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With the development of regenerative medicine, stem cells are being considered more frequently for the treatment of reproductive aging. Human umbilical cord mesenchymal stem cells have been reported to improve the reserve function of aging ovaries through their homing and paracrine effects. In this process, paracrine factors secreted by stem cells play an important role in ovarian recovery. Although the transplantation of human umbilical cord mesenchymal stem cells to improve ovarian function has been studied with great success in animal models of reproductive aging, their application in clinical research and therapy is still relatively rare. Therefore, this paper reviews the role of human umbilical cord mesenchymal stem cells in the treatment of reproductive aging and their related mechanisms, and it does so in order to provide a theoretical basis for further research and clinical treatment.
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INTRODUCTION

Delaying childbearing is an important social change that has led to an increasing number of women wishing to slow the rate of reproductive aging. It is important to note that female reproductive aging varies widely among individuals, and nearly 20% of infertility counselors have symptoms of premature ovarian failure (POF) (May-Panloup et al., 2016). Currently, hormone replacement therapy is the main treatment for delaying ovarian aging; however, hormone replacement therapy increases the risk of breast, endometrial, and ovarian cancers (Rees, 2011). Other methods such as freezing ovarian tissue, gametes, and embryos, although diversifying the options for women to preserve their fertility, patients are limited by the corresponding treatment criteria and cannot be administered on a large scale (Donnez and Dolmans, 2018). In the last decade, with the development of regenerative medicine, research on human umbilical cord mesenchymal stem cells (HUMSCs) has increased year by year, which proves that researchers have increasingly understood the function and potential of human umbilical cord MSCs, as seen in Figure 1. In the field of female reproduction, numerous studies (Zhao et al., 2019) have confirmed the recovery potential of HUMSC transplantation/infusion in animal models of POI. In these studies, researchers first tested them in rodent models that were induced by chemotherapeutic agents such as cyclophosphamide (Jalalie et al., 2021), thus mimicking the therapeutic effects of chemotherapy in women. Natural aging (Yang et al., 2020) and knockout (Persani et al., 2010; Chen et al., 2020) models can also be used, the latter being particularly useful to study known or suggested genetic causes of POI. In these models, the therapeutic effects of HUMSCs are assessed by a range of aspects of ovarian function, including follicular development, granulosa cell apoptosis, neoangiogenesis, serum hormone levels and, of course, most importantly, pregnancy rates.
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FIGURE 1. Number of papers published in HUMSCs research in the last decade.


Despite the overwhelmingly positive evidence obtained by exploring the repair potential of HUMSCs in animal POI models, little has been published in terms of human studies and robust clinical trials. In fact, much of the work in this area is pre-emptive, observational and uncontrolled; thus, many of these studies need to be interpreted with extra caution due to the established potential for unintended ovulation and pregnancy. In one such study (Yan et al., 2020), researchers transplanted HUMSCs by in situ injection under vaginal ultrasound guidance into the ovaries of 61 patients with primary ovarian insufficiency and subsequently monitored for side effects, vital signs and clinical changes, and collected hematological and imaging parameters during follow-up. The results observed normal clinical behavior in all patients without serious side effects and treatment-related complications; after stem cell treatment, POI patients with shorter amenorrhea appeared to be more likely to obtain mature follicles, while patients with better ovarian status were more likely to have better outcomes with HUMSCs injection, and 4 POI patients had successful clinical deliveries after HUMSCs transplantation. This suggests that clinical transplantation of HUMSCs rescued ovarian function in patients with POI, as evidenced by increased follicular development and improved egg collection. However, due to the limitations of HUMSCs transplantation and the lack of reports from clinically relevant studies, this method has not been widely used in the clinical treatment of female reproductive aging patients, and its clinical efficacy and safety still need further study.



METHODS

For this review, we conducted a systematic online literature search of PubMed and Web of Science databases using a total of three strategies including literature search, study selection, and summary of results, and searched all published articles since the creation of the databases up to 2021. We used the following queries (“Umbilical Cord Mesenchymal Stem Cell” or “Human umbilical cord mesenchymal stem cell”) and (“ovary aging” or “female reproductive aging” or “POF” or “POI”). Both animal and human studies were considered appropriate for this review. In addition, all relevant studies were identified and included. Any duplicate articles were excluded. After screening the titles and/or abstracts, articles were excluded if they were found to be irrelevant to the study. A total of 2,338 records were retrieved from both databases. After excluding duplicate titles and other subject articles, the full text of 188 articles was reviewed and 90 were considered relevant and included in this review (Figure 2).
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FIGURE 2. Schematic of study selection.




