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Abstract
Background  Premature ovarian insufficiency (POI) poses a significant threat to female reproductive health and 
currently lacks effective interventions. Recent studies highlight the promising potential of human pluripotent stem 
cell-derived mesenchymal stem cells (hPSC-MSC) in regenerative medicine. However, research on hPSC-MSC-based 
treatments for POI remains limited, particularly in the characterization of the intermediate differentiation stages from 
hPSC to MSC. This study presents an accelerated differentiation protocol for generating hPSC-MSC via neural crest 
cells (NCC) and evaluates their therapeutic potential in chemotherapy-induced POI.

Methods  We modified a canonical small molecule-mediated protocol for hPSC-NCC-MSC differentiation. Systematic 
characterization of differentiated-cells was performed using qPCR, immunofluorescence, cell viability assays, flow 
cytometry and trilineage differentiation. In vivo, hPSC-NCC-MSC were transplanted into chemotherapy-induced POI 
SD rat models, and parameters such as body weight, ovarian weight, estrous cycle, hormone levels, follicle count, and 
mating were assessed. Granulosa cells (GC) apoptosis was analyzed using TUNEL assay and immunohistochemistry. In 
vitro, their effects on apoptosis inhibition and oxidative stress alleviation were investigated in a cultured GC cell line. 
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Background
Premature ovarian insufficiency (POI) is a heteroge-
neous disorder characterized by the loss of ovarian func-
tion before the age of 40. It is marked by a reduction in 
ovarian follicles and elevated follicle-stimulating hor-
mone (FSH) levels (> 25 IU/L) [1]. POI patients often 
suffer from long term complications, including infertil-
ity, osteoporosis, cardiovascular diseases and depres-
sion, which pose significant threats to both the physical 
and mental health of women in reproductive age. Current 
clinical strategies fail to restore damaged ovarian func-
tion, highlighting the urgent need for effective therapies.

Mesenchymal stem cells (MSC) are a subset of adult 
stem cells with multipotent differentiation potential, high 
regenerative capacity, and strong immunomodulatory 
properties [2]. Umbilical cord-derived MSCs (UC-MSC), 
as a non-invasive source, have a higher proliferation 
rate than those derived from other adult tissues, offer-
ing a broad clinical application prospect in regenerative 
medicine. To date, over 150 trials involving UC-MSC 
have been registered on ​h​t​t​p​​:​/​/​​w​w​w​.​​c​l​​i​n​i​​c​a​l​​t​r​i​a​​l​s​​.​g​o​v​/. 
Multiple studies have shown that UC-MSC transplanta-
tion significantly elevates serum levels of hormones such 
as AMH and estradiol levels, while reducing follicular 
atresia, inhibiting granulosa cells (GC) apoptosis, and 
preventing ovarian fibrosis [3]. Despite their therapeutic 
potential, several drawbacks hinder the clinical transla-
tion of UC-MSC, including high heterogeneity obtained 
from different volunteers, limited proliferation capacity, 
compromised differentiation potential, and altered func-
tion in late passages [4, 5]. These challenges may explain 
the variability observed in preclinical studies of MSC 
efficacy. Thus, a new approach that ensures a stable and 

homogenous supply of MSC is critical for advancing POI 
cell therapy.

Human pluripotent stem cells (hPSC), such as human 
embryonic stem cells (hESC) and human induced plurip-
otent stem cells (hiPSC), have the capacity for indefinite 
proliferation and differentiation into all three germ layers 
[6]. This makes hPSC an attractive and accessible source 
for large-scale production of high-quality MSC [7]. How-
ever, the tumorigenicity of hPSC necessitates the devel-
opment of reliable and efficient methods for generating 
specific cell types with clear and definite intermediate 
origins, ensuring their safety for therapeutic applications 
[8]. To address this issue, differentiation protocols involv-
ing neural crest cells (NCC) as intermediates have been 
established [9]. NCC belong to a transitional multipo-
tent population that emerges during the development 
of embryonic ectoderm in vertebrates, making them a 
promising source for generating MSC [10]. Recent study 
has demonstrated that individual NCC differentiate into 
neurons and glia, forming dense innervation within the 
mouse ovarian medulla around E16.5 [11]. The migration 
of NCC-derived neurons and glia coincides with cru-
cial patterning events in folliculogenesis, suggesting that 
neural innervation may facilitate primordial follicle for-
mation [12] and the activation of the first wave of grow-
ing follicles after birth [13, 14]. In addition, innervations 
are located near the theca cell layer surrounding grow-
ing follicles [15], where they play a role in the activation 
of theca cells during follicle development and ovulation 
[16]. Therefore, the contribution of MSC derived from 
hPSC-NCC in POI cell therapy is of great interest.

In this study, we proposed a modified two-stage 
method to efficiently generate MSC from hPSC-derived 

Additionally, comparisons between umbilical cord MSC (UC-MSC) and hPSC-NCC-MSC in chemotherapy-induced POI 
was conducted.

Results  Our optimized protocol, combining CHIR99021 and SB431542, efficiently induced NCC from both human 
embryonic stem cells (hESC) and human induced pluripotent stem cells (hiPSC). The programmed hPSC-NCC-
MSC, characterized by specific NCC markers (P75, HNK1, SOX10, and AP2α), exhibited typical MSC morphology, 
trilineage differentiation potential, favorable cell viability, and prominent anti-senescence properties. Among these, 
NCC differentiated from H1-hESCs (H1-NCC) demonstrated the highest induction efficiency (72.45%), and H1-NCC-
derived MSC (H1-NCC-MSC) displayed superior proliferation and anti-senescence properties compared to UC-MSC. 
Besides, H1-NCC-MSC exhibited therapeutic efficacy comparable to UC-MSC in both in vivo and in vitro models of 
chemotherapy-induced POI, potentially through mechanisms involving reduced GC apoptosis, alleviated oxidative 
stress, and improved mitochondrial function.

