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Background: Premature ovarian insufficiency (POI) is a persistent condition in young women characterized by early follicular
development disorders and reduced fertility. Research has found that exosomes derived from human umbilical mesenchymal stem cells
(hUCMSC-Exo) have significant tissue repair effects. This study aims to investigate the therapeutic effect and potential molecular
mechanism of hUCMSC-Exo on POL.

Methods: In vivo experiments were conducted by intraperitoneally injecting the chemotherapy drug cyclophosphamide (CTX) to establish
a 14-day POI rat model. Serum hormone levels were measured using an enzyme-linked immunosorbent assay, and changes in ovarian tissue
structure were analyzed using hematoxylin-eosin (HE) staining. Perls staining and transmission electron microscopy were used to assess
changes in ovarian ferroptosis. In vitro experiments involved exposing theca interna cells (TICs) treated with CTX to normal and miR-26a-5p
inhibitor-treated hUCMSC-Exo. The expression changes of PTEN, Nrf2, and GPX4, which are associated with ferroptosis, were analyzed
using immunofluorescence, Western blot, and quantitative reverse-transcription polymerase chain reaction.

Results: hUCMSC-Exo intervention can significantly repair the ovarian tissue structure and functional abnormalities in the model
rats, especially ferroptosis. Further bioinformatics analysis revealed that the inhibition of the PTEN/GPX4 pathway-mediated
ferroptosis in TICs might be the main mechanism through which exosomes exert their regulatory/therapeutic effects. In vitro
experiments, where exosome miR-26a-5p was inhibited, further confirmed that the delivery of miR-26a-5p is crucial for the regulatory
effect of exosomes.

Conclusion: In conclusion, our results suggest that hUCMSC-Exos alleviates POI-related dysfunction of ovarian structure and function.
The mechanism could be related to the transfers of miR-26a-5p and suppression of PTEN/GPX4 axis signaling-mediated autophagy of
TIC:s. It provides a new perspective for developing treatment methods for patients with metabolic abnormalities related to POIL.
Keywords: POI, miR-26a-5p, GPX4, TICs, ferroptosis, hUCMSC-Exo

Introduction

POI is a common reproductive condition in women under 40 years old, characterized by follicular atresia, oligomenorrhea,
and increased plasma levels of follicle-stimulating hormone (FSH), which leads to reduced ovarian function.' The
investigation into employing multiple mesenchymal stem cells (MSCs) to enhance ovarian function in POI models has
yielded satisfactory results.”* Current studies show that iron deposition in ovarian tissue can be inhibited by human
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umbilical cord mesenchymal stem cells, which lessens the effect on POI ovarian function.” Nonetheless, there is still much
to learn about the process and possible targets of human umbilical cord mesenchymal stem cells in the management of POI.

The numerous causes of POI include genetic, autoimmune, and iatrogenic factors.® Chemotherapy drugs such as CTX
frequently induce early primordial follicle activation and premature follicular pool depletion in a dose-and-time-
dependent manner, causing severe ovarian damage.” Studies have shown that metabolic abnormalities such as oxidative
stress damage, immune homeostasis imbalance, and autophagy in ovarian tissue cells are closely related to the
development of POI. Zhu et al reported that the FOXO1-mediated oxidative damage to ovarian tissue is a potential
factor leading to POL® Luo et al found that ATG14-mediated granulosa cell autophagy is also involved in POL’ Single-
cell RNA sequencing and bioinformatics analysis reveal that immune imbalance contributes to the development of
POL'®!" In addition, ferroptosis, a novel form of programmed cell death characterized by iron overload and lipid
peroxidation, is believed to be directly associated with abnormal reproductive ability during POL'? In a recent study,
Wang et al showed that BNC1 deficiency-triggered ferroptosis through the NF2-YAP pathway induces primary ovarian
insufficiency.'® Hu et al reported that CSEIL can contribute to the cytoplasmic transport-mediated ferroptosis of human
ovarian granulosa cells.'"* As a pivotal regulator of folliculogenesis and steroidogenesis, theca interstitial cells (TICs)
enhance follicular sensitivity to gonadotropins through secreting androgens (androstenedione) and growth factors (VEGF,
IGF-1)."" TICs dysfunction leads to decreased androgen supply, disrupting estrogen synthesis in GCs and triggering
follicular atresia. This hormonal cascade contributes to POI, where follicular developmental arrest prevails.'> However, it
has not been reported whether TICs suffer from structural dysfunction mediated by ferroptosis during POI.