MANIFESTATIONS OF FEMALE REPRODUCTIVE AGING

Reproductive aging is a natural process that occurs in all women, eventually leading to reproductive senescence and menopause. Reproductive aging is considered to be the result of a progressive decline in the number and quality of oocytes in the follicles present in the ovarian cortex (Broekmans et al., 2009); menopause is the permanent termination of menstruation due to the loss of ovarian follicular activity. Perimenopause is the onset of menopause, which is characterized by menstrual irregularities and vasodilatory symptoms, and ends within 12 months after menopause (Rees, 2011). Most women typically experience menopause between the ages of 45 and 55 years (Brotherston, 2015). Perimenopause can last for years or even decades and brings with it many menopausal symptoms such as hot flashes, vaginal atrophy, osteoporosis, and depression (Ortmann et al., 2011; Weber et al., 2014). Delayed childbearing has led to an increasing number of women wishing to undergo menopause later, and an improved quality of life means that women wish to avoid the distress of menopausal symptoms and slow down the rate of ovarian aging. In addition, the number of follicles is limited. The ovary establishes millions of non-growing follicles (NGF) at approximately 5 gestational ages, declines to approximately 1,000 at the onset of menopause, and is depleted through follicular atresia and apoptosis 12–14 years after menopause (Richardson et al., 1987; Faddy et al., 1992). Therefore, the fundamental question of how to fully utilize NGF to delay ovarian aging and treat perimenopausal syndrome is a serious issue in today’s society.



CHARACTERISTICS OF HUMAN UMBILICAL CORD MESENCHYMAL STEM CELLS

HUMSCs were obtained from human umbilical cord Wharton’s colloids. Although mesenchymal stem cells (MSCs) from different sources share many similar characteristics, they also exhibit individual properties. HUMSCs are biologically superior to MSCs isolated from amniotic membrane (A-MSC), chorionic villus (C-MSC), and placental metaplasia (D-MSC) in that HUMSCs secrete higher levels of paracrine factors (Araújo et al., 2017; Wu et al., 2018; Guan et al., 2019) and have a greater proliferative capacity and weaker immunosuppressive function than MSCs from the metaplastic basement membrane in the placental matrix (Chen et al., 2015). Among them, the ability of HUMSCs to modulate immune responses makes them an important source of stem cells for allogeneic transplantation therapy without immune rejection (Fong et al., 2011), and studies have shown that undifferentiated HUMSCs have no evidence of direct immune rejection in vivo, can survive longer after transplantation in ovarian tissue (Song et al., 2016), and are more acceptable in allogeneic transplantation (Seshareddy et al., 2008). Numerous studies have demonstrated the low immunogenicity of human umbilical cord MSCs, whose transplantation can rescue organ damage but not cause immune rejection (Wang et al., 2013; Song et al., 2016). In addition, HUMSCs can be obtained from discarded umbilical cords with few ethical issues (Bongso and Fong, 2013), and their paracrine function can also participate in the repair of tissue damage by enhancing endogenous cell function. According to the available studies, HUMSCs have achieved some good results in improving ovarian reserve function in reproductive aging.