Conclusions  Our findings propose a modified hPSC-NCC-MSC differentiation protocol, offering an inexhaustible 
and stable source for regenerative therapies. Furthermore, we provide the first experimental evidence that 
hPSC-NCC-MSC have therapeutic potential comparable to UC-MSC in restoring chemotherapy-induced POI. The 
underlying mechanisms are likely associated with paracrine-mediated effects on GC apoptosis, oxidative stress, and 
mitochondrial dysfunction.

Keywords  Human pluripotent stem cells, Neural crest cells, Mesenchymal stem cells, Premature ovarian insufficiency, 
Cyclophosphamide, Granulosa cells, Oxidative stress
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NCC (hPSC-NCC-MSC), which were characterized by 
MSC-specific markers, trilineage differentiation poten-
tial, robust proliferative capacity, and anti-senescence 
capacity. Among them, MSC derived from H1-hESC 
via NCC (H1-NCC-MSC) exhibited the highest prolif-
erative rate. Subsequently, H1-NCC-MSC and UC-MSC 
were adopted to juxtapose their therapeutic effects on 
chemotherapy-induced POI models. In summary, our 
findings provide the first evidence that hPSC-NCC-MSC 
had favorable restorative ability in damaged ovaries, as 
indicated by the alleviation of GC apoptosis, oxidative 
stress and mitochondrial dysfunction. These results sug-
gested that hPSC-NCC-MSC represent a novel and via-
ble source of MSC for POI treatment.

Methods
Induction of neural crest cells (NCC) from human 
pluripotent stem cell (hPSC) lines
Two human embryonic stem cell (hESC) lines (H1, H9) 
and human embryonic fibroblasts-derived induced plu-
ripotent stem cells (HEF-iPSC) were generously provided 
by Professor Xiafei Fu. The cells were cultured on Matri-
gel (Corning, USA)-coated plates using mTeSR medium 
(STEMCELL Technologies, Canada) supplemented 
with Y27632 (MedChemExpress, USA). The medium 
was refreshed daily, and the cells were passaged every 
4–5 days using the StemPro Accutase Cell Dissociation 
Reagent (Life Technologies, USA).

For NCC induction, the culture medium was replaced 
with chemically defined medium (CDM) comprising Dul-
becco’s modified Eagle’s medium/Ham’s F-12 (DMEM/
F12, KeyGEN, China) with 0.5 µM SB431542 (MedChe-
mExpress, USA), and 1 or 3 µM CHIR99021 (MedChe-
mExpress, USA). The medium was changed every 2 days 
from day 0 to 7. Cell morphology was monitored under 
an ECLIPSE Ti2 inverted microscope (Nikon, Japan). 
Specific markers for hESC (SOX2 and OCT4) and NCC 
(SOX10, AP2α and P75) were detected using qPCR. 
Additionally, P75, HNK1 and SOX10 expression was ana-
lyzed by flow cytometry (FCM) and immunofluorescence 
assays.

Differentiation of NCC to peripheral neuron cells
Briefly, P75++HNK1+ NCC on day 7 were sorted and 
seeded onto Matrigel-coated plates and cultured in Neu-
robasal medium (Gibco, USA) supplemented with B27 
(Gibco, USA) and N-2 supplement (Gibco, USA), 2 mM 
L-glutamine (Gibco, USA), 10 ng/mL brain-derived neu-
rotrophic factor (BDNF), glial cell line-derived neuro- 
trophic factor (GDNF), 10 ng/ml nerve growth factor 
(NGF) and 10 ng/ml neurotrophin-3 (NT-3) (all from 
MedChemExpress, USA) for 3 weeks. The medium was 
replaced every 3 days. Differentiated peripheral neurons 
were identified by neural markers peripherin, β-Tubulin 

(TUJ1), tubulin beta 3 (TUBB3), S100 calcium binding 
protein (S100B) and glial fibrillary acidic protein (GFAP), 
as detected by immunocytochemistry.

hPSC-NCC expansion and phenotype maintenance
Induced cells were seeded onto Matrigel-coated plates 
and cultured in Neurobasal medium supplemented with 
B27 and N-2 supplement (N2B27), 20 ng/mL EGF, 20 
ng/mL bFGF, 0.5 µM LDN-193189 (MedChemExpress, 
USA) and 3 µM CHIR99021. The medium was replaced 
every 3 days. hPSC-NCC were expanded to passage 3, at 
which point they were obtained for MSC differentiation.

Derivation of MSC from hPSC-NCC
The medium was replaced with DMEM/F12 contain-
ing 20% Fetal Bovine Serum (FBS, Excell, China), 55 
µM β-mercaptoethanol (Gibco, USA), 2 mM L-gluta-
mine (Gibco, USA), 1× MEM Non-Essential Amino 
Acids Solution (MEM NEAA, Gibco, USA), and Peni-
cillin/Streptomycin. Changes in cell morphology were 
observed approximately 4 days after induction, and MSC 
identification was performed on day 12.

Isolation of umbilical cord mesenchymal stem cells 
(UC-MSC)
UC-MSC were obtained from parturient women who 
tested negative for infectious diseases, with written and 
informed consent provided for the use of umbilical cord 
sample for research purposes. Briefly, umbilical cords 
were washed and broken into small sections, then the 
blood vessels were removed. Umbilical cord sections 
were further cut into pieces (1 mm3), then the pieces 
were transferred onto Matrigel-coated culture flask and 
cultured in the same medium as hPSC-NCC-MSC. The 
plates were kept at 37°C in a 5% CO2 humidified atmo-
sphere. After reaching approximately 80% confluence, 
UC-MSC were passaged. UC-MSC at passage 3–6 were 
utilized for subsequent experiments.

Characterization of UC-MSC and hPSC-NCC-MSC
MSC markers (CD29, CD44, CD73, CD90, CD105) and 
hematopoietic stem cells markers (CD34, CD45) were 
analyzed by Flow cytometry [28]. Trilineage differentia-
tion was assessed by staining with Alizarin Red, Oil Red 
O and Toluidine Blue (Oricell, China) to identify osteo-
blast-like cells, adipocytes and chondrocytes, respec-
tively. All procedures were performed according to the 
manufacturer’s protocols.

