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Premature ovarian insufficiency (POI) induced by chemotherapy is an intractable disorder with a considerable incidence that commonly results in insufficient fertility and concomitant complications in female patients. Due to limitations in the current progress in POI diagnosis and treatment, there is an urgent need to develop novel remedies to improve ovarian function and protect fertility. The ameliorative effect of human umbilical cord mesenchymal stem cells (hUCMSCs) and exosomes derived from them in POI treatment could be a new hope for patients. Herein, we identified exosomes from hUCMSCs (hUCMSC-Exos). Then, systematic infusion of hUCMSC-Exos was accomplished via tail intravenous injection to investigate the feasibility of the treatment of rats with chemotherapy-induced POI by intraperitoneal injection of cyclophosphamide (CTX) and busulfan (BUS). Ovarian functions in the indicated group were evaluated, including oestrous cycle, serum sex hormone levels, follicle counts, ovarian pathological changes, proliferation and apoptosis of granulosa cells (GCs), and reproductive ability testing. Furthermore, the potential influence of hUCMSC-Exos on ovarian tissues was illuminated by conducting RNA-seq and multifaceted bioinformatics analyses. POI rats with hUCMSC-Exos transplantation exhibited a decrease in follicle-stimulating hormone (FSH) and apoptosis of GCs but an increase in oestradiol (E2), anti-Müllerian hormone (AMH), and the number of ovarian follicles and foetuses in the uterus. And the immunomodulation- and cellular vitality-associated gene sets in rats had also undergone moderate changes. Our data indicated the feasibility of hUCMSC-Exos in improving ovarian function and protecting fertility in chemotherapy-induced POI rats. HUCMSC-Exos can improve the local microenvironment of ovarian tissue in POI rats by participating in immune regulation, cellular viability, inflammation regulation, fibrosis and metabolism, and other related signal pathways.
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Introduction

Premature ovarian insufficiency (POI) refers to a clinical syndrome in which women younger than 40 years develop ovarian dysfunction, which is mainly characterized by abnormal menstruation (amenorrhea or oligomenorrhea for at least 4 months), increased gonadotropin levels (an elevated follicle-stimulating hormone (FSH) level > 25 IU/L on two occasions > 4 weeks apart), and oestrogen-deficiency symptom (1). POI is not a rare disease, with ESHRE reporting a global incidence of 1% in women under 40 years of age, but the actual incidence may be higher than reported. The World Health Organization’s International Agency for Research on Cancer (IARC) released new data on the global cancer burden in 2020. The latest estimates show that there were 19.29 million new cancer cases worldwide in 2020, 10.06 million in men, and 9.23 million in women (2), and the age of onset is getting younger. With the development of medical technology, the long-term survival rate of female cancer patients has been significantly improved through surgery, chemoradiotherapy, and other means. However, these treatments can lead to decreased ovarian function and even loss of fertility. With the long-term survival rate of female cancer survivors improving, they hope that anticancer treatments can better protect ovarian function and even fulfil unrealized reproductive needs. Chemotherapy is commonly used in the treatment of various malignant tumours, but it also has inevitable effects. Research has indicated that chemotherapy agents, such as CTX and BUS in vivo, trigger the growth of quiescent primordial follicles by upregulating PI3K/Akt signalling, resulting in the loss of the ovarian reserve, which occurs simultaneously with GC apoptosis (3). Thus, there is an urgent need to explore chemotherapy-induced POI and to develop safer and more effective strategies for POI management.

Mesenchymal stem/stromal cells (MSCs) have been acknowledged as advantageous sources for tissue engineering due to their unique characteristics, such as immunomodulation, haematopoietic-supporting effects, and multilineage differentiation potential (4, 5). MSCs of different origins revealed multifaceted variations in cellular vitality, immunomodulatory properties, and the resultant therapeutic efficacy in multiple diseases, as we and other investigators have previously reported (6, 7). Of them, human umbilical cord-derived MSCs (hUCMSCs) have been recognized to have the most robust cellular vitality and lower immunogenicity than their relative counterparts (6, 8, 9). MSCs function via a variety of approaches, such as trans- and direct-differentiation, secretion (paracrine, autocrine), dual immunomodulation, and even service as a constitutive microenvironment (10). For example, MSCs secrete a variety of vesicles, including exosomes and small extracellular vesicles (sEVs) (11–13). Exosomes are members of extracellular vesicles (60–150 nm in diameter) with bilayer lipid membranes and can be detected in a variety of biological fluids as well as in the supernatant of the cell culture medium (14). Exosomes mainly play a role by carrying paracrine factors secreted by hUCMSCs in exosomes, including non-coding RNA, cytokines, and growth factors, and then mediating intercellular communication and regulating target cell function (15). As reported by Fan et al. (16), exosomes have been shown to reduce chemotherapy-induced cardiotoxicity and liver damage by inhibiting apoptosis and repairing damaged tissues.