TRANSPLANTATION METHOD OF HUMAN UMBILICAL CORD MESENCHYMAL STEM CELLS

The results achieved by transplantation of HUMSCs in animal models of POI have been well established in previous studies, but few studies have investigated the optimal transplantation method by which HUMSCs can delay ovarian aging. The key issue in the application of stem cells in practice is to adjust the dose and method of administration to optimize the results. Although various debates still exist, all predictable outcomes are very promising. Among researchers, transplantation methods vary, with existing studies mostly using in situ ovarian microinjection (MI) (Fu et al., 2008) and intravenous transplantation (IV) (Wang et al., 2013). Zhu et al. (2015) applied membrane-labeled HUMSCs via in situ ovarian microinjection and tail vein injection directly to a rat model of POF, and found that HUMSCs via MI were distributed only in the ovaries and uterus. While HUMSCs via IV were detected in ovaries, uterus, kidneys, liver and lungs, both methods yielded similar results in later observations, despite the fact that ovarian injection restored ovarian function faster (Zhu et al., 2015). Considering the two ways of transplanting HUMSCs, IV represents a more minimally invasive approach that causes less damage than invasive MI, involves a shorter recovery time, and provides an opportunity to deliver doses of HUMSCs at different concentrations. However, tail vein injections carry a risk of thrombosis due to larger or insufficiently dissociated cells. How to judge the optimal transplantation method still needs further research and discussion. In addition to the transplantation of HUMSCs alone, the rapid development of tissue engineering has given us a blueprint for new transplantation methods. For example, in a rat uterine scar model, the application of a scaffold/HUMSCs system both promotes collagen degradation in the uterine scar through the paracrine effect of stem cells and also allows for longer local retention of HUMSCs with longer duration of action (Xu et al., 2017). Recently, Wang et al. applied the HUMSCs/HA-GEL system for dual repair of endometrial damage and adhesions in a non-human primate model of uterine adhesions, with the intervention of new materials allowing the maximum effect of HUMSCs (Wang et al., 2020a). Considering these existing studies, a new breakthrough in intra-ovarian cell transplantation therapy may be possible through the exploration of combined vector transplantation.



THE ROLE OF HUMAN UMBILICAL CORD MESENCHYMAL STEM CELLS IN THE TREATMENT OF OVARIAN AGING


Migration and Homing of Human Umbilical Cord Mesenchymal Stem Cells

Simply put, stem cells homing, means that they can migrate directly and impulsively into damaged tissues and survive stimulation by multiple factors to promote ovarian recovery. Studies have shown that unstimulated HUMSCs express a wide range of mRNAs encoding cytokines, chemokines and their receptors. Among them CXCL12/stromal cell-derived factor 1 alpha (SDF-1 alpha), CX3CL1/fractalkine and CXCL10/IFN-γ (IFN-γ inducible protein (IP-10) can lead to significant HUMSC migration (Croitoru-Lamoury et al., 2007). In the POF mouse model, trans-tail vein transplanted HUMSCs were observed to be unevenly distributed in the ovary. In the ovarian medulla, the number of HUMSCs was greater than that of the ovarian cortex and germinal epithelium, and the average number was significantly higher in the cortical region than in the germinal epithelium. The migration of HUMSCs to the medulla may be due to the fact that it consists mainly of stromal tissue rather than cortical and germinal epithelium, and that the medulla is rich in blood vessels, and the stromal region of ovarian tissue is a source of SDF-1 during injury and inflammation, which increases the migration of HUMSCs to this region (Liu et al., 2014). Also, physical barriers in ovarian tissue may be a limiting factor for the homing of HUMSCs in specific regions of the tissue. For example, the low number of MSCs migrating in the ovarian germinal epithelium may be related to the preventive effect of physical barriers such as the basement membrane and cell-cell attachment complexes (Auersperg et al., 2001). In contrast, HUMSCs were not observed in follicles, oocytes or oocytes, probably because tight junctions between follicular cells prevented the cells from entering the follicles. In addition, intracellular junctions and interstitial junctions of the inner and outer follicular membrane cells of mature follicles may also be a barrier to homing. Similarly, the barrier that exists around the follicle like the basement membrane could prevent HUMSCs from entering the follicle (Chang et al., 2016). The application of this biological property of stem cell homing to the management of cytokines during stem cell therapy may be important in the process of stem cell directed migration and could play a pioneering role in the study of cell therapy homing to precise foci.



Paracrine Effects of Human Umbilical Cord Mesenchymal Stem Cells

The secretion of chemokines, growth factors, and hormones by HUMSCs to affect adjacent cells is known as the paracrine effect. Paracrine secretion of HUMSCs plays an important role in angiogenesis, anti-inflammation, immunomodulation, anti-apoptosis, and anti-fibrosis, thus improving the microenvironment and promoting the recovery of injured tissues. Considering the paracrine effects of HUMSCs, some studies have also used human umbilical cord MSC-derived conditioned media (HUMSCs-CM) and human umbilical cord MSC microvesicles (HUMSCs-MVs), rather than HUMSCs themselves, to examine the therapeutic effects on damaged ovaries. Figure 3 summarizes the possible mechanisms of the paracrine effect of HUMSCs in female reproductive aging.
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FIGURE 3. Possible mechanisms underlying the paracrine effect of human umbilical cord mesenchymal stem cells (HUMSCs). HUMSCs, HUMSCs-CM and HUMSCs-MVs all ameliorate ovarian senescence through paracrine effects. Regulation of Bax, Bcl-2, caspase-3 helps to inhibit apoptosis; VEGF, HGF, IGF-1 and angiopoietin play important roles in angiogenesis; Th1/Th2 cytokines play important roles in balanced local immune response; AMPK/mTOR signaling pathway plays an important role in antioxidant process. The mechanism of antifibrosis is not clear.