Flow cytometry (FCM) and fluorescence activated cell 
sorting (FACS)
Cells were incubated with antibodies in FACS buffer 
(1% BSA in PBS) for 30  min at 4°C. All antibodies are 
listed in Supplementary Table 1. In each experiment, the 
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isotype-antibody served as a negative control. Following 
incubation, cells were washed with FACS buffer twice 
and resuspended. Subsequently, the cell suspension was 
passed through a 40 μm filter (Falcon, USA) and analyzed 
by CytoFLEX S Flow cytometry (BECKMAN COULTER, 
USA).

Immunocytochemistry (ICC)
Cells were fixed with 4% PFA at room temperature for 
15 min, permeabilized with 0.3% TritonX-100 at 4 °C for 
30  min, and incubated with primary antibodies at 4  °C 
overnight. Subsequently, cells were incubated with sec-
ondary antibodies in 3% BSA/PBS at 4 °C for 1 h. Nuclei 
were counterstained with DAPI for 10 min. Primary and 
secondary antibodies were listed in Supplementary Table 
1. Observations were performed using ECLIPSE Ti2 
inverted microscope (Nikon, Japan).

Senescence-Associated β-galactosidase (SA-β-Gal)
SA-β-Gal activity was detected using the SA-β-Gal kit 
(Beyotime, China). MSC were fixed at room temperature 
for 15 min and subsequently stained with 1 mL of work-
ing solution then were incubated at 37 °C overnight. The 
optical microscope (Nikon, Japan) was used for the sub-
sequent observation of senescent cells.

Animals
7-week-old female and male wild type Sprague-Dawley 
(SD) rats were purchased from BesTest Biotechnology 
Co., Ltd. (China). Rats were housed in 22 °C ± 2 °C envi-
ronment with a 12-hour light/dark cycle, provided with 
ad libitum access to water and food. After a two-week 
acclimatization period, SD rats with stable estrous cycles 
(n = 28) were selected for the study. All experimental pro-
cedures were approved by Experimental Animal Center 
at Southern Medical University and granted approval by 
the Ethics Committee of the Experimental Animal Cen-
ter at Zhujiang Hospital (LAEC-2022-170). The work has 
been reported in line with the ARRIVE guidelines 2.0.

Premature ovarian insufficiency (POI) rat model 
establishment and MSC transplantation
SD rats (n = 28) were randomly assigned to 4 groups: 
control, POI, UC-MSC and H1-NCC-MSC. Random 
assignment to groups was performed using the “Ran-
dom Number Generator” function in SPSS software. 
Rats in the latter 3 groups received an intraperitoneal 
loading dose of cyclophosphamide (CTX; 50  mg/kg, 
Sigma-Aldrich, USA), followed by daily intraperitoneal 
injections of 8  mg/kg for 14 consecutive days. Rats in 
control group were administered an equivalent volume 
of DPBS instead. In the UC-MSC and H1-NCC-MSC 
groups, 1 × 106 DiD-labelled (KeyGEN, China) UC-MSC 
or H1-NCC-MSC in 100 µL DPBS was injected into the 

tail vein 24 h after the final CTX dose. In the control and 
POI groups, 100 µL of DPBS alone was injected. MSC 
transplantation was repeated weekly for two additional 
weeks [17]. All rats were continuously monitored for 
estrous cycles throughout the experiment and sacrificed 
(n = 3 in each group) or mated (n = 4 in each group) one 
week after the final MSC injection. At the experimental 
endpoint, intraperitoneal anesthesia was administered 
using a 2% working solution of 2,2,2-tribromoethanol 
and tert-amyl alcohol (all from Sigma-Aldrich) at a dose 
of 400 mg/kg. After the entered unconsciousness, eutha-
nasia was performed by exsanguination via the abdomi-
nal aorta.

Fertility assessment
The mating trials lasted for 1 month and litter size in 
each group (n = 4) was recorded.

H&E staining
Ovaries were collected and fixed in 4% PFA for paraffin 
embedding and sectioning. Serial Sections (5  μm thick) 
were obtained, and every fifth section was stained with 
hematoxylin and eosin for follicle counting. Based on 
previous references, ovarian follicles were classified as 
primordial, primary, secondary, or antral [18].

Terminal-deoxynucleotidyl transferase mediated nick 
end labeling (TUNEL) Deparaffinized tissue sections 
were permeabilized with 20 µg/mL DNase-free protein-
ase K for 20  min at 37  °C. The sections were incubated 
with 50 µL TUNEL reaction solution for 1 h at 37 °C in 
the dark, followed by treatment with 50 µL of Streptav-
idin-HRP fluorescein reagent for 30 min at 37 °C. Nuclei 
were counterstained with DAPI. TUNEL-positive cells 
in the ovary staining green and were observed under 
ECLIPSE Ti2 inverted microscope.

Immunohistochemistry (IHC)
Paraffin sections were dewaxed, rehydrated, and treated 
to block endogenous peroxidase activity by incubation in 
3% hydrogen peroxide in methanol for 15  min. Antigen 
retrieval was performed in 10% trisodium citrate. After 
blocking with goat serum (Boster, China) for 1  h, the 
sections were incubated overnight at 4  °C with primary 
antibodies (listed in Supplementary Table 1). On the fol-
lowing day, diaminobenzidine (DAB) reagent was applied 
for coloration. Non-immune immunoglobulin G (IgG) 
was used as a negative control.

Immunofluorescence (IF)
To track the transplanted DiD-labeled MSC in vivo, ova-
ries from each group were fixed in 4% PFA for 24 h, fol-
lowed by 20% and 30% sucrose gradient dehydration, and 
embedded in OCT. Serial Sect.  (10 μm thick) were pre-
pared, washed with PBS and counterstained with DAPI 
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at room temperature for 5 min. Observations were con-
ducted using an ECLIPSE Ti2 inverted microscope.