Therefore, in this study, we aimed to investigate the effects of hUCMSC-Exos transplantation on ovarian function and fertility in chemotherapy-induced POI rats from the point of view of biological manifestations and gene expression profiles. Collectively, our data also indicated that hUCMSC-Exos could remedy the ovarian function of POI rats and improve the local microenvironment of ovarian tissue in POI rats by participating in immune regulation, cellular viability, inflammation regulation, fibrosis, and metabolism.





Materials and methods




Identification of hUCMSC-Exos

hUCMSC-Exos (specification: 2 ml, purity ≥99%, it can be used for the study of the function mechanism of exosomes in cell and in vivo experiments; The exosomes derived from human umbilical cord mesenchymal stem cells we purchased are still in the experimental stage, and their components and the relevant content of specific proteomic analysis need to be kept secret and published together in the later project content.) were purchased from Guizhou Health-Biotech Co., Ltd. (China), isolated at a concentration of 1×1010 particles/ml and stored in a 4°C. The hUCMSC-Exos were experimentally identified as previously reported (17). First, we observed their morphologies by using transmission electron microscopy (TEM; Talos F200C; Thermo Scientific, US). Then, we used nanoparticle tracking analysis (NTA) to measure the exosomal size distribution and concentration. Finally, surface markers of hUCMSC-Exos, including CD9, CD63, and CD81 (Biolegend, US), were detected by western blot analysis.





Animals

At 8 weeks of age, 40 female specific-pathogen-free (SPF)-grade Sprague-Dawley (SD) rats were purchased from Changsha Tianqin Biotechnology Co., Ltd. (China). After two weeks of adaptive feeding, 36 SD rats with stable oestrous cycles were selected for this study. All experimental procedures for animal handling were approved by the Animal Ethics Committee of the Affiliated Hospital of Guizhou Medical University (Approval number: 2101344).





POI Rat model establishment and grouping

To establish the chemotherapy-induced POI model in rats (18, 19), 36 healthy female rats with stable oestrous cycles were randomly divided into the control, POI, and hUCMSC-Exos treatment groups (n = 12 in each group). The rats in the POI and hUCMSC-Exos treatment groups received a single intraperitoneal injection (IP) of cyclophosphamide (CTX, Shanghai Baxter Medical Supplies Trading Co., Ltd.) dissolved in 0.9% saline solution at a dose of 83.52 mg/kg combined with busulfan (BUS, C6H14O6S2, purity ≥ 98%, Beijing Solarbio Science & Technology Co., Ltd.) dissolved in dimethyl sulfoxide (DMSO) at a dose of 20.88 mg/kg (19). The rats in the control group were injected with an equivalent amount of normal saline by intraperitoneal injection. Beginning on the first day of chemotherapy, the rats in the three groups were weighed every week before being sacrificed.





hUCMSC-Exo transplantation

At 24 h after chemotherapy as reported (19, 20), each rat from the hUCMSC-Exos group was injected with a volume of 100 μL purchased hUCMSC-Exos (1ml PBS containing 1×1010 particles hUCMSC-Exos) via the tail vein. The POI group was injected with an equivalent volume of normal saline via the tail vein, and the control group was also treated.





Examination of oestrus cycles

After the CTX and BUS injections, vaginal smears of the rats in each group were obtained at 10:00 am daily for 4 weeks to observe the oestrous cycle (21). There are 4 consecutive stages in the normal oestrus cycle of rats: proestrus, oestrus, metestrus, and dioestrus. We identified the stages according to the presence or absence and the number of nucleated epithelial cells, keratinized epithelial cells, and leukocytes on the vaginal smears. A cotton swab moistened with normal saline was gently placed into the vagina, rotated 2-3 times, and then removed. The swab was evenly smeared on a glass slide, air-dried, and stained with 0.2% methylene blue dye solution. The smears of vaginal cells were observed under an optical microscope (Leica, Germany).