Exosomes are microscopic vesicles with a diameter of 30 to 150 nm that can carry a range of bioactive materials,
including lipids, proteins, and nucleic acids.'®'” Recent studies have shown that hUCMSC-Exos can improve ovarian
reserve and regulate hormone levels in cyclophosphamide-treated POI mice.'® In addition, Ding et al found that hUMSC-
Exos reduced ROS formation by targeting the miR-17-5P/SIRT7 pathway and enhanced the proliferation of CTX-
damaged ovarian tissue in POI mice.'® Additionally, Zhou et al have demonstrated that hUCMSC-Exos improves mice’s
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ovarian function, lowers lipid peroxidation and iron overload-related ovarian tissue damage, and prevents granulosa cell
ferroptosis via the Nrf2/GPX4 pathway.”’ Nevertheless, the potential molecular processes by which hUCMSC-Exos
regulate the ferroptosis of crucial cellular components in ovarian tissue, such as TICs and GCs, subsequently affect
cellular metabolism and function during the POI process have yet to be fully understood.

Thus, we aim to reveal whether hUCMSC-Exo intervention can regulate the imbalance of redox metabolism of TICs,
thereby suppressing the cell ferroptosis, and clinically alleviating ovarian structural and functional abnormalities during POL.

Materials and Methods

Reagents

The anti-cancer chemotherapy drug CTX was purchased from Meilun Biotechnology (MB1315-1, Meilunbio, Dalian, China).
Phosphoramide mustard (HY-137316A) was purchased from MCE Corporation. Antibodies against PTEN (#10047-1-AP),
Nrf2 (#16396-1-AP), GPX4 (#67763-1-1g), FSHR (#22665-1-AP), Cyp17al (#14447-1-AP) and GAPDH (#60004-1-1g) were
obtained from Proteintech (Wuhan, China). Antibodies against CD63 (#55051), CD9 (#98327), and HSP70 (#4872) were
obtained from CST corporation (Danvers, MA, USA). Dil (#BES2087CIMG) was obtained from BIOESN (Shanghai, China).
Annexin V-FITC/PI apoptosis assay kit (#Abs50001) was obtained from Absin (Shanghai, China).

Animal Models

Seven-week-old Wistar female rats were bred and maintained under pathogen-free conditions and sterilized water and food
(purchased from Ji nan Pengyue Laboratory Animal Breeding Company). This study was performed following protocols
approved by the Binzhou Medical University Institutional Animal Care and Use Committee (no. 2023—-24). The rats were
divided into four groups (n=12/group): Control group, POI group, POI+PBS group, and POI+Exo group. Rats were
intraperitoneally injected with 50 mg/kg CTX on the first day and then with 8 mg/kg/d CTX consecutively for 14 days as
described in the literature.?' Rats in the PBS group received 150 pL of PBS via the tail vein on days 15, 18 and 21, while rats in
the hUCMSC-Exos group received 150 puLL of PBS containing 150 pg of hUCMSC-Exos through the tail vein as described in
the literature.” Lastly, 7 days after the transplantation of hUCMSC-Exos and PBS, serum, and ovaries were collected and
tested for hormone levels, ovarian parameters, and ovarian function-related indices after euthanizing the rat.

Isolation and ldentification of hUCMSC-Exos

A culture medium of hUCMSCs at the 3 to 5 passage was obtained. The collected medium was centrifuged at 200xg for
30 min at 4°C. The mixture was diluted with vex exosome isolation reagent (R601, vazyme, China) and kept overnight at
4°C. The collected supernatant was centrifuged at 10,000xg for 1 h at 4°C, and the particles were diluted in PBS and
stored at —80°C or used immediately. The separated exosomes were detected by transmission electron microscopy (TEM)
(Jeol JEM-1230, Tokyo, Japan), nanosight analysis (Malvern Instruments, Malvern, UK), and Western blot.