Enzyme-Linked immunosorbent assay (ELISA)
Whole blood samples collected in heparin were centri-
fuged at 3,000 rpm for 20 min. Plasma was collected and 
stored at -80  °C. Cell culture medium was centrifuged 
at 1,500  rpm for 10  min to remove the cell and debris. 
E2 (R&D system, USA), FSH (NEWA, China) and AMH 
(NEWA, China) levels were measured by ELISA kit 
according to the manufacturer’s instructions.

Safety assessment of hPSC-NCC-MSC and UC-MSC
Histological evaluation of the heart, liver, kidney, lung, 
and spleen was performed using H&E staining on rat tis-
sues after H1-NCC-MSC and UC-MSC transplantation. 
Serum levels of alanine aminotransferase (ALT), aspar-
tate aminotransferase (AST), creatinine (Cr), and lactate 
dehydrogenase (LDH) were measured using commercial 
detection kits (NJJC Bio, China).

Preparation of MSC-conditioned medium (MSC-CM)
In brief, after washed several times with PBS, the medium 
of MSC was replaced with serum-free DMEM-F12 then 
maintained in incubator for 48  h, after which CM were 
collected and centrifuged at 1500  rpm for 10  min to 
remove cell debris or detached cells. The CM was then 
filtered through a 0.22 μm filter and stored at -80 °C.

KGN cell line and in vitro experiment design
KGN cell line was purchased from HyCyte (TCH-C230) 
to investigate whether MSC exert protective effects on 
chemotherapy-damaged GC in vitro. An in vitro model 
was established using 4-hydroperoxy cyclophosphamide 
(4-HC) [19], an active cyclophosphamide metabolite. 
KGN cells were separated into four groups, including 
NC, 4-HC, 4-HC + UC-MSC-CM and 4-HC + H1-MSC-
CM. Cells in the NC group received no intervention, 
while cells in the remaining groups were pre-treated with 
4-HC (15 µM) for 48  h. In the treatment groups, 4-HC 
was replaced with MSC-CM supplemented with 10% 
FBS, and cultures were maintained for an additional 48 h. 
KGN cells with indicated interventions were collected for 
in vitro experiments.

Cell counting Kit-8 (CCK-8) assay
KGN cells (5 × 103 cells/well) with indicated treatments 
were seeded into 96-well plates. A total of 10 µL of 
CCK-8 solution (Glpbio, USA) was added to each well, 
and cells were incubated at 37 °C for 2 h. Absorbance at 
450 nm was measured using a microplate reader (BioTek, 
USA). All experiments were performed in triplicate.

Annexin V-FITC/PI apoptosis assay
The FITC Annexin V-FITC/PI Apoptosis Kit (Elab-
science, China) was used to assess apoptosis in KGN 
cells. After washing, cells were resuspended in 500 µL 
of 1× binding buffer and mixed with 5 µL of Annexin-V-
FITC and 5 µL of propidium iodide (PI). The fluorescence 
intensity was analyzed by flow cytometry (FCM). Experi-
ments were repeated in triplicate.

Reactive oxygen species (ROS) detection
For intracellular ROS detection, KGN cells in a six-well 
plate were incubated with 10 µM DCFH-DA (Beyotime, 
China) at 37 °C for 20 min. After washing and resuspen-
sion in 100 µL of PBS, ROS fluorescence intensity was 
analyzed by FCM.

For mitochondrial ROS detection, cells were stained 
with 5 µM MitoSOX Red at 37  °C for 30  min, followed 
by Hoechst 33,342 counterstaining for 10  min. Fluores-
cence was visualized using a fluorescence microscope 
and quantified by FCM.

Mitochondrial membrane potential assay kit with JC-1
The JC-1 Mitochondrial Membrane Potential Assay Kit 
(Solarbio, China) was used to assess mitochondrial mem-
brane potential changes. Cells were incubated with 5 µM 
JC-1 fluorescent dye for 30 min, washed twice with PBS, 
and visualized under a fluorescence microscope. Green 
fluorescence indicated membrane depolarization and 
mitochondrial damage, while red fluorescence repre-
sented intact mitochondria.

MDA, SOD and GSH detection
Commercial kits (MDA: Solarbio, China; SOD and GSH: 
Beyotime, China) were used to measure malondialde-
hyde (MDA), superoxide dismutase (SOD), and glutathi-
one (GSH) levels, respectively. KGN cells (1 × 10⁶ cells) 
were washed three times with PBS and lysed for 10 min. 
Lysates were centrifuged at 12,000  rpm for 15  min at 
4 °C, and supernatants were collected to measure protein 
concentrations and perform assays according to the man-
ufacturer’s instructions.

Quantitative RT-PCR (qPCR)
Total RNA was extracted from ovaries and cells using 
TRIzol reagent. RNA (1,000 ng) was reverse-transcribed 
into cDNA using Evo M-MLV RT Premix for qPCR. 
Quantitative PCR was conducted using SYBR Green Pre-
mix Pro Taq HS qPCR Kit (Accurate Biology, China) and 
a Real-Time PCR System (Bio-Rad, USA). Relative gene 
expression was calculated using the ΔCt method, nor-
malized to GAPDH and β-actin. Primer sequences are 
listed in Supplementary Table 2.
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Western blotting
Ovarian tissues were lysed using RIPA buffer containing 
protease and phosphatase inhibitors. Protein concentra-
tions were normalized using a BCA assay, and samples 
were subjected to SDS-PAGE electrophoresis. Antibodies 
used are listed in Supplementary Table 1.

Statistical analysis
All data are presented as the mean ± SD. Compari-
sons between groups were performed using a one-way 
ANOVA analysis.  p < 0.05 was considered statistically 
significant. All statistical analyses were performed using 
Graphpad Prism 9.0 (R&D scientific software, USA).