ELISA assay

After 4 weeks of treatment, 24 rats (8 animals in each group) were anaesthetized with 10% chloral hydrate at a dose of 300 mg/kg by IP during a dioestrus period, and whole-blood samples were collected from the abdominal aorta. The blood samples were centrifuged at 3000 g for 10 minutes at 4°C after being left at room temperature for 2 hours, and the supernatants were collected and stored at -80°C until testing. Based on the manufacturer’s instructions, the serum levels of FSH, oestradiol (E2), and anti-Müllerian hormone (AMH) were measured with ELISA kits (Shanghai Xinfan Biological Technology Co., Ltd.).





Ovarian follicle counts and histological analysis

After the animals were euthanized, the ovaries were collected, and some were fixed with 4% paraformaldehyde for 24 hours, dehydrated and embedded in paraffin for pathological analysis. The remaining ovaries were stored in RNAwait solution and then frozen at -80°C for further processing. The paraffin blocks were serially sectioned at a thickness of 5 μm, and the sections were stained with haematoxylin and eosin (H&E), after which the morphological structure of the ovaries was evaluated and the number of follicles were counted under an optical microscope. According to references, ovarian follicles are classified as primordial, primary, secondary, preovulatory, and atretic follicles (20, 22), and counted in every fifth section of the ovary (23).





Immunohistochemical staining of PCNA

The proliferation of GCs in ovarian tissues of the Control, POI, and hUCMSC-Exos groups was detected using immunohistochemical staining of the cell proliferation marker PCNA. Antigen heat repair was performed with 0.01 mol/L sodium citrate buffer. Each sample was treated with 3% hydrogen peroxide and incubated at room temperature for 20 minutes. Then, the specific primary antibody was added, and the samples were incubated overnight at 4°C. The sections were incubated with HRP-conjugated goat anti-rabbit IgG polymer at 37 °C for 20 minutes. The sections were chromogenically developed with 3,3′-diaminobenzidine (DAB) after being washed in PBS. Finally, the slices were counterstained with haematoxylin for 2 minutes, gradually differentiated, rinsed, dehydrated, cleared, and sealed. The sections were finally observed with an optical microscope.





Apoptosis assay

A one-step TUNEL cell apoptosis detection kit (Jiangsu Kaiji Biotechnology Co., Ltd.) was used to detect the disruption of nuclear DNA during apoptosis in ovarian tissues. According to the instructions provided by the manufacturer, the nuclei were counterstained with 4′, 6-diamidino-2-phenylindole dihydrochloride (DAPI), with the apoptotic cells in the ovary stained green (24). Finally, the images were captured by using fluorescence microscopy.





Reproductive tests

To evaluate the fertility improvement of hUCMSC-Exos treatment, 4 weeks after hUCMSC-Exos transplantation, 4 randomly selected rats in each group were placed in a cage with sexually mature male rats at a 2:1 ratio, and the fertility levels of the three groups were recorded, including the number of foetuses in the uterus of rats in each group.





RNA-seq and bioinformatics analyses

Four ovarian tissues from each of the indicated groups (Control, POI, and POI + hUCMSC-Exos) were used for total RNA extraction by using TRIzol reagent (ThermoFisher, USA) according to the manufacturer’s instructions as we reported before with several modifications (8, 25). RNA-seq analysis was conducted by BGI (Wuhan, China), and multifaceted bioinformatics analyses (e.g., Venn Map, HeatMap, Circos, KEGG, GOBP analyses) were accomplished by using online websites and databases as we recently described (25–27).





Statistical analysis

At least 3 replicates were performed for each test in this study. All experimental data were processed with the professional statistical software SPSS 23.0. The results are presented as the mean ± standard deviation (SD) and were analysed by Student’s t test, one-way ANOVA, nonparametric Kruskal-Walli’s test, and Wilcoxon rank test for differences between experimental groups and within experimental groups. Statistical differences were indicated by P < 0.05. NS, not significant; *, P<0.05; **, P<0.01; ***, P<0.001.






Results




Identification of hUCMSC-Exos

As recently reported (17, 26), a small portion of the purchased hUCMSC-Exos was removed and available for further identification of exosomes. As shown by nanoparticle tracking analysis, exosomes derived from hUCMSCs (denoted hUCMSC-Exos) revealed a discoid shape with particle diameters ranging from 60 to 150 nm (Figures 1A, B). Subsequently, by conducting a western blotting assay, we further confirmed the expression of typical exosome-specific biomarkers in hUCMSC-Exos, including CD9, CD63, and CD81 (Figure 1C). Collectively, the purchased hUCMSC-Exos were successfully identified.