Hematoxylin—Eosin Staining

The ovaries were harvested, washed with PBS, fixed in 4% paraformaldehyde (P1110, Solarbio, Qingdao, China), and
paraffin-embedded as usual. Four-micron-thick sections of the organs were cut and stained with hematoxylin and eosin
(H&E) for histological examination. Ovarian morphology was observed using an optical microscope, and the number of

ovaries and follicles was assessed blindly using a histological scoring system from previous studies.*?

Western Blot Analysis
Previously published methods were followed for Western blot analysis.?* A developer (NCI4106, Pierce, Rockford, IL,

USA) was used to visualize the protein bands. Images were quantified by ImagelJ analysis software (National Institutes of
Health, Bethesda, MD, USA).
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Quantitative Reverse-Transcription PCR (qRT-PCR)

The mRNA levels were determined using a qRT-PCR technique. The miRNA and mRNA expression levels were

2—AACT

analyzed using the method and normalized to those of U6 and GAPDH, respectively. Primer information is

provided in Supplementary Table 1.

Isolation and Culture of TICs

According to our previous approach,” female rats of three weeks of age were anesthetized and euthanized to obtain
ovaries. TICs were isolated by puncturing the follicles within the ovaries under a stereomicroscope. The collected cells
were digested in collagenase II (2275MG100, BioFroxx, Guangzhou, China) for 45 min and cultured in complete McCoy
SA medium (PM150710, Procell, Wuhan, China) supplemented with 10% fetal bovine serum (#164210, Procell, Wuhan,
China) and 1% penicillin-streptomycin (PB180120, Procell, Wuhan, China) at 37°C and 5% CO..

In vivo Tracking

Wistar rats were injected with a 150 pL. PBS solution containing 150 pg of hUCMSC-Exos via the tail vein. The control
group received a 300 pL injection of PBS. After 48 hours, abdominal and lateral imaging were performed with the IVIS
lumina III system (PerkinElmer, UK).

Perls Staining

According to the ferrous staining kit (G3320, Solarbio, Beijing, China) protocol, ovarian tissue paraffin sections (5 pm)
were baked at 60°C for 3 hours, dewaxed in xylene, and rehydrated to water by graded alcohol. Then the sections were
immersed in the ferrous staining working solution for 30 min, and then washed thoroughly with distilled water and
stained with nuclear fast red solution for 5 min. Finally, the slides were dehydrated through graded alcohols, clarified in

xylene, and mounted in neutral resin for microscopic examination.

Apoptosis Assay

Cells were treated with 40 uM of CTX for 24 h, and then the cells were digested and gently resuspended in a staining
buffer containing 5 pL Annexin V-FITC storing solution and 10 pL storing propidium iodide solution according to the
instructions of Annexin V-FITC detection Kit (abs50001, Absin, China); after that, the cells were incubated for 20 min in
the dark at 4 °C. At the end of incubation, the cells were detected by flow cytometry.

Functional Annotation and miRNA Target Prediction
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were performed

through the online platform https://www.bioinformatics.com.cn/ to annotate the biological functions and signaling

pathways of the screened genes. For miRNA target prediction, a combinatorial approach was employed using the
following databases: TargetScan (https://www.targetscan.org/vert 80/), miRDB (https://mirdb.org/), miRWalk (http://

mirwalk.umm.uni-heidelberg.de/), ENCORI/starBase (https://rnasysu.com/encori/index.php). Overlapping targets identi-

fied across all four databases were retained as high-confidence miRNA-mRNA interactions.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism 9.0 analysis software. Descriptive statistics (mean + SD) are
reported for gonadal hormone levels (AMH, FSH, LH, E,). All cell experiments were performed in triplicate at least.
Significant differences were determined by the independent Student’s #-test between the two groups, while one-way
ANOVA analysis was performed to compare multiple groups. p < 0.05 was considered statistically significant.

