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Objective: To investigate the potential protective impact of miR-10a-modified HUMSCs-derived exosomes on both premature 
ovarian failure and the functionality of ovarian granulosa cells in a POF model.
Methods: KGN cells were co-cultured with cisplatin-diaminedichloroplatinum (II) (10 μM) for 24 h to establish an in vitro POF 
model. The cells were distributed into three distinct groups: the control group, the POF group, and the POF + HUCMSC group. The 
plasmid sh-NC, sh-miR-10 a and miR-10 a mimic were transfected into KGN cells. After co-cultured with HUCMSC-EVs for 48 h, 
they were divided into HUCMSC group, sh-miR-10 a-HUMSCs-exosomes group and miR-10 a-HUMSCs-exosomes group. Flow 
cytometry was adopted to assess the impact of HUMSCs surface immune antigens and miR-10a-HUCMSCs-exosomes on KGN cell 
apoptosis. Additionally, the evaluation of cell proliferation was carried out through CCK-8 and EDU assays. Western blot analysis was 
utilized to detect the Caspase-3, Bax, and Bcl-2 proteins levels. Furthermore, the levels of TNF-α, IL-6, IL-10, MDA, SOD, and CAT 
were quantified using ELISA.
Results: Compared with the Control group, the POF group inhibited the growth of ovarian granulosa cells (P<0.01), reduced the 
number of EDU cells (P<0.01), and increased the protein expression of Caspase-3 (P<0.05) and Bax (P<0.01). HUMSCs treatment 
significantly down-regulated the expression of IL-6, TNF-α and MDA, while up-regulating the expression of IL-10, SOD and CAT 
(P<0.01); the overexpression of miR-10a promoted cell growth, besides, the introduction of miR-10a-HUMSCs-derived exosomes led 
to an elevation in the proliferation rate of OGCs affected by POF and concurrently suppressed the apoptosis rate.
Conclusion: HUMSCs-derived exosomes modified by miR-10a have protective effects on premature ovarian failure and ovarian 
granulosa cell function in POF model.
Keywords: miR-10a, premature ovarian failure, hUMSCs, cis-diaminedichloroplatinum, ovarian granulosa cells

Premature ovarian failure (POF) is a significant concern within the field of female reproductive health. The past few 
years have witnessed a discernible upswing in the POF incidences.1 Characterized by an absence of mature ovarian 
follicles in women younger than 40, POF is concomitant with reduced estrogen and elevated gonadotropin levels. The 
clinical manifestation commonly involves symptoms like hot flashes, excessive perspiration, sleep disturbances, absence 
of menstruation, and sexual dysfunction.2,3 Various etiological factors contribute to POF, encompassing genetic abnorm-
alities, autoimmune conditions, and environmental influences.4 Given the suboptimal outcomes associated with conven-
tional therapeutic interventions, the use of Human Umbilical Cord Mesenchymal Stem Cells (HUMSCs) for the purpose 
of ovarian regeneration represents an innovative and promising treatment strategy. The human umbilical cord is like 
a robust reservoir of mesenchymal stem cells. Differing from stem cells derived from bone marrow, those obtained from 
the human umbilical cord offer the advantages of expedited procurement with minimal discomfort. Furthermore, these 
cells exhibit a similar triad of capabilities to bone marrow cells, encompassing tissue repair, modulation of immune 
responses, and anti-cancer properties.5
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Similar to MSCs originating from different sources, HUMSCs exhibit a unique ability for self-renewal while retaining 
their potential for differentiation into various cell types including bone cells, adipocytes, chondrocytes, hepatocytes, and 
neurons. The enhancement of ovarian function through stem cells is primarily attributed to their paracrine effects, rather 
than their direct commitment to specific cellular lineages.6 Vesicles released by Mesenchymal Stem Cells (MSCs) 
encompass an array of cytokines, growth factors, regulatory miRNAs, mRNAs, and signaling lipids. These components 
collectively influence cellular communication, intercellular signaling, and alterations in cell or tissue metabolism, thereby 
imparting considerable impacts.7 Exosomes, tiny vesicles spanning 10 to 100 nm in diameter, are actively secreted by 
various cellular origins. Their essential role lies in enabling cellular communication through the conveyance of bioactive 
lipids, nucleic acids, and proteins.8 Exosomes hold significant importance in the context of the paracrine functionality of 
MSCs. An increasing body of research underscores the potential of MSC-exosomes as an alternate therapeutic avenue to 
harness MSC paracrine effects. Specifically, HUMSCs exhibit the capability to safeguard ovarian granulosa cells (OGCs) 
from apoptotic processes and regulate immune factor actions in the context of POF.9 Despite these insights, the 
comprehensive mechanisms through which exosomes counterbalance ovarian functionality remain incompletely 
demonstrated.