Figure 1 | Identification of hUCMSC-Exos. (A) Representative ultrastructure of hUCMSC-derived exosomes (hUCMSC-Exos) under different magnifications by transmission electron microscopy (TEM). Scale bar=100 nm (upper panel), scale bar=50 nm (bottom panel). (B) Representative nanoparticle tracking analysis of the diameter of hUCMSC-Exos. (C) Western blotting analysis of exosome-related (CD9, CD63 and CD81) biomarkers in hUCMSC-Exos.







hUCMSC-Exos transplantation improved ovarian function in POI Rats

To mimic the manifestations of POI, we took advantage of the chemotherapy-induced SD rat model as reported before. In more detail, POI rats in the experimental group were injected with hUCMSC-Exos through caudal vein (POI + hUCMSC-Exos), whereas the concomitant POI group was injected with an equal volume of normal saline (POI) (19) (Figure 2A). According to the methylene blue staining of the vaginal smears, we were able to observe the continuous progress of the oestrous cycle, including proestrus, oestrus, metestrus, and dioestrus (Figure 2B). Distinct from the rats in the control group (control), all POI rats showed a sharp decline in regular oestrous cycles before hUCMSC-Exo administration (Control vs. POI=92.8% vs. 25%). Instead, POI rats were observed to have irregular oestrous cycles after chemotherapy, including prolonged dioestrus periods, sustained or prolonged oestrous periods, and no periodicity. This indicates that we had successfully constructed an animal model of chemotherapy-induced POI. Notably, the percentage of POI rats with normal oestrous cycles increased to 91.6% two weeks after hUCMSC-Exo administration (Figure 2C). From the overview of the gross images, we observed minimal differences in ovarian size and morphology among the indicated groups (Figure 2D). However, POI rats revealed a moderate decrease in ovarian weight compared to the control group (P<0.05), which could be effectively rescued with hUCMSC-Exos treatment (Figure 2E). To further investigate the therapeutic effects of hUCMSC-Exos on POI rats, we detected the serum levels of hormones and found that the abnormally elevated levels of FSH in POI rats declined to a normal level in the POI + hUCMSC-Exos group (Figure 2F). Conversely, the levels of E2 and AMH in POI + hUCMSC-Exos rats were restored to those in the control group, which were higher than those in the POI group (P<0.05) (Figures 2G, H). Taken together, our data indicated the considerable efficacy of hUCMSC-Exos on the defect of ovarian function in POI rats.




Figure 2 | hUCMSC-Exos administration ameliorated ovarian function in chemotherapy-induced POI rats. (A) Illustration of chemotherapy-induced POI modelling and evaluation of hUCMSC-Exo-based treatment. (B) Representative images revealed variations in the oestrous cycle (including proestrus, oestrus, metestrus, and dioestrus) after staining with 0.2% methylene blue dye solution. Scale bar=100 μm. (C) The percentage of SD rats with normal oestrous cycles (2 or 4 weeks after hUCMSC-Exos administration) in the indicated groups. (D) Gross images of ovaries in the indicated groups (control, POI, and POI + hUCMSC-Exos). (E) Variations in ovarian weights of SD rats in the indicated groups. (F–H) Serum levels of FSH (F), E2 (G), and AMH (H) were measured at 4 weeks after hUCMSC-Exo administration. All data are shown as the mean ± SEM (n=4). *P<0.05; **P<0.01; ***P<0.001; NS, not significant.







The pathological characteristics and increase in follicle counts were continuously ameliorated after hUCMSC-Exos infusion

To further evaluate the feasibility of hUCMSC-Exos injection for POI amelioration, we turned to histopathologic analysis and found that in the POI group, ovarian atrophy and tissue fibrosis were aggravated, and the number of follicles at various stages (primordial, primary, secondary, and preovulatory follicles) was significantly less than those in the control group. After hUCMSC-Exos injection, the number of follicles at various stages was significantly increased compared with that in the POI group (Figures 3A, B).




Figure 3 | Variations in reproductive ability and histopathology after hUCMSC-Exos administration. (A) H&E staining revealed the histological variations in ovaries in the indicated groups. Scale bar=1 mm. Representative follicles from the control group are shown, including primordial follicles (a-1), primary follicles (a-2), secondary follicles (a-3), preovulatory follicles (a-4), atretic follicles (a-5), and corpus luteum (a-6). Scale bar=50 μm. (B) Statistical analysis of follicle numbers in the indicated groups. (C) PCNA analysis revealed the proliferation of granulosa cells in the ovaries in the indicated groups. Scale bar=1 mm (left panel), scale bar=100 μm (right panel). (D) Representative immunofluorescence images revealed cellular apoptosis in the ovaries in the indicated groups (x100). (E, F) The morphology (E) and number (F) of representative foetuses in the indicated groups. All data are shown as the mean ± SEM (n=4). *P<0.05; **P<0.01; NS, not significant.