Other detailed methods are available in the Supplementary Material 1: Detailed Methods.
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Results

Characterization and Analysis of hUCMSC-Exos

TEM and NTA exhibited that hUCMSC-Exos were bilayer vesicle structures with a diameter of 80-200 nanometers
(Figure 1A and B). Western blotting confirmed the high expression of CD63, CD9, and HSP70 in hUCMSC-Exos
(Figure 1C). Following the tail vein injection of Dil-labeled hUMSC-Exos, in vivo tracking revealed a high accumulation
of hUMSC-Exos in the thoracic and abdominal regions as well as in both ovaries of the rats (Figure 1D). Further
immunofluorescence staining of the TICs marker Cypl7al indicated significant overlap between Dil-labeled exosomes
and Cypl7al in rat ovarian tissue, particularly within the TICs (Figure 1E and F). These findings indicated that
hUCMSC-Exos have ovarian tropism in vivo and can be taken up by TICs.

hUCMSC-Exos Improved the Ovarian Morphological and Functional Abnormalities of
POI Rats

As shown in Figure 2A, the POI model was established by injecting CTX intraperitoneally, and then evaluating the efficacy
of tail vein intervention with equal parts hUCMSC-Exos and PBS. Compared with the control group, the POI group rats
showed significantly slower weight gain and lower ovarian index. On the contrary, POI rats showed a significant increase in
body weight and ovarian index after treatment with hUCMSC-Exos compared with PBS (Figure 2B and C). H&E staining
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Figure | Characterization and analysis of hUCMSC-Exos. (A) The microscopic structure of hUCMSC-Exos was verified by TEM. (B) Diameter of hUCMSC-Exos by NTA.
(€) The markers were evaluated by Western blotting. (D) Dil-labeled exosome-injected rats were utilized for in vivo tracking. (E) Ovaries injected with Dil-labeled
exosomes were stained with immunofluorescence (scale bar =50 um; scale bar =10 pym). (F) Quantitative analysis of Dil/Cypl7al.
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Figure 2 hUCMSC-Exos improved the ovarian morphological and functional abnormalities of POI rats. (A) Schematic diagram of animal model. (B) Body weight of control,
POI, POI+PBS, POI+Exo groups. (C) Ovarian index of control, POI, POI+PBS, POI+Exo groups. (D) H&E staining of control, POI, POI+PBS, POI+Exo groups (scale bar =
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+Exo groups. (H-K) Measurement of the hormone levels of AMH, E,, LH, and FSH. The data are presented as the means * SD of at least three independent experiments.
*p < 0.01, ¥¥¥p < 0.0001, the control group vs the POI group; #p < 0.05, ##p < 0.01, ###p< 0.001, ####p < 0.0001, the POI+PBS group vs the POI+Exo group.
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revealed that the number of primordial follicles, primary follicles, secondary follicles, and mature follicles in POI rats was
significantly less than that in the control group. After \UCMSC-Exos treatment, the number of follicles was significantly
increased and the atretic follicles were reduced compared to the POI+PBS group (Figure 2D and E). In addition, the results
of the cage experiment showed that compared with the control group, the number of embryos in the POI group was
significantly reduced, while exosome therapy could significantly increase the number of embryos (Figure 2F and G).
Furthermore, the POI group had significantly higher levels of LH and FSH than the control group, but significantly lower
levels of AMH and E,. The POI rats’ aberrant hormone levels were considerably normalized after receiving hUCMSC-
Exos therapy (Figure 2H-K). The above findings suggested that in vivo administration with hUCMSC-Exos reduces
ovarian morphological and functional abnormalities while improving reproductive ability in POI rats.

hUCMSC-Exos Intervention Inhibits Ferroptosis in Ovarian Tissue of POI Rats

Next, we measured the degree of ferroptosis-related indicators in the ovarian tissue of POI rats. As shown in Figure 3A
and B, Perls staining results showed that compared with the control group, there were significantly higher ferrous positive
areas (blue) in the ovarian tissue of POI group rats. In addition, compared with the control group, the GSH/GSSG ratio
was significantly reduced, and the MDA level was significantly increased in the ovarian tissue of POI group rats
(Figure 3C and D). Furthermore, TEM revealed that the mitochondrial morphology remained intact in the control group,
whereas the mitochondrial cristae of ovarian TICs in POI rats were fragmented and disordered, and accompanied by
vacuolar formation (Figure 3E). Meanwhile, compared with the PBS treatment group, hUCMSC-Exos treatment can
significantly upregulate the GSH/GSSG ratio, downregulate MDA levels and ferrous positive areas, and alleviate TICs
mitochondrial damage. The above findings suggested that in vivo administration with hUMSC-Exos inhibits ferroptosis
in the ovarian tissue of POI rats.