Results
Differentiation and characterization of human pluripotent 
stem cells-derived neural crest cells (hPSC-NCC)
To optimize differentiation conditions, two regimens 
were evaluated for their efficacy in directing hPSC 
toward NCC (Fig.  1A). H1-hESC, H9-hESC, and HEF-
iPSC were used in this study, with the main text pre-
senting data for H1-hESC. Over time, the majority of 
cells in the NCN2-1 group and a small proportion in the 
NCN2-2 group transitioned from colony morphology 
to a stellate-like appearance (Fig.  1B). By day 7, 72.45% 
of cells in the NCN2-1 group and 1.79% in the NCN2-2 
group were P75++/HNK1+ positive, indicating a higher 
induction efficiency in the NCN2-1 group (Fig.  1C). As 
differentiation progressed, the mRNA expression of NCC 
markers (P75, HNK1, SOX10, and AP2α) in the NCN2-1 
group was significantly upregulated, while the expression 
of pluripotency markers (OCT4 and SOX2) was rapidly 
downregulated (Fig.  1D). This trend was further con-
firmed by fluorescent immunocytochemistry for SOX10 
(Fig. 1E). These results indicated that the NCN2-1 regi-
men, which included 1 µM CHIR99021 and 0.5 µM 
SB431542, was more effective and was selected for subse-
quent experiments.

To confirm that the differentiated cells exhibited hPSC-
NCC characteristics, P75++/HNK1+ cells were enriched 
by FACS and found to co-express SOX10 and AP2α 
(Fig. 1F-H). Moreover, these cells successfully differenti-
ated into peripheral neurons under directed conditions, 
demonstrating functional NCC properties (Fig.  1I; Fig-
ure S1). Using the NCN2-1 regimen, H9-hESC and HEF-
iPSC were also differentiated into NCC, as confirmed by 
morphology, immunostaining, and flow cytometry (Fig-
ure S2A-D).

Differentiation of mesenchymal stem cells derived from 
hPSC-NCC (hPSC-NCC-MSC)
The culture medium was optimized to preserve the char-
acteristics of expanded hPSC-NCC (Fig.  2A). Briefly, 
sorted P75++/HNK1+ hPSC-NCC were cultured in N2B27 

medium with or without LDN-193189 and CHIR99021 
(LC), and NCC markers were assessed at passage 3 and 
6. Cells maintained their morphology in the N2B27 + LC 
group, which also exhibited relatively high mRNA levels 
of P75, HNK1, SOX10 and AP2α compared to the N2B27 
group at passage 6 (Fig. 2B-C). These findings indicated 
that N2B27 + LC was the optimal culture medium for 
maintaining the hPSC-NCC phenotype.

To obtain MSC from hPSC-derived NCC, the NCC 
maintenance medium was replaced with MSC-induction 
medium (Fig. 2D). By 20 days of induction, cells displayed 
the fibroblast-like morphology characteristic of MSC, 
a feature that became more pronounced with passaging 
(Fig.  2E). hPSC-NCC-derived MSC (hPSC-NCC-MSC) 
were harvested at passage 4 for further characterization.

Identification and characterization of hPSC-NCC-MSC
Over 98% of hPSC-NCC-MSC expressed the MSC mark-
ers CD29, CD73, CD44, CD90, and CD105, while lack-
ing the hematopoietic markers CD34 and CD45 (Fig. 2F; 
Figure S2E). Trilineage differentiation analyses con-
firmed the multipotency of hPSC-NCC-MSC (Fig.  2G; 
Figure S2F). Adipocytes were visualized using Oil Red 
O staining after 2 weeks of differentiation, demonstrat-
ing comparable adipogenic capacity across groups. Simi-
larly, osteoblasts derived from MSC were identified via 
Alizarin Red S staining, and chondrosphere formation 
was confirmed by Toluidine Blue staining. Moreover, 
qPCR revealed that hPSC-NCC-MSC exhibited ele-
vated mRNA levels of osteogenic genes, including ALP, 
OCN, and RUNX2, compared to UC-MSC. However, 
adipogenic gene expression (ADIPOQ, LPL, aP2, and 
PPAR-γ) was comparable between hPSC-NCC-MSC and 
UC-MSC, suggesting that hPSC-NCC-MSC possessed 
enhanced osteogenic but not adipogenic differentiation 
potential relative to UC-MSC (Fig. 2H). Collectively, the 
two-stage differentiation protocol effectively generated 
hPSC-NCC-MSC with defined phenotypic characteris-
tics and robust trilineage differentiation potential.

H1-NCC-MSC exhibited enhanced proliferative capacity 
and reduced cellular senescence compared to UC-MSC
H1-NCC-MSC derived from H1-hESC-NCC dem-
onstrated superior long-term proliferative poten-
tial compared to both HEF-NCC-MSC (derived from 
HEF-iPSC-NCC) and UC-MSC (Fig.  2I), suggesting 
their potential as a promising candidate for the treat-
ment of chemotherapy-induced POI. To further assess 
anti-senescence capacity, the proliferative abilities of 
H1-NCC-MSC and UC-MSC were compared at passages 
4 and 15. CCK-8 assays revealed that H1-NCC-MSC 
maintained significantly higher proliferation rates at both 
passages than UC-MSC (Fig.  3A). Immunostaining for 
Ki67 showed a marked reduction in Ki67-positive cells in 
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Fig. 1  Differentiation and characterization of human pluripotent stem cells-derived neural crest cells (hPSC-NCC). A. Illustration diagram of the two 
regimens for hPSC-NCC differentiation. B. Cell morphology in two induction regimens was shown on day 0, 1, 3, 5, 7. Scale bar: 500 μm. C. Flow cyto-
metric analysis was performed to analyze CD271 (P75NTR) and CD57 (HNK1) in two induction regimens on day 0, 3, 5, 7. D. Specific NCC genes, P75, 
HNK1, SOX10 and AP2α mRNA levels in two induction regimens were analyzed using qPCR analysis on day 1, 3, 5, 7. E. Cells in two induction regimens 
immunostained for SOX10 on day 1, 3, 5, 7. Scale bar: 100 μm. F-H. P75++/HNK1+ enrichment hPSC-NCC were sorted by FACS, observed under microscope 
and immunostained for SOX10 and AP2α. Scale bar: 100 μm. I. Neurons derived from P75++/HNK1+ hPSC-NCC immunostained for TUJ1 and peripherin. 
Scale bar: 100 μm
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Fig. 2 (See legend on next page.)
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UC-MSC at passage 15, whereas H1-NCC-MSC retained 
a consistent proportion of Ki67-positive cells across 
passages (Fig.  3B-E). Morphologically, H1-NCC-MSC 
maintained a uniform, elongated fusiform shape after 15 
passages, while UC-MSC exhibited hypertrophy, irregu-
lar flattening, and a vacuolated appearance (Fig. 3F).