The primary goal in this study was to explore the potential protective effects of miR-10a-modified exosomes derived 
from HUMSCs on both premature ovarian aging and the function of ovarian granulosa cells within a POF model.

Materials and Methods
HUCMSC Isolation and Identification
HUCMSCs were purchased from Zhongyuan Xiehe Stem Cell Bioengineering Co., Ltd. In this study, the biological 
characteristics of HUCMSC s were used to establish a separation method based on cell-attached slide, and the serum-free 
medium of umbilical cord mesenchymal stem cells was selected. The umbilical cord tissue was broken into particles the 
size of rice grains. The umbilical cord particles were inoculated into the culture medium and left to stand at 37°C for 48 
hours. The culture medium was replaced every 48 hours and cytokines were added. On the 7th day of culture, the cells 
were harvested and frozen for later use.

The immunophenotypic characteristics of HUCMSCs were evaluated via flow cytometry analysis. To mitigate non- 
specific binding, the cells underwent pre-treatment with 10% normal goat serum. Following this step, the cells were 
subjected to incubation with a series of FITC dye-labeled human monoclonal primary antibodies, including CD44, CD73, 
CD90, CD105, CD19, CD34, and HLA-DR (at a dilution ratio of 1:100) for a duration of 30 minutes. Subsequently, the 
cells were re-suspended in 10% normal goat serum and subjected to cellular analysis using a CyAn ADP analyzer.

Establishment and Grouping of POF Models
The human ovarian granulosa cell tumor cell line KGN was obtained from the American Type Culture Collection 
(ATCC, Manassas, USA), a cell line derived from human granulosa tumors, were cultivated in RPMI 1640 medium 
enriched with 10% fetal bovine serum, maintaining a controlled environment at 37°C with 5% CO2 to ensure optimal 
growth conditions. To simulate an in vitro POF model, Cis-diamine dichloroplatinum (II) (10 μM) was co-cultured with 
KGN cells for 24 hours. For experimental setup, KGN cells (5×103 cells per well) were seeded in 96-well plates and 
incubated overnight. Subsequently, the culture medium was replaced with 100 μL of HUCMSCs (at a concentration of 
1×109 cells per milliliter) in serum-free medium for a 48-hour incubation period. The samples were divided into two 
groups: the Control group (KGN cells without treatment) and the Treatment group; POF group: KGN cells were treated 
with cis-diaminedichloroplatinum (II) (10μM) for 24 hours; POF+HUCMSC group: KGN cells were subjected to a 24- 
hour treatment with cis-diaminedichloroplatinum (II) at a concentration of 10 μM.

Plasmids sh-NC, sh-miR-10a, and miR-10a mimic were transfected into KGN cells via Lipoamine 2000 transfection. 
Following a 24-hour transfection period, KGN cells (5 × 103 cells per well) were seeded into 96-well plates and subjected 
to an overnight incubation. Subsequently, the culture medium was replaced with 100 μL of hUCMSC-derived extra-
cellular vesicles (hUCMSC-EVs) at a concentration of 1×109 per milliliter, and the cells were cultured in serum-free 
medium for a duration of 48 hours. The cells were randomly divided into HUCMSC group: treat KGN cells with cis- 
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diamine dichloroplatinum (II) (10 μM) for 24 hours, transfect sh-NC plasmid into KGN cells and co-culture with 
HUCMSCs for 48 hours; sh-miR-10a-HUMSCs-exosomes group: KGN cells were exposed to cisplatin (II) (10μM) for 
24 hours, and then the sh-miR-10a plasmid was transfected into KGN cells and co-cultured with HUCMSC for 48 hours; 
miR-10a-HUMSCs-exosomes group: KGN cells were exposed to cis-diaminedichloroplatinum (II) (10 μM) for 24 hours, 
and sh-miR-10a mimic plasmid was transfected into KGN cells and co-cultured with HUCMSCs for 48 hours.