miR-26a-5p Is Abundant in hUCMSC-Exos and Targets PTEN

miRNA-seq was utilized to screen miRNAs to evaluate the miRNA expression profile of hUCMSC-Exos and the
therapeutic mechanism (GSE159814). As shown in Figure 4A, the top ten most abundant miRNAs were hsa-miR-21-
5p, hsa-miR-24-3p, hsa-miR-22-3p, hsa-miR-26a-5p, hsa-miR-146a-5p, hsa-miR-221-3p, hsa-let-7a-5p, hsa-miR-29a-3p,
hsa-miR-100-5p, hsa-miR-125b-5p, accounting for almost 55% of the total miRNAs. The miR-26a-5p target genes were
predicted and intersected by four databases, TargetScan, miRWalk, starBase, and miRDB, and a total of 260 genes were
identified (Figure 4B). KEGG enrichment analysis of the collected target genes revealed that the phosphatidylinositol
signaling system, cellular senescence, and mTOR signaling pathway were the main pathways affected (Figure 4C). Next,
we conducted that PTEN was produced by intersection analysis of the 264 ferroptosis up-regulation genes in the FerrDb
(http://www.zhounan.org/ferrdb/current/), 1188 POl-related genes in the Gene Card (https://www.genecards.org/), and

the 260 miR-26a-5p target genes (Figure 4D). Additionally, we used a dual-luciferase reporter assay to locate the binding
site of miR-26a-5p in PTEN, which was predicted by TargetScan (Figure 4E). Compared to the control, treatment with
the miR-26a-5p mimic decreased luciferase activity, while treatment with the miR-26a-5p inhibitor significantly
increased the relative luciferase activity. Moreover, when the seed sequence of the miR-26a-5p binding region was
altered, no effect of miR-26a-5p on luciferase activity was detected (Figure 4F). Aiming to validate the relationship
between miR-26a-5p and the PTEN/GPX4 axis, it was detected intracellular PTEN expression changes in vitro theca
cells under miR-26a-5p knockdown and overexpression interventions. The qRT-PCR demonstrated that compared with
the mimics negative control (mimics NC), intervention with miR-26a-5p mimics significantly downregulated PTEN
expression in theca cells. Conversely, compared with the inhibitor negative control (inhibitor NC), miR-26a-5p inhibitor
intervention significantly upregulated PTEN expression in theca cells (Figure 4G). The qRT-PCR confirmed that miR-
26a-5p expression was significantly less in the POI group compared to the control, but increased with hUCMSC-Exos
treatment (Figure 4H). Meanwhile, PTEN mRNA expression significantly decreased in the ovaries of POI rats after
hUCMSC-Exos transplantation (Figure 41). These results suggest that miR-26a-5p derived from hUCMSC-Exos may
affect the ferroptosis process of ovarian tissue by targeting PTEN during POI.
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hUCMSC-Exos Alleviates Ferroptosis of Ovarian Tissue by Targeting the PTEN/GPX4
Pathway