In a perimenopausal rat model, HUMSCs transplanted through the tail vein can increase estradiol (E2) and anti-Müllerian hormone (AMH) in the ovaries through up to 28 days of paracrine action—by secreting hepatocyte growth factor (HGF), Vascular endothelial growth factor (VEGF), and insulin-like growth factor 1 (IGF-1), improving ovarian architecture and increasing follicles (Li et al., 2017); In clinical trials, in vitro, umbilical cord mesenchymal stem cells (collagen/HUMSCs) on collagen scaffolds activated primordial follicles by phosphorylating FOXO3a and FOXO1; in vivo. Transplantation of collagen/HUMSC s into the ovaries of POF patients may improve overall ovarian function by increasing estradiol concentrations, improving follicular development and increasing the number of sinus follicles (Ding et al., 2018). Considering that there are no obvious conclusions regarding the long-term safety of HUMSCs in vivo (Wu et al., 2017), the use of HUMSCs-CM and HUMSCs-MVs is currently the preferred study by investigators.

Compared with normal medium, HUMSCs-CM protected both frozen and thawed ovarian tissues (Jia et al., 2017), and in a model of cisplatin-induced ovarian injury, HUMSCs-CM alleviated cisplatin-induced follicular failure and maintained fertility (Hong et al., 2020), and in follicular development, HUMSCs-CM improved the maturation and developmental potential of artificially activated the maturation and developmental potential of immature human oocytes after the activation (Akbari et al., 2017). Thus suggesting that perhaps conditioned medium from HUMSCs in vitro, induced by the same factors in vivo, could also be therapeutic for the disease. Consequently, conditioned medium may be an effective therapy applied in the clinic, and even that artificial cytokines could be a reality someday. However, there is still a need for relevant studies on the effect of conditioned medium for ovary aging.

Microvesicles (MVs), small vesicles with a diameter of <1 μm carrying membrane and cytoplasmic constituents of cellular origin, can transfer proteins, mRNA, and bioactive lipids to target cells through surface-expressed ligands and surface receptors, which affect the phenotype and function of the target cells (György et al., 2011; Bidarimath et al., 2017). It has been reported that MVs released from mesenchymal stem cells (MSCs) exert a protective effect on tissues and stimulate tissue repair in vitro and in vivo, and MV transplantation is a novel cell-free therapeutic strategy for various degenerative disorders (Lee et al., 2012; Bian et al., 2014; Huang-Doran et al., 2017). In an in vivo experiment, Yang et al. (2019b) demonstrated for the first time that transplantation of HUMSCs-derived MVs could restore ovarian function in a POI mouse model by activating the PI3K-AKT signaling pathway and promoting damaged ovarian angiogenesis, in an in vitro experiment,HUMSCs-derived exosomes successfully rescued chemotherapy-induced apoptosis in rat ovarian granulosa cells (OGCs) (Sun et al., 2017). A recent study by Ding et al. (2020) demonstrated in vitro and in vivo that exosomes from HUMSCs rescued ovarian function in a POI mouse model, in which exosomes increased the proliferation rate and decreased the apoptosis rate of granulosa cells and ovaries in a dose-dependent manner in POI mice. To further investigate the effect of MVs derived from HUMSCs on the recovery of fertility in POI mice, in vitro fertilization and mating tests were performed and their progeny were evaluated, and the results showed that after treatment with MVs, the ovarian function of chemotherapy drug-induced POI mice was restored, the time to conception was shortened, and fertility was improved (Liu et al., 2020), It was further found that HUMSCs-MVs injected into the ovarian capsule of aged female mice promoted follicle development after peritoneal transplantation by carrying functional miRNAs, such as miR-146a-5p or miR-21-5p, which in turn activated the oocyte phosphatidylinositol 3-kinase (PI3K)/mTOR signaling pathway, resulting in increased oocyte production and improved oocyte quality and restoration of reduced fertility (Yang et al., 2020). Its clinical implementation may open up new perspectives for the diagnosis and treatment of translational medicine.