Extraction of HUCMSC Exosomes
HUMSCs were cultured in a serum-deprived medium for a duration of 72 hours. Afterward, the cells were subjected to 
centrifugation at a speed of 1200 × g for a duration of 25 minutes at a temperature of 4°C, aimed at removing cellular 
debris and nonviable cells. The resulting supernatant underwent further purification through filtration using a 0.2 mm 
filter. Subsequently, the cellular suspension was subjected to ultracentrifugation at the speed of 120,000×g for 2.5 hours 
at 4°C, followed by an additional ultracentrifugation step at 120,000 × g for 2 hours. Finally, the resulting pellet was 
resuspended in PBS.

Western Blot
Cellular proteins were extracted utilizing radioimmunoprecipitation assay (RIPA) cell lysis buffer. The protein 
concentration of each sample was subsequently assessed using a BCA kit. Following separation by polyacrylamide 
gel electrophoresis, the proteins were transferred onto polyvinylidene fluoride membranes using the wet transfer 
method. The membranes were subsequently exposed to 5% bovine serum albumin (BSA) for a duration of 1 hour to 
mitigate nonspecific binding. The subsequent step involved incubating the membrane with a combination of primary 
antibodies, which encompassed mouse anti-human Bcl-2 (diluted at 1:2000), Bcl-2-associated X protein (Bax) (diluted 
at 1:5000), Caspase-3 (diluted at 1:1000), and GAPDH (diluted at 1:5000), at a temperature of 4°C overnight. 
Subsequently, conduct three washes with TBST (each rinse lasting 5 minutes) and then proceed to incubation with 
a diluted solution of horse red peroxidase (HRP)-labeled goat anti-rabbit IgG at a dilution ratio of 1:20,000 and react at 
room temperature for 1 hour. Then perform another round of TBST washing, and add chromogenic solution for 
coloring. Lastly, utilizing the gray value ratio of each protein to GAPDH, we conducted protein quantitative analysis 
using ImageJ 1.48u software.

Cell Viability Assay
Cell proliferation was assessed by quantifying the cellular growth rate. The cells were plated in 96-well plates at a density 
of 2×103 cells per well and allowed to incubate for 0, 12, 24, and 48 hours. Subsequently, CCK-8 reagent was added to 
each well with a volume of 10μL, and a subsequent incubation of 2 hours was carried out. The optical density at 450 nm 
was then quantified using a microplate reader.

Flow Cytometry and EDU Detection
Apoptosis was evaluated using flow cytometry by employing the Annexin V-FITC/PI Apoptosis Detection Kit. Briefly, 
cells were collected, washed, and then labeled with Annexin V-FITC and PI in a controlled lighting setting. The stained 
cells were subsequently subjected to analysis using flow cytometry, and the acquired data were subjected to processing 
using Flow Jo 7.6 software.

Cell proliferation was quantified utilizing the CellTiter-Glo Luminescent Cell Viability Assay. Each well was 
supplemented with EdU (10 mM), followed by fixation with 4% formaldehyde for a duration of 30 minutes. Post- 
fixation, EdU was detected employing the Click-iTR EdU kit, and resulting images were observed utilizing 
a fluorescence microscope.

ELISA
The levels of TNF-α, IL-6, IL-10, MDA, SOD, and CAT in the cell culture supernatant were quantified according to the 
instructions provided with the respective assay kits.
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Statistical Analysis
Statistical analysis was performed using GraphPad v7.0 software, and the data were expressed as (x� D). ANOVA was 
employed to compare variations among multiple groups, with a significance level of P < 0.05 representing statistical 
significance.