Fresh ovarian tissue was utilized to investigate the mechanism of hUCMSC-Exos regulating ferroptosis in ovarian tissue
by targeting the PTEN/GPX4 pathway. As shown in Figure SA—D, Western blotting showed that compared with the
control group, the expression of PTEN was significantly increased, and the Nrf2 and GPX4 levels were significantly
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The relative RNA expression of miR-26a-5p and PTEN. **p < 0.001, ****p < 0. 0001, the mimics NC group vs the miR-26a-5p mimics group; ####p < 0.0001, the inhibitor
NC group vs the miR-26a-5p inhibitor group. (H) The expression of miR-26a-5p. ***p < 0.001, the control group vs the POI group; ###p < 0.001, the POI+PBS group vs the
POI+Exo group. (I) The mRNA levels of PTEN were evaluated by qRT-PCR. ***p < 0.001, the control group vs the POI group; ###p < 0.001, the POI+PBS group vs the POI
+Exo group. The data are presented as the means * SD of at least three independent experiments.
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reduced in the ovarian tissue of POI group rats. Compared with the PBS group, hUCMSC-Exos treatment can
significantly downregulate the protein expression of PTEN and upregulate the protein expression of Nrf2, and GPX4.
Furthermore, immunofluorescence staining revealed that the analysis results of molecules PTEN and GPX4 were
consistent with the above results and expressed in TICs (Figure 5E). These findings suggested that hUCMSC-Exos
alleviates ferroptosis of ovarian tissue by targeting the PTEN/GPX4 pathway.

Characterization of TIC

To explore the molecular mechanism of hUCMSC-Exos regulating ferroptosis of TICs, TICs were isolated from the
ovarian tissue of rats. As shown in Figure 6A, the cells were spindle-shaped under the light microscope. Furthermore,
immunofluorescence staining shows that FSHR was negative and Cypl7al was positive. It was determined that the
isolated cells were TICs (Figure 6B). Next, the suitable CTX concentration (40 uM) was determined using the CCK-8
assay to create an in vitro damage model (Figure 6C). Dil labeling was seen in TICs when they were co-cultured with
hUCMSC-Exos, suggesting that the TICs internalized the hUCMSC-Exos (Figure 6D).
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Figure 6 Characterization of TICs. (A) The typical fibroblastic morphology of TICs was verified by microscopy (scale bar = 50 um). (B) Immunofluorescence staining tested
the expression of Cyp|7al and FSHR (scale bar = 50 ym). (C) cck-8 detects the toxicity of CTX to TICs. (D) Endocytosis in exosomes was detected by immunofluorescence
staining (scale bar = 20 um). The data are presented as the means * SD of at least three independent experiments. ***p < 0.0001, 30uM vs 40uM.

hUCMSC-Exos Prevented Ferroptosis in TICs via the PTEN/GPX4 Pathway in vitro
To further explore the mechanism of hUCMSC-Exos regulating TICs ferroptosis by targeting miR-26a-5p/ PTEN/GPX4
pathway, we co-cultured CTX-induced TICs with hUCMSC-Exos. As shown in Figure 7A and B, flow cytometry was used
to examine changes in TICs apoptosis before and after hUCMSC-Exos intervention. The number of apoptotic TICs in the CTX
group was significantly more than in the control group, while hUCMSC-Exos therapy could significantly increase the number of
TICs. Moreover, compared with the control group, the GSH/GSSG ratio was significantly reduced and the MDA level was
significantly increased in the CTX-induced TICs group. After htUCMSC-Exos intervention, the ratio of GSH/GSSG and MDA
levels showed opposite results (Figure 7C and D). Compared with the control group, the CTX group TICs showed significantly
higher protein expression of PTEN and lower protein expression of Nrf2, and GPX4. In contrast, the levels of these ferroptosis-
related proteins showed opposite results in the hUCMSC-Exos treatment group (Figure 7E-H). In addition, the detection of miR-
26a-5p and PTEN miRNA /mRNA levels indicated that hUCMSC-Exos intervention significantly upregulated the miR-26a-5p
level and significantly downregulated the PTEN mRNA levels in CTX-damaged TICs (Figure 71 and J). Immunofluorescence
staining indicated that the ferroptosis-related molecules’ analysis results corresponded with the above results (Figure 7K). These
results suggested that hUCMSC-Exos prevented ferroptosis in TICs via the PTEN/GPX4 pathway in vitro, potentially involving
the transfer of miR-26a-5p.
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The Delivery of miR-26a-5p is Key for hUCMSC-Exos to Regulate the Ferroptosis of
TICs by Targeting the PTEN/GPX4 Pathway