Anti-apoptotic Effects of Human Umbilical Cord Mesenchymal Stem Cells

It was shown that HUMSCs inhibit apoptosis of granulocytes in animal models of POF (Zhang et al., 2016), mainly related to the secretion of anti-apoptotic factors and growth factors by HUMSCs. In an animal model of POF induced by multiple chemotherapeutic agents, chemotherapy-induced cell damage was mainly associated with elevated levels of pro-apoptotic protein (Bax) and anti-apoptotic B lymphoma-2 (Bcl-2) (Sun et al., 2017). Cysteine proteinase-3 (caspase-3), an executor of apoptosis, also plays an important role in this process (Brentnall et al., 2013). In the POF rat model, HUMSCs transplantation can downregulate FSHR and Caspase-3 levels and reduce granulosa cell apoptosis (Zheng et al., 2019), as well as regulate follicle formation and inhibit Caspase-3-induced apoptosis through direct triggering effects on ovarian epithelium and/or by regulating tissue expression of CK 8/18, TGF-β, and PCNA, thereby indirectly enriching the ovarian ecotone (Elfayomy et al., 2016; Zhang et al., 2016, 2021), which in turn restores hormonal secretion and folliculogenesis disorders in POF rats and directly restores ovarian function at the level of the hormonal regulatory axis (Song et al., 2016). Similarly, in a POF mouse model, HUMSCs transplantation inhibits granulosa cell apoptosis and follicular atresia by upregulating AMH and FSHR expression in granulosa cells (Mohamed et al., 2019), elevates sex hormone levels (Wang et al., 2013; Jalalie et al., 2021), improves ovarian tissue apoptosis to an overall extent, and improves ovarian function (Shen et al., 2020). Granulosa cells play an important role in oocyte development and maturation, and HUMSCs have a positive impact on reproductive aging by improving granulosa cell metabolism and apoptosis rates both in vitro and in vivo.



Anti-fibrotic Effects of Human Umbilical Cord Mesenchymal Stem Cells

Fibroblasts overproliferate and are deposited in the extracellular matrix (ECM) of the ovary, and when they exceed a certain range, ovarian fibrosis can form (Zhou et al., 2017). It has been shown that the degree of fibrosis is lowest in the ovaries of young animals during the growth period, increases significantly in the ovaries of middle-aged and older breeding animals, and is most pronounced in the ovarian stroma of older animals (Briley et al., 2016). Similarly, in the POF mouse model researchers observed severe fibrosis in the ovaries, which was significantly reduced after transplantation of HUMSCs, thus suggesting that HUMSCs may secrete factors with therapeutic potential to repair or reverse fibrosis in the organ (Yang et al., 2019a). In chemically induced ovarian dysfunction (CIOD) and POI rat models, the expression of fibrosis markers (α-SMA) and the production of collagen type I (Collagen I) and collagen type III (Collagen III) were significantly inhibited in rats after transplantation of HUMSCs (Cui et al., 2020); the maximum tensile stress and maximum strain of damaged ovaries were enhanced, and to some extent restored the morphology, elasticity and toughness of the damaged ovaries and resulted in some restoration of ovarian function (Pan et al., 2017). The development of ovarian fibrosis is regulated by a complex network system, with many cytokines including matrix metalloproteinases (MMPs), matrix metalloproteinase tissue inhibitors (TIMPs), transforming growth factor β1 (TGFβ1), and connective tissue growth factor (CTGF) involved in fiber formation (Zhou et al., 2017); hepatocyte growth factor (HGF), basic fibroblast growth factor (bFGF), and adrenomedullin (ADM) (Azoury et al., 2008), among others, are involved in anti-fibrosis. During the anti-fibrotic process, HUMSCs inhibit fibroblast proliferation and reduce some of the deposition in the ECM, thus ameliorating ovarian fibrosis. At present, the molecular mechanism of antifibrosis by HUMSCs remains to be further investigated.