Furthermore, to verify the potential mechanism of hUCMSC-Exos for POI amelioration, we conducted PCNA immunohistochemistry and immunofluorescent staining to determine the proliferation and apoptosis of GCs. On the one hand, a declining number of proliferating cells was observed in the ovarian tissue of POI rats compared with the control group, which was effectively alleviated with hUCMSC-Exos injection (Figure 3C). On the other hand, a higher proportion of apoptotic cells detected with FITC-based immunofluorescence was observed in POI rats than in the other groups (Figure 3D). Taken together, these data indicated the therapeutic effect of hUCMSC-Exos on ovarian insufficiency by modulating cellular proliferation and apoptosis in POI rats.

To fundamentally assess the ameliorative effect of hUCMSC-Exos on POI, we turned to fertility analysis based on the statistical calculation of fetuses in utero. Notably, the number of fetuses in the POI group was sharply decreased compared to that in the control group, whereas there was a vast increase with hUCMSC-Exos treatment (POI vs. hUCMSC-Exos =23.4% vs. 65.9%) (P<0.05) (Figures 3E, F). Compared with the POI group, the number of fetuses in the POI + hUCMSC-Exos group increased significantly, and their reproductive capacity returned to near the control levels, so there was no significant difference in statistics between the control group and the POI +hUCMSC-Exos group (Figure 3F). Overall, hUCMSC-Exo injection was adequate to alleviate pathological characteristics and improve the reproductive performance of POI rats.





Gene expression profiling of ovarian tissue revealed variations in POI rats

Having clarified the therapeutic effect of hUCMSC-Exos on the recovery of ovarian function, we next became curious about the potential impacts on ovarian cells in ovarian tissue at the molecular level. For this purpose, we used RNA-seq and bioinformatics analyses to further dissect the potential similarities and differences in gene expression profiling. As shown by the accumulation chart and box plot, we observed conservation and similarities in gene expression patterns based on transcripts per million (TPM) values (Figures 4A, B). According to the principal component analysis (PCA), we did not observe distinct grouping among the indicated individuals in the control group (denoted as C1, C2, C3, and C4), the POI group (denoted as P1, P2, P3, and P4), and the POI + hUCMSC-Exos group (denoted as E1, E2, E3, and E4) (Figure 4C). Simultaneously, by conducting volcano plot analysis based on the Q value, the distribution of the upregulated (Up) and downregulated (Down) differentially expressed genes (DEGs) and the non-DEGs (no-DEGs) was intuitively shown (Figure 4D).




Figure 4 | Gene expression profiling of the granular cells in the indicated groups. (A, B) The accumulation (A) and box plot (B) of gene expression in the granular cells in the indicated groups (C, P, E) based on the TPM values. (C) Principal component analysis (PCA) of the individuals in the three groups based on TPM. (D) Volcano plots of the gene expression profiling between the indicated groups (P vs. C, E vs. P, E vs. C) including the upregulated genes (denoted as Up), the downregulated genes (denoted as Down), and those non-differentially expressed genes (denoted as no-DEGs). (E) Pearson correlation of the groups. (F) Hierarchical cluster analysis showed the gene expression profiling in the groups. (G) Venn Map diagram showing the DEGs among the indicated groups. (H–J) Heatmap diagrams showing the DEGs between the indicated groups, including P vs. C (H), E vs. P (I), and E vs. C (J). (K, L) Gene Ontology Biological Process (GOBP) analysis of the DEGs between the P group and the C group (K) and between the E group and the C group (L).