To examine the above hypothesis, (UCMSCs were treated with miR-26a-5p inhibitor or inhibitor NC. As shown in Figure 8A,
gRT-PCR confirmed that the miR-26a-5p levels of hUCMSCs were significantly decreased in the miR-26a-5p inhibitor group.
Next, extracted hUCMSC-Exos were co-cultured with CTX-induced TICs, respectively. Compared to the inh NC group, the
GSH/GSSG ratio was significantly lower in the miR-26a-5p inhibitor group, while the level of MDA was significantly higher
in the miR-26a-5p inh group (Figure 8B and C). In addition, the miR-26a-5p inh group had far fewer surviving tics cells than
the inh NC group (Figure 8D and E). Immunofluorescence staining reveals that compared to the inh NC group, PTEN
expression markedly increased and GPX4 expression greatly decreased in the miR-26a-5p inhibitor group (Figure 8F).
Meanwhile, Western blotting demonstrates that the analysis results of the ferroptosis-related molecules coincide with above
results (Figure 8G-J). Additionally, the miR-26a-5p inhibitor group had a significantly greater level of PTEN mRNA and
a significantly lower level of miR-26a-5p than the NC group (Figure 8K and L). These results suggested that miR-26a-5p
transporting is essential for hUCMSC-Exos to regulate TICs ferroptosis via the PTEN/GPX4 pathway.

Discussion
MSC-Exos have drawn a lot of interest in the treatment of POI because of their capacity to support damaged tissue repair,
microenvironment stability, and anti-aging.?>*** Numerous studies have demonstrated in recent years that hUCMSCs and
the exosomes they produce are crucial in controlling the composition and functionality of ovarian tissue cells in
women.”’® Our research demonstrated that by preventing the ferroptosis of TICs, hUCMSC-Exos reduced ovarian
damage in POI rats. Additionally, miR-26a-5p delivered by hUCMSC-Exos, which targets the PTEN/GPX4 pathway, is
primarily responsible for inhibiting ferroptosis during POI. It is anticipated that our findings will offer fresh therapeutic
targets and approaches for POI clinical treatment.

POI is commonly observed in young women following chemotherapy, although it can also arise from multiple
etiologies, including genetic disorders, autoimmune diseases, and idiopathic factors. Chemotherapy-induced ovarian
damage remains a major clinical contributor to POI in reproductive-aged women.?’ Lu et al found that CTX affected the

1.° Liu et al discovered

mitochondrial function of GCs, resulting in abnormal ovarian function and the emergence of PO
that CTX inhibited SIRT1 and PGC-1a activity, which in turn caused activation of the ATM/p53 pathway and accelerated
the POI process.31 In this study, it was observed that the body weight, ovarian index, follicle count, and the number of
embryos in the uterine horn were significantly reduced in POI rats, while the number of arrested follicles increased, and
serum hormone levels were also significantly decreased. In vitro experiments revealed that, in contrast to the control
group, CTX administration triggered an increase in ferroptosis-related molecules in TICs. According to this study, POI
may be triggered by ferroptosis in TICs. Mature TICs preserve the integrity of the follicular structure and supply vital
nutrients for the ovaries’ growth and development.'> When TICs are disturbed, GCs fail to generate estrogen, and the
release of growth factors and androgens is drastically decreased. These results in difficulties with follicular development
and POI brought on by atresia. Thus, aberrant TIC metabolism could be a significant initiator of the morphological and
functional defects in POI ovaries caused by CTX.

Ferroptosis is the accumulation of intracellular iron overload and lipid peroxides, which is crucial for cell growth,
metabolism, and other processes to keep the body in balance and homeostasis.**> It has been extensively researched in
several female reproductive problems.>*>° In this study, we found that the GSH/GSSG ratio in the ovarian tissue and TICs of
CTX-induced POI rats was significantly reduced, while lipid peroxide levels were elevated, particularly MDA. Furthermore,
CTX causes notable alterations in divalent iron and mitochondrial morphology in TICs, such as outer membrane rupture and
cristae blurring. As one of the main signaling pathways for Ferroptosis, the PTEN signaling pathway has drawn a lot of
interest. Yang et al discovered that miR-144-5p supplied by BMSC-derived exosomes activate the PTEN/PI3K/AKT pathway,
protecting ovarian tissue from damage caused by chemotherapy.’’ Additionally, we discovered that ferroptosis-related
molecules such as Nrf2 and GPX4 protein levels were decreased in POI rats. In addition, PTEN is activated while GPX4
expression is inhibited. When GPX4 activity is inhibited, it leads to the accumulation of lipid peroxides, ultimately resulting in
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ferroptosis.*® Similarly, in vitro experiments have revealed that CTX treatment of TICs elevates ferroptosis-associated
markers and indicators, activating the PTEN signaling pathway POI and causing damage to ovarian tissue.