Pro-angiogenic Effects of Human Umbilical Cord Mesenchymal Stem Cells

Angiogenesis is also important in the recovery of ovarian function, providing nutrients and oxygen to the damaged ovaries. Factors such as VEGF secreted by HUMSCs are associated with angiogenesis. Studies have shown that VEGF promotes the length, area, and number of branch points of blood vessels (Beilmann et al., 2004). In a rat model of chemotherapy-induced ovarian dysfunction (CIOD), the intervention of HUMSCs elevated serum E2 and VEGF levels and promoted angiogenesis (Pan et al., 2017). In a mouse model of POI (Primary Ovarian Insufficiency), HUMSCs transplantation increased the body weight and follicle number of POI mice, induced ovarian angiogenesis, and restored their estrous cycle. 10 h after HUMSCs transplantation, the expression of ovarian angiogenic factors (including VEGF, IGF, angiogenin) was significantly up-regulated in POI mice. The high expression of angiogenic factors may play an important role in the recovery of ovarian function (Yang et al., 2019b). In addition, HUMSCs have a positive effect on the angiogenesis of ovarian tissues in the POF mouse model, which can significantly promote ovarian angiogenesis after transplantation, and with a significant increase in the expression of CD31 (platelet-endothelial cell adhesion molecule) (Yang et al., 2019a). It has been reported that Bone marrow-derived mesenchymal stem cells (BMSCs) transplants combined with cytokine HGF have a more pronounced effect on angiogenesis than BMSCs transplants alone (Su et al., 2013). During angiogenesis, the cytokines HGF and VEGF promote angiogenesis by inducing different vascular structural patterns. VEGF increases the length, area, and number of branching points of the induced vessels, whereas HGF mediates only the growth of vessel area, leading to an increase in the diameter of the vessel structure. The combination of these two cytokines leads to an increase in vascular diameter (Beilmann et al., 2004). HUMSCs and BMSCs belong to the same category of human umbilical cord mesenchymal stem cells and have great functional similarity. Whether we can combine HGF gene co-transplantation to achieve better results in the future deserves our better expectation.



Anti-inflammatory and Immunomodulatory Effects of Human Umbilical Cord Mesenchymal Stem Cells

HUMSCs play an important role in the induction of immune tolerance and exhibit better immunomodulatory properties than MSCs isolated from adult tissues (Macholdová et al., 2019), and their anti-inflammatory and immunomodulatory effects may be another mechanism by which HUMSCs ameliorate ovarian damage. It has been found that there is a large infiltration of immune cells, including T lymphocytes (van Kasteren et al., 2000; Li et al., 2008), B lymphocytes and natural killer cells, in the ovarian tissue of prematurely failing mice (Chernyshov et al., 2001); a disturbed balance of Th1/Th2 cytokine expression in the endometrial T lymphocyte subpopulation has also been found in POF patients (Wang et al., 2018), where uterine natural killer (uNK) cells play an important role in the endometrial local immune response plays an important role in maintaining the Th1/Th2 cytokine balance (Djurisic et al., 2015). Recently, Lu et al. (2019) showed that HUMSCs transplantation reduced endometrial Th1/Th2 cytokine release, decreased uNK cell expression, and promoted recovery of ovarian function and increased endometrial tolerance in mice with autoimmune POF. In an immune-induced rat POF model, transplantation of HUMSCs elevated serum concentrations of estradiol (E2), progesterone (P4), and anti-Müllerian hormone (AMH) and promoted granulosa cell proliferation (Wang et al., 2020b). The anti-inflammatory and immunomodulatory properties of HUMSCs provide us with new ideas for the treatment of immune-related ovarian injury, but their clinical utility still needs further investigation.



Anti-oxidative Stress Effect of Human Umbilical Cord Mesenchymal Stem Cells

Reactive oxygen species (ROS) generated during metabolic activities induced by oxidative stress is one of the important influences that induce ovarian aging (Liu et al., 2018). AMP-activated protein kinase (AMPK) is a cellular energy level sensor that is activated by increasing AMP/ATP ratio during oxidative stress. activation of AMPK inhibits mammalian target of rapamycin protein (mTOR) signaling (Adachi et al., 2014) activating autophagy, which is caused by high ROS levels generated by oxidative stress, thus controlling cellular energy homeostasis (Mizushima and Komatsu, 2011; Germic et al., 2019). It was found that transplantation of HUMSCs restored ovarian function and attenuated apoptosis of theca-interstitial cells (TICs) in POI rats in in vivo experiments; in vitro experiments, HUMSCs reduced autophagy levels in TICs by decreasing oxidative stress and regulating AMPK/mTOR signaling pathway, thereby attenuating of apoptosis (Lu et al., 2020). In a mouse model of accelerated ovarian aging, transplantation of HUMSCs promoted high expression of antioxidant enzymes and significantly improved ovarian function (Zhang et al., 2016). In another study, co-culture of HUMSCs with mouse embryos improved embryo quality by scavenging ROS and resulted in a significant increase in the number of blastocyst cells (Moshkdanian et al., 2011). Although studies directly regulating ovarian aging function through the modulation of oxidative stress by HUMSCs have not been reported, the fact that HUMSCs can improve fertility by scavenging ROS makes us look forward to this study.