Results
Immunophenotypic Analysis of HUMSCs
The utilization of flow cytometry enabled the assessment of surface marker expression. Figure 1 illustrates that the 
expression percentages of CD44, CD73, CD90, and CD105, which are HUMSCs surface antigens, exceeded 95%. 
Conversely, the expression percentages of CD19, CD34, and HLA-DR were below 5%. This signifies that HUMSCs 
exhibit negativity for CD19, CD34, and HLA-DR, and positivity for CD44, CD73, CD90, and CD105, known as 
recognized surface markers for HUMSCs.

HUMSCs Promote the Proliferation of Ovarian Granulosa Cells
The results shown in Figure 2A and B reveal that, when contrasted with the Control group, the POF group exhibited an 
inhibitory effect on the growth of ovarian granulosa cells (P < 0.01) and a reduction in the count of EDU-labeled cells (P 
< 0.01). Conversely, HUMSCs promoted cell proliferation, leading to an increase in the number of EdU-labeled cells, 
cellular metastasis, and ultimately ameliorating the suppressed cell proliferation observed in POF conditions.

HUMSCs Inhibit the Apoptosis of Ovarian Granulosa Cells
Ovarian granulosa cells regulate oocyte and follicle development and have been shown to be targets for cytotoxic drugs. 
In order to further study the possible pathways through which HUMSCs regulate the apoptosis of ovarian granulosa cells, 
we detected the expression levels of apoptosis-related pathways in ovarian tissues of Control, POF and POF+HUMSCs 
groups. Figure 3 illustrates that the levels of Caspase-3 (P < 0.05) and Bax (P < 0.01) showed elevated expression within 
the POF group, whereas they demonstrated reduced expression in both the Control group and the POF+HUMSCs group. 
Conversely, the anti-apoptotic protein Bcl-2 displayed contrasting expression.

HUMSCs Can Inhibit Ovarian Inflammation and Oxidative Stress Caused by POF
To investigate the impact of HUMSCs on ovarian inflammation induced by cyclophosphamide, Figure 4 illustrates that, 
in contrast to the Control group, a significant increase was observed in the levels of IL-6, TNF-α, and MDA. 
Concurrently, a marked elevation was noted in the levels of IL-10, SOD, and CAT. After HUMSCs treatment, 
a notable decrease in the expression of IL-6, TNF-α, and MDA was observed, alongside an increase in the expression 
of IL-10, SOD, and CAT (P < 0.01). This observed difference is of significance.

MiR-10a Increased the Cell Proliferation Rate of POF OGCs in vitro
The objective of this experimental session was to ascertain the impact of miR-10a on premature ovarian failure in an 
in vitro model. Figure 5 illustrates that transfecting miR-10a resulted in an elevation of miR-10a expression, while 
introducing sh-miR-10a led to a reduction in miR-10a expression in the in vitro model. Notably, the heightened 

Figure 1 Flow cytometry analysis of surface immune antigens on HUMSCs.
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expression of miR-10a promoted cell proliferation, whereas the down-regulation of miR-10a was associated with 
a diminished cell growth rate. These findings underscore the pivotal role of miR-10a regulation in influencing the 
outcomes of the in vitro model for premature ovarian failure.

MiR-10a-HUMSCs-Exosomes Can Be Internalized into OGCs
Primary rat OGCs were obtained from ovarian tissue and then cultured. Subsequently, our focus was to investigate the 
internalization of miR-10a-HUMSCs-exosomes into OGCs. These exosomes were labeled using the fluorescent reagent 
PKH126 and were subjected to co-culturing with OGCs for 48 hours. Figure 6 illustrates that the distinct red fluorescence 
emitted by the labeled exosomes was prominently observed in the perinuclear region of the OGCs. This prominent 
fluorescence signifies the successful internalization of PKH26-labeled exosomes into the cytoplasm of the OGCs, 

Figure 2 HUMSCs increases cell proliferation. (A) CCK-8 was used to detect cell proliferation; (B) The effect of HUMSCs on cell proliferation was analyzed by EDU assay, 
The nucleus is colored blue by DAPI and the cytoplasm is colored red by EDU. 
Notes: *Indicates comparison with Control group, *P<0.05, **P<0.01.