MSC-Exos plays an important role in the transmission of intercellular signaling.*® MSC-derived exosomes from bone
marrow can effectively protect liver cells from ferroptosis by enhancing the activity of the deubiquitinase OTUB1 and
maintaining the stability of SLC7A11.** hUCMSC-Exos inhibits the expression of divalent metal transporter 1 (DMT1)
via miR-23a-3p, thereby alleviating ferritin deposition and protecting cardiomyocytes from damage.*' We discovered in
our research that hUCMSC-Exos promotes follicle development and ovarian function in vivo. Rats in the hUCMSC-Exos
group showed lower levels of FSH and LH and greater levels of serum E, and AMH than those in the PBS group.
Furthermore, the number of embryos in the uterus of POI rats rose following treatment with hUCMSC-Exos, suggesting
that ovarian function had recovered. These findings suggest that hUCMSC-Exos intervention can alleviate ovarian
structural and functional abnormalities in POI rats and restore reproductive capacity.

Many studies have highlighted the potential of using exosomes derived from MSCs, specifically exosomal miRNAs, to
treat various diseases and injuries.*** Xiong et al showed that hUCMSC-Exos delivered miR-16a-5p targeting to ATF6/
CHOP pathway, suppressed CD4" T cells apoptosis, and treated GVHD.* Using dual luciferase reporter gene detection and
hUCMSC-Exos transcriptome sequencing, we discovered that miR-26a-5p was substantially expressed in hUCMSC-
Exos targeting PTEN, a crucial protein controlling the ferroptosis pathway. In vivo, tests demonstrated that hUCMSC-
Exos therapy suppressed the expression of markers linked to ferroptosis and markedly raised the amount of miR-26a-5p in
ovarian tissue. Furthermore, its regulatory effect on pathways linked to TICs ferroptosis was significantly diminished
following the in vitro inhibition of miR-26a-5p exosomes. Our findings highlight the critical role of ferroptosis and miR-
26a-5p in modulating TIC function, aligning with previous studies on follicular development. However, the study has
limitations: lack of long-term follow-up data and direct clinical validation. Future research should address these gaps to
enhance translational potential. Besides, our study demonstrated the efficacy of exosomes at a single time point post-injection.
However, the lack of time-course analysis limits our understanding of the dynamic effects and underlying mechanisms. Future
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Figure 9 Schematic illustration of the protective effects of hUCMSC-Exo on TICs during POI. hUCMSCs deliver miR-26a-5p inhibits PTEN activation of the PI3K-AKT
pathway, upregulates the expression of Nrf2 and GPX4 molecules, thereby inhibiting ferroptosis.

TIC
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longitudinal studies are needed to fully elucidate the therapeutic implications and temporal patterns of exosomal action. Future
research should address these gaps to enhance translational potential. These results suggest that hUCMSC-Exos transfers miR-
26a-5p to regulate the ferroptosis of TICs via targeting the PTEN/GPX4 pathway.

Conclusion

In conclusion, the findings of this work show that hUCMSC-Exo intervention reduces the morphological and functional
defects of the ovaries caused by POI. Its possible molecular mechanism involves the delivery of miR-26a-5p to target the
PTEN/GPX4 axis, thereby inhibiting the TICs ferroptosis process (as shown in Figure 9). Our research highlights the potential
clinical relevance of exosome miRNA in the restoration of ovarian function but also holds particular promise for stem cell-
based therapeutic strategies targeting POI. Future investigations focus on translating these findings to human models or
organoids, and validating the miR-26a-5p/PTEN/GPX4 pathway as a therapeutic target for primary ovarian insufficiency.
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