Increased SA-β-gal activity and elevated protein lev-
els of senescence-associated markers (γ-H2AX, P16, and 
P21) were observed in UC-MSC at passage 15 compared 
to those at passage 4, whereas these markers remained 
stable in H1-NCC-MSC across passages (Fig.  3G-J). 
Overall, these results indicated that H1-NCC-MSC 
possessed a markedly enhanced proliferative capacity 
and anti-senescence potential, making them a superior 
resource for chemotherapy-induced POI treatment.

H1-NCC-MSC and UC-MSC transplantation improved 
ovarian function and structure in chemotherapy-induced 
POI rat model
The indicated interventions were administered to 7-week-
old SD rats in various experimental groups (Fig.  4A). 
Following 14 days of continuous CTX injections, body 
weight significantly declined in the POI, UC-MSC, and 
H1-NCC-MSC groups compared to the control group, 
and subsequently improved over the following 22 days 
in the UC-MSC and H1-NCC-MSC groups (Fig.  4B). A 
similar trend was observed in estrous cycle recovery, as 
irregular cycles in the MSC-treated groups normalized 
post-transplantation, while the POI group remained 
abnormal (Fig.  4C; Figure S3). Ovarian volume and 
weight, which were markedly reduced in the POI group 
compared to controls, were effectively restored in the 
MSC-treated groups (Fig. 4D–E). H&E staining revealed 
that the control group ovaries contained abundant folli-
cles at various developmental stages. In contrast, the POI 
group exhibited a sharp decline in follicle numbers, par-
ticularly primordial follicles. MSC transplantation par-
tially restored the follicle count (Fig. 4F–G). Consistently, 
mRNA expression of folliculogenesis-related genes (Amh, 
Bmp15, Gdf9, and Foxl2) was significantly upregulated 
following MSC treatment, aligning with the observed 
follicle recovery (Figure S4). Hormone analysis showed 
that estradiol (E2) and anti-Müllerian hormone (AMH) 
levels, which were reduced by CTX, were increased fol-
lowing MSC therapy, while follicle-stimulating hormone 
(FSH) levels exhibited the opposite trend (Fig.  4H). 

Fertility assessment revealed that the litter size in the 
MSC-treated groups was significantly larger than in the 
POI group (Fig.  4I–J). Finally, safety evaluations indi-
cated no in vivo toxicity associated with H1-NCC-MSC 
transplantation (Figure S5). The above results suggested 
that H1-NCC-MSC and UC-MSC transplantation can 
partially mitigate chemotherapy-induced ovarian dam-
age. However, no significant differences were observed in 
therapeutic efficacy between the two MSC types.

H1-NCC-MSC and UC-MSC demonstrated viability 
improvement and apoptosis Inhibition effects on GC in 
vivo
We further explored the underlying mechanisms of MSC 
on damaged GC. First, far-red plasma membrane fluores-
cent tracer DID was used to confirm the ovarian distribu-
tion of transplanted MSC. UC-MSC and H1-NCC-MSC 
exhibited spatiotemporal heterogeneity in ovarian bio-
distribution. Results showed that UC-MSC predomi-
nance in the medullary region, whereas H1-NCC-MSC 
were mainly localized in peri-follicular niches adjacent to 
theca cells. Notably, some H1-NCC-MSC were also scat-
tered in the ovarian medulla. (Fig. 5A). TUNEL staining 
revealed a significant presence of TUNEL-positive GC 
(green) in the ovaries of the POI group. Three weeks after 
H1-NCC-MSC or UC-MSC transplantation, TUNEL-
positive GC were dramatically diminished (Fig.  5B-C). 
Meantime, IHC staining demonstrated decreased PCNA 
expression in damaged GC of the POI group, which was 
restored following H1-NCC-MSC or UC-MSC treat-
ment. However, no statistically significant difference was 
observed between H1-NCC-MSC and UC-MSC groups 
in these outcomes (Fig. 5D-E).

Conditioned medium (CM) of H1-NCC-MSC and UC-MSC 
promoted GC viability in vitro
Given that transplanted MSC localized near but did not 
migrate into follicles, it was inferred that GC repair was 
mediated through paracrine mechanisms rather than 
direct differentiation into follicular cells. To validate 
this hypothesis, the conditioned medium (CM) from 
both MSC types was used to assess their effects on GC 
in vitro. KGN cells exposed to 4-HC displayed abnormal 
and irregular morphology, which was partially restored 
to a fibroblast-like appearance after treatment with CM 
from H1-NCC-MSC or UC-MSC (Fig.  5F). Annexin V/