The genetic relationship among the indicated groups (C, P, and E) was also available according to Pearson correlation and hierarchical cluster analysis (Figures 4E, F). As shown by the Venn Map diagram, a total of 416 DEGs with more than a 2-fold change in gene expression between the indicated groups were observed (Figure 4G). For instance, a cluster of representative genes involved in immunoregulation (e.g., Cpa1, Brms1), fibrosis (e.g., Hmox1, Eva1a, Eppk1, Errfl1, Fgfbp1), cellular vitality (cell growth, differentiation, programmed cell death) and metabolism (e.g., Ddr1, Pcdh17, Noct, Rpl30, Cbr1) were enriched among the indicated groups (Figures 4H–J). With the aid of Gene Ontology Biological Process (GOBP) analysis, we verified that the DEGs between P and C were mainly involved in cellular vitality (e.g., cell death, necroptosis, apoptosis) and immunomodulation (e.g., IL-mediated signalling pathway), whereas those between E and C were principally related to metabolism (e.g., androgen metabolic process, glucocorticoid and glucose metabolic process) and cellular vitality (e.g., mitotic cell cycle, extrinsic apoptotic signalling) (Figures 4K, L). Taken together, our data indicated that hUCMSC-Exos facilitated the recovery of ovarian function by ameliorating inflammatory responses and promoting cellular vitality without significantly impacting gene expression profiling in the ovarian tissue of POI rats.





hUCMSC-Exo infusion benefited ovary renovation and influenced on VSEs in POI rats

To further illuminate the potential influence of hUCMSC-Exo infusion on POI rats, we used KEGG analysis of DEGs between the indicated rats. Regarding the P and C groups, the DEGs were mainly involved in cellular vitality-, immunoregulation-, and interaction-associated signals, such as cellular senescence and apoptosis, the TNF signalling pathway, the GnRH signalling pathway, ECM-receptor interactions, and the actin cytoskeleton, which collectively suggested the impairment of ovarian tissue in POI rats (Figure 5A). Interestingly, we found that a series of gene subsets were involved in ovarian renovation-associated bioprocesses, including synthesis and sectioning, ovarian steroidogenesis, inflammatory regulation, and cellular senescence, which collectively suggested the therapeutic effect of hUCMSC-Exos on POI rats (Figure 5B).




Figure 5 | Signalling pathway analysis and variable shear events between the indicated groups. (A, B) KEGG analysis revealed the involvement of the DEGs in multiple signalling pathways between the P group and the C group (A) and between the E group and the C group (B). (C, D) The percentages of the subsets of variable shear events (VSEs) (C) and the differential VSEs (DVSEs) (D) in the indicated groups. (E) The PCA diagram shows the individuals in the aforementioned groups based on VSE. (F) Circos diagrams reveal the variations in the regional distribution of VSE loci and gene fusion events in the indicated groups.



Having verified the DEGs and the underlying biological significance, we next focused on the potential impact of hUCMSC-Exos on variable shear events (VSEs) in POI rats, as we reported previously (28). The bar chart indicated the similarity in VSEs among the individuals, including as_se, as_ri, as_mxe, as_a3ss, and as_a5ss (Figure 5C). Among them, a few genes showed significant differences in VSEs (differential VSEs, DVSEs) among groups. We can see that the proportion of as_se variable cutting events increased significantly between P and C, and decreased significantly between E and C with hUCMSC-Exos treatment, while the trend of as_mxe, as_a3ss, and as_a5ss variable cutting events was just the opposite (Figure 5D). On PCA, we found that there was no significant difference in VSEs distribution among the three groups (Figure 5E). Furthermore, by conducting Circos analysis, the distributions of the genes with genetic variations were intuitively exhibited, and no consistent variations were observed in the individuals of the C, P, and E groups (Figure 5F). However, this cannot completely prove that hUCMSC-Exos treatment has no significant effect on the genetic variation of ovarian tissue in POI rats. Taken together, our data suggest that hUCMSC-Exos works by improving the local microenvironment of POI rat ovarian tissue through signaling pathways related to immune regulation, cellular viability, inflammation regulation, fibrosis, and metabolism.






Discussion

An intractable disorder causing the cessation of ovarian function before 40 years of age, POI has been acknowledged to reduce life expectancy and quality of life (29). For decades, we and other investigators in the field have been devoted to illuminating the pathogenesis of POI and developing novel therapeutic remedies, yet the efficient amelioration of POI is still challenging. Herein, we took advantage of the chemotherapy-induced POI rat model to verify the feasibility of hUCMSC-Exos injection for improving ovarian function and protecting fertility in POI rats and further investigate the potential mechanism of exosomes promoting ovarian function recovery in POI rats.