Figure 3 HUMSCs inhibit apoptosis of ovarian granulosa cells. 
Notes: *Indicates comparison with the Control group, *P < 0.05, **P < 0.01.
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Figure 4 HUMSCs inhibit ovarian inflammation and oxidative stress induced by POF. 
Notes: *Indicates comparison with the Control group, *P < 0.05, **P < 0.01.

Figure 5 miR-10a promotes cell proliferation. 
Notes: *Indicates comparison with the Control group, *P < 0.05, **P < 0.01.
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indicative of a phagocytic event. This phenomenon establishes a fundamental premise for the plausible functional impact 
associated with miR-10a-HUMSCs-exosomes on OGCs.

MiR-10a-Modified Exosomes Derived from HUMSCs Exhibited an Enhanced 
Proliferation Rate in POF OGCs and Effectively Suppressed the Apoptosis Rate
To explore the potential impact of miR-10a modulation in HUMSCs on OGC apoptosis, we established a POF cell model 
to induce apoptosis in OGCs. Through annexin V-FITC/PI double staining and subsequent flow cytometry analysis, we 
evaluated the apoptotic status. As illustrated in Figure 7A, the apoptotic proportion of OGCs administered with miR-10a- 
HUMSCs-exosomes was considerably decreased compared to the HUMSCs-exosomes group, and this observation 
underscores the inhibitory effect of miR-10a-HUMSCs-exosomes on OGC apoptosis in vitro. Furthermore, as demon-
strated in Figure 7B through Western blot analysis, miR-10a-HUMSCs-exosomes induced a reduction in Caspase-3 (P < 
0.05) and Bax (P < 0.01) protein expressions, while concurrently elevating the expression level of Bcl-2 protein (P < 
0.01). Subsequently, our investigation extended to the impact of miR-10a-HUMSCs-exosomes on OGC proliferation, and 
the EDU assay as shown in Figure 7C demonstrated a significant promotion of GC proliferation by miR-10a-HUMSCs- 
exosomes.

Discussion
POF results from either follicular depletion or dysfunction, resulting in substantial consequences for female fertility and 
overall well-being.10,11 The incidence of POF is intricately intertwined with the health and state of ovarian granulosa 
cells. Situated as an encompassing layer of parietal cells surrounding follicles, granulosa cells assume a critical role in 
fostering follicle growth and maturation, while also contributing to the production of vital glandular hormones necessary 
for the maintenance of ovarian function. The occurrence of apoptosis among granulosa cells precipitates follicular atresia, 
culminating in a reduction of follicle count. The diminishing ovarian reserve function serves as a foundational factor in 
premature ovarian failure, with the aging and apoptosis of ovarian granulosa cells being identified as the key contributors 
to the decline in ovarian reserve. Therefore, the inhibition of apoptosis in granulosa cells holds a pivotal role in 
enhancing POF mitigation.12 HUMSCs are classified as non-hematopoietic stem cells, possessing the remarkable abilities 
of self-renewal and regeneration. These inherent qualities render them a promising avenue for therapeutic intervention in 
addressing POF. Wang et al have demonstrated that umbilical cord stromal stem cells contribute to the secretion of 
diverse cytokines and growth factors, acting as essential nutritional contributors. Furthermore, researchers have docu-
mented that the transplantation of HUMSCs leads to a reduction in apoptosis, an elevation in sex hormone levels, and the 
restoration of ovarian function.13

Inflammation response takes on a critical role in the depletion of ovarian follicles.14 An increasing body of evidence 
underscores the influence of abnormal inflammation in disrupting the normal dynamics of ovarian follicles, ultimately 
leading to infertility.15 In our study, we observed that HUMSCs exerted a suppressive effect on TNF-α and IL-6 levels, 
while concurrently elevating IL-10 levels in POF model mice, and this observation suggests that HUMSCs alleviated the 