(See figure on previous page.)
Fig. 2  Differentiation and identification of mesenchymal stem cells derived from hPSC-NCC (hPSC-NCC-MSC). A. Scheme illustration of two maintenance 
culture mediums of NCC. B. Cell morphology of hPSC-NCC at passage 6 in N2B27 and N2B27 + LC culture medium. Scale bar: 500 μm. C. NCC markers 
P75, HNK1, SOX10 and AP2α mRNA levels of hPSC-NCC at passage 3 and 6 were analyzed by qPCR. *p < 0.05, **p < 0.01, ***p < 0.001 N2B27 vs. N2B27 + LC. 
D. Scheme illustration of hPSC-NCC-MSC differentiation. E. Cell morphology of H1-NCC and H1-NCC-MSC. Scale bar: 500 and 200 μm. F. Representative 
histograms for stem cell (CD29, CD44, CD73, CD90, CD105) and hematopoietic stem cell (CD34, CD45) surface markers of H1-NCC-MSC analyzed by flow 
cytometry. The green color indicates the isotype control group, while the red color represents the hPSC-NCC-MSC group. G. Trilineage differentiation of 
H1-NCC-MSC. Scale bar: 100 μm. H. Adipocyte and osteoblast related genes were analyzed by qPCR. *p < 0.05, **p < 0.01, ***p < 0.001 H1-NCC-MSC induced 
vs. UC-MSC induced. I. Cell proliferative rates were analyzed by CCK8 assay
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Fig. 3  Comparison of viability and anti-senescence capability between H1-NCC-MSC and UC-MSC at different passages. A. Cell proliferative rates were 
analyzed by CCK8 assay. **p < 0.01, ***p < 0.001 H1-NCC-MSC Passage 4 (P4) vs. UC-MSC Passage 4 (P4); ##p < 0.01, ###p < 0.001 H1-NCC-MSC Passage 15 
(P15) vs. UC-MSC Passage 15 (P15). B-E. Ki67 immunostaining and quantitative analysis of Ki67 positive cell proportion (n = 3). Scale bar: 100 µm. F. Cell 
morphology. Scale bar: 200 μm. G-H. Representative images of aging-related β-galactosidase staining and quantitative analysis of positive cells (n = 3). 
Scale bar: 200 μm. I-J. γ-H2AX, P21 and P16 protein levels were quantified by Western blotting (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001. Full-length blots are 
presented in Additional file 2: Figure S6
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Fig. 4  H1-NCC-MSC and UC-MSC transplantation improved the ovarian function and structure of chemotherapy induced POI rat model. A. Illustration 
diagram of in vivo experiment. B. Body weight (g). C. Estrous cycles were analyzed using vaginal cytology. D. Gross image of ovaries. E. Bilateral ovarian 
weight (mg) (n = 3). F-G. Ovarian structure and follicle counts were evaluated by H&E staining (n = 3). Arrow points to follicles at different stages. Scale bar: 
50 μm. H. AMH, FSH and E2 levels (n = 3). I-J. Fertility assessment was evaluated by litter size (n = 4). *p < 0.05, **p < 0.01, ***p < 0.001 vs. POI group

 



Page 12 of 18Li et al. Stem Cell Research & Therapy          (2025) 16:239 

Fig. 5 (See legend on next page.)
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PI assays revealed that elevated apoptotic rates of KGN 
cells induced by 4-HC were significantly lower after co-
cultured with either UC-MSC-CM or H1-MSC-CM 
(Fig.  5G-H). Similarly, CCK8 assays confirmed that 
CM from both MSC types enhanced KGN cell viabil-
ity (Fig.  5I). Consistently, increased protein levels of 
γ-H2AX, BAX/BCL-2 and Cleaved Caspase-3/Caspase-3 
(C-CAS3/CAS3) were found in 4-HC group compared 
to those in the MSC-CM treated groups (Fig. 5J-M). No 
significant difference in efficacy was detected between 
H1-MSC-CM and UC-MSC-CM treatments.

H1-MSC-CM and UC-MSC-CM ameliorated oxidative stress 
and mitochondrial damage of GC in vitro
As oxidative stress is a critical factor in cyclophospha-
mide (CTX)-induced ovarian injury, which disrupts anti-
oxidant defense mechanisms and generates excessive 
malondialdehyde (MDA) [20], it was hypothesized that 
H1-NCC-MSC exerts antioxidant effects in KGN cells. 
The DCFH-DA assay demonstrated elevated ROS lev-
els across all 4-HC-treated groups, with UC-MSC-CM 
and H1-MSC-CM treatments significantly mitigating 
ROS accumulation (Fig.  6A). JC-1 staining indicated a 
rapid depolarization of mitochondrial membrane poten-
tial (MMP) in the 4-HC group, which was reversed by 
H1-MSC-CM and UC-MSC-CM treatment (Fig.  6B). 
Moreover, mitochondrial ROS levels were quantified 
using MitoSOX Red staining. Consistent with the DCFH-
DA results, flow cytometry and fluorescence microscopy 
revealed an accumulation of mitochondrial ROS in the 
4-HC group, which was markedly reduced by H1-MSC-
CM and UC-MSC-CM treatments (Fig. 6C-E). Levels of 
oxidative MDA, as well as antioxidant markers glutathi-
one (GSH) and superoxide dismutase (SOD), were also 
assessed. MDA levels were significantly increased in cells 
of the 4-HC group compared to the NC group, whereas 
treatment with H1-MSC-CM and UC-MSC-CM reduced 
MDA levels in a dose-dependent manner. Conversely, 
GSH and SOD levels were significantly elevated following 
these treatments (Fig. 6F-H). These findings highlight the 
ability of H1-MSC-CM and UC-MSC-CM to reduce oxi-
dative stress and mitochondrial dysfunction.

Discussion
Premature ovarian insufficiency (POI), a common condi-
tion leading to ovarian dysfunction, poses a serious threat 
to women’s reproductive health. Despite the absence of 
effective treatments, regenerative medicine has made a 
remarkable progress in addressing POI. Accumulative 
studies have shown that MSC has excellent therapeutic 
potential for POI treatment [21]. However, challenges 
persist in the clinical application of MSC therapies. One 
major issue is the heterogeneity in MSC sources, which 
significantly impacts therapeutic efficacy. Additional 
factors such as donor age and intrinsic donor-to-donor 
MSC variability further complicate clinical outcomes. 
Consequently, alternative cell sources capable of produc-
ing standardized, renewable, and functional MSC popu-
lations are urgently needed.