POI has been recognized as a frequent and problematic complication of surgery with an incidence ranging from 10% to 30% and is considered to be associated with several aetiologies, including autoimmune, genetic, and iatrogenic categories (30). For example, autoimmunity has been reported to be responsible for 4% to 30% of POI cases, and X chromosome aberrations (e.g., duplications, deletions, and X-autosome rearrangements) also show correlations with the POI phenotype (e.g., Xq13-Xq21 to Xq23-Xq27) (31). Notably, chemotherapy, a common treatment for various malignancies, has been believed to induce ovarian failure and hamper fertility in young females, including approximately 30% and 50% of women before 35 years of age and between 35 and 40 years of age, respectively (32). Currently, hormone replacement therapy (HRT), such as oestrogen, progestogens, and androgens, has been recommended for women with POI, particularly for those with genitourinary and vasomotor symptoms (33), but the reproductive function of their ovaries has not been fundamentally improved. However, no current therapy has been proven to be effective for POI patients who receive high-dose radiotherapy and chemotherapy (20).

Current studies have shown that 42% of female cancer patients treated with alkylating agents will further develop into POI (32). CTX and BUS, both of which are alkylating agents, are highly ovarian toxic and can alter cellular DNA to destroy cells, which may cause inhibition of primordial follicle proliferation and may directly contribute to follicle depletion and oocyte loss, leading to ovarian dysfunction and even premature ovarian failure (POF) (34, 35). CTX combined with BUS can better simulate the performance of POI in the POI model induced by SD rats, and it has also been found that cancer survivors treated with alkylating agents have the highest risk of POI (36). Therefore, we successfully established a chemotherapy-induced POI rat model by using CTX with BUS.

MSCs are heterogeneous cell populations with multipotent lineage differentiation potential and immunoregulatory properties that have been considered to play a critical role in the haematopoietic microenvironment and regenerative medicine. State-of-the-art literature has suggested the mitigative effect of MSC-based cytotherapy in a variety of refractory and recurrent diseases, such as acute myeloid leukaemia (AML), Crohn’s disease (37), aplastic anaemia (8, 25), osteoarthritis (5), rheumatoid arthritis (38) and COVID-19-related acute respiratory distress syndrome (ARDS) (39). Currently, pioneers in the field have also investigated the feasibility of MSCs for the management of reproductive diseases, including POF and POI (40). For example Ling et al. (20) verified the efficacy of human amnion-derived MSC (hAD-MSC) transplantation in improving ovarian function in rats with POI, which is mainly mediated by paracrine effect of MSC-derived exosomes. The hUCMSC-Exos used in this study were identified as being consistent with the structures of exosomes mentioned in some literature (41). In animal experiments on the treatment of many diseases, hUCMSC-Exos not only shows similar biological function to MSCs but also has more stable biological activity in vivo, a lower content of exosomes membrane binding protein, a lower possibility of immune rejection, no proliferation ability, no risk of tumorigenesis, the source is simple and uncontroversial, it is easy to preserve, and the dose and concentration are easy to control (42, 43). Therefore, it has a broad application prospect in the field of acellular therapy.

In this study, we found that hUCMSC-Exos could improve ovarian function and reproductive capacity in POI rats by promoting GC proliferation and reducing GC apoptosis in follicles. To further confirm the role of hUCMSC-Exos in POI rats, we constructed a POI rat model using CTX and BUS and then injected hUCMSC-Exos into POI rats through the caudal vein. We observed that the oestrous cycle of POI rats gradually recovered, serum sex hormone levels (FSH, E2, and AMH) returned to near normal levels, the number of follicles increased, the number of atretic follicles decreased, the proliferation of GCs in the follicles decreased, and GC apoptosis decreased. It is well known that GCs and oocytes are important components of follicles, and FSH is a necessary hormone for follicle development and is responsible for follicle growth. E2 collaborates with FSH to promote follicle development, and the E2 level in turn provides negative feedback on pituitary FSH secretion on the hypothalamic-pituitary-ovarian axis. AMH can be secreted by GCs in primary and secondary follicles, and the number of primordial follicles directly affects the serum AMH level and inhibits the initiation of primordial follicle growth. More and more studies have shown that hUCMSC-Exos also play an important role in regulating hormone secretion in the ovary (44, 45). Therefore, these three hormones have been considered as the best indicators for the early detection of POI (20, 46). Excessive apoptosis of GCs is the key mechanism of follicular atresia, which can lead to follicular dysfunction and ovarian physiological changes. This suggests that promoting GC proliferation can alleviate impaired ovarian morphology and function (47). In addition, exploring the therapeutic effect of hUCMSC-Exos in GCs could help identify the potential mechanism of exosome-related therapy in POI. Herein, our data provide direct evidence that hUCMSC-Exos ameliorate the pathological manifestations and insufficiency of fertility in POI rats.