Potential of Human Umbilical Cord Mesenchymal Stem Cells to Be Induced Into Germ Cells

To develop a way to obtain germ cells in vitro to directly address female reproductive aging, scientists have long attempted to replicate germ cell differentiation or gametogenesis in vitro (Conti and Giudice, 2008). Under appropriate conditions, embryonic stem cells, bone marrow stem cells, and even stem cells derived from fetal porcine skin and rat exocrine pancreas, can be induced to differentiate toward the germ cell lineage. Moreover, the induced cells resemble germ cells morphologically and, in some cases, functionally (Takabayashi et al., 2001; Hübner et al., 2003; Clark et al., 2004; Geijsen et al., 2004; Dyce et al., 2006; Lacham-Kaplan et al., 2006; Nayernia et al., 2006). Induction of germ cells from HUMSCs is possible due to their pluripotent properties between embryonic stem cells and adult stem cells. Huang et al. (2010) attempted to obtain primary germ cells (PGC) derived from HUMSCs by using a number of inducers, and the induced cells showed germ cell-specific markers such as Oct4 (POUF5), Ckit, CD49 (alpha6), Stella (DDPA3) and Vasa (DDX4). To further verify the feasibility of differentiation of HUMSCs into germ cells, Qiu et al. (2013) transplanted HUMSCs into the germinal tubules and kidney capsule of mice, respectively, and found that the transplanted cells differentiated into germ-like cells in the recipient germinal tubules and kidney capsule. In 2015, transforming growth factor (TGFα, β) and basic fibroblast growth factor (bFGF) in a co-culture model using placental cell supplements provided a suitable environment for the induction of HUMSCs into PGCs and expression of oocyte-like markers, opening a new benchmark for obtaining primary germ cells (PGCs) and accessing oocytes-like cells in vitro (Asgari et al., 2015). Also, the oogenesis visualization system established by constructing a lentiviral vector (pTRIP-Figla-EGFP-puro) under the control of Figla promoter provides a more intuitive way to study the development and differentiation of stem cell germ cells (Chu et al., 2015). To find the best candidate for germ cell induction, researchers compared the ability of human amniotic membrane, chorionic villus and umbilical cord MSCs to differentiate into female germ cells and found that chorionic mesenchymal stem cells (hCMSCs) have a greater potential to differentiate into female germ cells. In addition, human umbilical cord MSCs of either male or female origin had the same differentiation potential to female germ cells (Asgari et al., 2017). Although HUMSCs are induced to have the ability to differentiate into germ cells in vitro, recent theories and reports still tend to suggest that they are practically unchanged in vivo (Ding et al., 2017).



CONCLUSION AND PERSPECTIVES

Considering the low immunogenicity of HUMSCs and their easy expansion in vitro to obtain in large quantities, the use of HUMSCs as candidates for reproductive senescence transplantation is promising. In animal models, HUMSCs improve reproductive senescence through paracrine, anti-apoptotic, anti-fibrotic, angiogenic, anti-inflammatory immunomodulatory and anti-oxidative stress effects, and perform well in restoring ovarian morphology and improving ovarian reserve capacity; they have also shown greater potential in in vitro induction as germ cells. However, evidence and safety studies on the effects of HUMSCs on the restoration of reproductive aging are still lacking in current clinical trials, and many specific mechanisms need to be further investigated. Meanwhile, in practical clinical applications, individual ovarian transplantation requires high requirements for the number of transplanted HUMSCs and the purity of transplanted cells, and further optimization of transplantation methods is needed to make HUMSCs transplantation safer and more effective in clinical treatment, which also presents new challenges for us.
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