Figure 6 miR-10a-HUMSCs-Exosomes can be internalized into OGCs. (A) Red staining indicated PKH26-labeled miR-10a HUMSCs-exosomes. (B) Blue stains indicated 
DAPI-labeled nuclei. (C) Merged image of HUMSCs-exosomes uptake of miR-10a by GCs.
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effective expression of inflammatory markers within mouse ovaries induced by cyclophosphamide. Furthermore, 
oxidative stress contributes to the reduction in both follicle count and oocytes.16 In this study, we observed that 
cyclophosphamide induction enhanced MDA levels, but reduced SOD and CAT activities. In the POF model of 
HUMSCs transplantation, HUMSCs transplantation exerts a protective effect by inhibiting oxidative stress.

Figure 7 miR-10a-HUMSCs-exosomes increased the proliferation rate of POF OGCs and inhibited the apoptosis rate. (A) The impact of miR-10a-HUCMSCs-exosomes on 
OGC apoptosis was evaluated through flow cytometry analysis. (B) Protein expression was assessed through Western blot analysis; (C) The impact of miR-10a-HUCMSCs- 
exosomes on OGC proliferation was assessed using the EDU assay, The nucleus is colored blue by DAPI and the cytoplasm is colored red by EDU. 
Notes: *Indicates comparison with HUCMSCs group, *P<0.05, **P<0.01.
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Exosomes, membrane-bound vesicles ranging in diameter from 40 to 100 nm, are ubiquitously found in diverse 
biological fluids. They are secreted into the extracellular space by various cell types through fusion with the plasma 
membrane.17 The exosome membrane primarily consists of lipids and proteins. Alongside proteins, exosomes also 
encapsulate various nucleic acids, such as miRNAs and other ncRNAs, which have been newly identified within the 
exosome lumen.18 As exosomes circulate, the exosomal RNAs they carry can be internalized by neighboring or remote 
cells, thereby modulating the biological activity of these recipient cells. This modulation occurs through the transport of 
lipids, proteins, and nucleic acids.19 Current findings indicate that exosome-borne microRNA (miRNA) serves as 
a conduit for signal transduction between cells, exerting substantial influence on the biological functions of donor 
cells on recipient cells in various disease.20 Recent researches have indicated the involvement of exosome-mediated 
miRNAs in the progression of POF. Take a MSC-derived exosome namely miR-644-5p as an example, which has been 
identified for its capacity to hinder GC apoptosis, thereby holding potential for restoring ovarian function.12 Moreover, 
exosomes exhibit the capability to mitigate GC apoptosis through the transfer of miR-1246.21 Furthermore, exosomes 
carrying miR-146a and miR-10a have been demonstrated protective effects against ovarian follicular atresia in che-
motherapy-induced mice.22

Researches have demonstrated that miR-10 has been identified as a distinctive marker of mouse granulosa cells, 
moreover, it was found that miR-10a inhibited the proliferation of human, mouse and rat granule cells by targeting 
BDNF.23 This is not consistent with our results, which may be caused by differences in sample processing and 
experimental conditions. Our experiments found that miR-10 can promote the proliferation of granulosa cells. To further 
confirm the role of exosomal miR-10, we conducted experiments about HUMSC-derived exosomes. We performed 
knockdown and overexpression studies, and the outcomes revealed that HUMSC-derived overexpressed miR-10 could 
remarkably increase the expression of Bcl-2 and decrease the expression of Bax and Caspase-3, which signifies the 
protective influence of HUMSC-derived miR-10 overexpression against cisplatin-induced apoptosis in ovarian granulosa 
cells, thereby safeguarding these cells from the damaging effects of cisplatin.

In conclusion, miR-10a-modified exosomes derived from HUMSCs demonstrate a protective effect against premature 
ovarian aging and ovarian granulosa cell dysfunction in the context of POF models. However, it is crucial to acknowl-
edge that this investigation is still in its preclinical stage, highlighting the need for additional research to unveil the 
underlying mechanisms involved.
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