Improving the reproductive function of the ovaries is another important goal of POI therapy. To verify the efficacy of hUCMSC-Exos therapy, female and male rats in each group were caged in a 2:1 ratio after hUCMSC-Exos transplantation, and their fertility was observed. The results showed that the reproductive function of our POI rats was significantly improved with hUCMSC-Exos transplantation. In short, after hUCMSC-Exos transplantation, the number of foetuses in the utero of POI rats increased significantly. Therefore, we can reasonably speculate that after hUCMSC-Exos injection, the proliferation of GCs in the primordial and primary follicles of POI rats can be promoted, the oestrous cycle and serum sex hormone levels can be restored, the apoptosis of GCs can be inhibited, and the development of follicles can be promoted, thus improving the fertility of POI rats (48).

Meanwhile, there are few reports on the mechanism of hUCMSC-Exos in the treatment of POI disease through gene expression profiles and enriched signal pathways, which is of great importance for dissecting the aetiology and the concomitant development of novel remedies (49). With the aid of RNA-seq and multifaceted bioinformatics analyses, we found that these DEGs between P and C or between E and C are mainly involved in immune regulation, cellular viability, fibrosis, metabolism, and other related activities. In the P and C groups, DEGs were increased in cell senescence and apoptosis, the TNF signaling pathway, the IL-mediated signaling pathway, the GnRH signaling pathway, ECM receptor interaction, and the actin cytoskeleton, which collectively suggested the damage to ovarian tissue in POI rats. The aging and apoptosis of GCs are the main reasons for the decline of ovarian function, and the status of GCs in the ovary is very important for the development of follicles. Reducing the apoptosis of GCs in the ovary and promoting the repair of the original follicle reserve pool are the main mechanisms to restore ovarian function (50). The increased expression of TNF and IL inflammatory factors indicated that the occurrence of POI was closely related to the inflammatory response. hUCMSC-Exos transplantation can improve ovarian function in POI rats by inhibiting anti-inflammatory effects through the TNF signaling pathway and the IL-mediated signaling pathway. The GnRH signaling pathway affects the growth, development, and ovulation of ovarian follicles through hormone secretion. In groups E and C, we identified a series of gene subsets involved in biological processes related to ovarian gene repair, including synthesis and sectioning, ovarian steroid production, hormone synthesis and secretion, inflammation regulation, and cell senescence, which collectively suggested that hUCMSC-Exos showed therapeutic effects on POI rats. The synthesis of ovarian steroid hormones is involved in the regulation of follicles and the maintenance of ovarian reproductive function, which is closely related to ovarian development and aging (51). By comparing the DVSEs between the control group and the POI group, we realized that as_se was significantly increased in POI rats, which might be one of the causes of POI. Our study also indicated that the therapeutic effect of hUCMSC-Exos on POI rats was mainly due to the amelioration in local microenvironment in ovarian tissue, including cellular vitality, inflammation, immune regulation, fibrosis and metabolism. To sum up, our data provide a new strategy for the treatment of infertility in female patients with POI, which also provides a theoretical basis for the clinical diagnosis and treatment of POI disease with hUCMSC-Exos as cell-free therapy in future.

This study laid an experimental foundation for further preclinical trials of hUCMSC-Exos in the treatment of POI, but there are still some shortcomings. CTX combined with BUS is a one-time modeling method. Because of the large dose during intraperitoneal injection and the high requirements for laboratory personnel, improper operation will increase the mortality of experimental animals. It is necessary to increase the sample size and expand the groups to further explore the optimal therapeutic dose, administration time, and administration route of hUCMSC-Exos to improve POI rats, as well as the effect on the birth of cubs after modeling. Secondly, we did not label the implanted hUCMSC-Exos because of concerns about whether it would return to the damaged ovarian tissue as scheduled and whether its biological activity in vivo would be altered. Therefore, in our follow-up study, we need to include more animals to observe the therapeutic effect of hUCMSC-Exos at different times or in model POI through in vivo and in vitro experiments so as to fully understand its mechanism.





Conclusions

Overall, our data demonstrated that hUCMSC-Exo transplantation was adequate to alleviate ovarian injury, facilitate ovarian function restoration, and protect fertility in chemotherapy-induced POI rats. The results of RNA-seq sequencing and bioinformatics analysis show that hUCMSC-Exos plays a role in improving the local microenvironment of ovarian tissue in POI rats through immune regulation, cellular viability, inflammation regulation, fibrosis, and metabolism. Our findings suggest that the new strategy based on hUCMSC-Exos may be applied to the treatment of POI disease in the future.
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