 0.66-0.94 0.026
AMH ' 1.54 1.15-1.91 <0.001 1.32 1.26-1.74 <0.001
AFC 1.63 1.27-1.81 <0.001 1.55 1.46-1.88 <0.001
FSH 0.69 0.56-0.94 0.011 - - -
FSH/LH 0.86 0.73-0.96 0.023 0.84 0.72-0.94 0.042
Gn total dose 0.67 0.55-0.92 0.039 - - -
Gn total days 0.56 0.55-0.89 0.041 - - -
Retrieved oocytes 0.89 0.79-0.99 0.032 - - ' -
No. of MIT eggs 0.78 0.69-0.79 0.044 - = » -
P level on HCG day I 0.84 [ 0.81-0.92 0.049 - - -

AEC, antral follicle count; AMH, anti-Millerian hormone; FSH, Follicle-stimulating hormone; LH, Luteinizing hormone. OSI*, a binary variable obtained using the detected turning point as cutoff.
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Figure SA Univariate logistic regression analysis
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Figure 5B Multivariate logistic regression analysis






OPS/images/fendo.2023.1086924/table1.jpg
Age(years) 31(28-34)
Infertility duration (years) 3(2-5)
Body mass index (BMI, kg/m?) 22.03(19.81-24.65)
AFC(pieces) 8(6-9)
Anti-Miillerian hormone (AMH, ug/L) 4.06(2.25-7.55)
Basal Follicle-stimulating hormone(FSH, U/L) 8.57(7.26-10.39)
Basal Luteinizing hormone(LH, mU/L) 3.15(2.21-4.65)
basal E2(ng/L) 41.88(32.50-59.50)
basal P(ug/L) 0.61(0.39-0.97)
Gn total dose(U) 2400(1800-3000)
Gn total days (days) 11(9-13)
Retrieved oocytes(pieces) 9(6-13)
No. of transferred embryos(pieces) 2(1-2)
No. of MII eggs (pieces) 8(5-11)
E, level on HCG day(ng/L) 2706.46(1671.46-3370.23)
LH level on HCG day(mU/L) 0.81(0.46-1.36)
P level on HCG day(ug/L) 0.79(0.55-1.08)
Outcomes No pregnancies 308(71.9%)
Pregnancies 120(28%)

BMI, body mass index; AFC, antral follicle count; AMH, anti-Miillerian hormone; FSH,
Follicle-stimulating hormone; LH, Luteinizing hormone; E,, estrogen; Gn, gonadotropin;
Values are expressed as Medians [P25%, P75%].
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