Recent studies have proven that MSC derived from 
hPSC represent a homogeneous and promising source for 
ovarian reserve restoration, with the intermediate stages 
of hPSC-MSC predominantly restricted to the mesoderm 
[22–24]. While neural crest cells (NCC) have been shown 
to developmentally differentiate into MSC subpopula-
tions [25], limited research has explored the derivation 
of MSC from hPSC via NCC. As well known, NCC are 
a transient cell population with stem cell-like properties 
that emerge from the dorsal neural plate border during 
vertebrate embryogenesis [26]. Notably, NCC have been 
detected in the ovaries of mouse embryos at E16.5, where 
they incrementally differentiate into neurons, invade the 
dorsal surface during postnatal development, and con-
tribute to the regulation of ovarian neuroendocrine func-
tions [11]. Besides, ovarian Leydig cells may originate 
from the neuroectoderm of NCC, further underscor-
ing their potential role in ovarian function [27]. Conse-
quently, hPSC-derived NCC may serve as an ideal source 
for ovarian repair. Traditionally, differentiation of hPSC 
into NCC via embryoid body (EB) formation has been 
a time-consuming and inefficient process [28]. A more 
efficient approach has been developed using CHIR99012 
and SB431542 to induce NCC from human embryonic 
stem cells (hESC) or induced pluripotent stem cells 
(hiPSC) [29]. CHIR99021, a glycogen synthase kinase 3 
beta (GSK-3β) inhibitor, activates the canonical Wnt/β-
catenin pathway [30], which plays a crucial role in neural 
tissue patterning [31]. Concurrently, the TGF-β inhibitor 
SB431542 enhances the efficiency of neural induction by 

(See figure on previous page.)
Fig. 5  H1-NCC-MSC and UC-MSC asserted pro-viability and anti-apoptosis effect on GC in vivo and in vitro.A. MSC tracking in ovaries by DID-fluorescence 
probe. Scale bar: 100 μm. B-C. Apoptotic ovarian GC were evaluated by TUNEL assay and quantitative analysis of TUNEL positive cell ratio was conducted 
(n = 3). Scale bar: 100 μm. D-E. Proliferation indicator PCNA was immunostained and quantitative analysis was conducted for ovarian PCNA positive cells 
(n = 3). Scale bar: 50 μm. F. KGN cell morphology. Scale bar: 200 μm. G-H. Apoptotic rates of KGN detected using flow cytometry and quantitative analysis 
was conducted (n = 3). I. Proliferation rates were analyzed by CCK8. *p < 0.05, ***p < 0.001 4-HC + H1-MSC-CM vs. 4-HC group; &&&p < 0.001 NC vs. 4-HC 
group; ###p < 0.001 4-HC + UC-MSC-CM vs. 4-HC group. J-M. Protein levels of apoptosis-related genes γ-H2AX, BAX, BCL-2, Caspase 3 (CAS3) and Cleaved 
caspase 3 (C-CAS3) were quantified by Western blotting (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 vs. POI or 4-HC group. Full-length blots are presented in 
Additional file 2: Figure S7-S8.



Page 14 of 18Li et al. Stem Cell Research & Therapy          (2025) 16:239 

Fig. 6  Conditioned medium (CM) of H1-NCC-MSC and UC-MSC ameliorated oxidative stress and mitochondrial damage of GC in vitro. A. ROS concentra-
tions in KGN cells were detected by flow cytometry using DCFH-DA and quantitative analysis was conducted for mean fluorescence intensity (MFI) (n = 3). 
B. Mitochondrial membrane potential (MMP) was detected by flow cytometry using JC-1 assay (n = 3). C-D. Mitochondrial ROS levels were detected by 
flow cytometry and observed under fluorescence microscope using MitoSOX Red staining. Scale bar: 100 μm. E. Quantitative analysis was conducted 
for mitochondrial ROS levels. F-H. MDA, GSH and SOD levels in KGN cells lysates (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 compared with the 4-HC group
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blocking phosphorylation of ALK4/5/7 receptors [32]. In 
line with a previous study [33], a modified dual-inhibitor 
method was employed for the induction of neural crest 
cells (NCC) from human pluripotent stem cells (hPSC), 
including H1-hESC, H9-hESC, and HEF-iPSC. Using 1 
µM CHIR99012 and 0.5 µM SB431542, the hPSC success-
fully differentiated into NCC with functional phenotypes 
within the first seven days. This differentiation was char-
acterized by the upregulation of typical NCC markers 
(P75, HNK1, SOX10, and AP2α) and the downregulation 
of pluripotency markers (SOX2 and OCT4). To the best of 
our knowledge, the SB431542 concentration used in this 
study was lower than that reported in other publications 
[29, 34]. Simultaneously, a preferred NCC maintenance 
medium comprised LDN-193189 was initially introduced 
in our study, demonstrating efficacy in preserving NCC 
characteristics. LDN-193189, a specific inhibitor of type 
I BMP receptors, enhances NCC formation by suppress-
ing BMP/Smad signaling [35], indicating its essential 
role in maintaining NCC phenotypes. Previous study has 
proven that hiPSC represent a more potential source of 
various terminally differentiated cells when compared to 
hESC, due to their self-derived transplantation capability 
[6]. On the contrary, our study confirmed that H1-hESC 
(72.45%) certainly displayed the highest induction effi-
ciency compared to H9-hESC (40.99%) and HEF-iPSC 
(69.15%). Correspondingly, H1-NCC-MSC manifested 
higher proliferative rates than HEF-NCC-MSC. Inter-
estingly, other studies have approved that serum-free 
medium can effectively induce hPSC-NCC-MSC [29, 36]. 
However, in this study, the use of serum-free media failed 
to produce relevant NCC (data not shown), which may be 
attributed to the lower concentration of SB431542 used. 
Further investigations are required to optimize SB431542 
concentration for efficient NCC induction under serum-
free medium.

Notably, H1-NCC-MSC demonstrated a more pro-
nounced naïve phenotype relative to UC-MSC, a phe-
nomenon that may be explained through comprehensive 
aspects. The reprogramming process from somatic cells 
to hPSC-MSC resets the epigenetic landscape of the cells, 
returning them to a pluripotent, embryonic-like state, 
theoretically preserving some pluripotency traits of the 
original iPSC [37]. However, UC-MSC are directly iso-
lated from neonatal umbilical cord tissue and are consid-
ered adult stem cells. Their epigenetic modifications and 
differentiation potential are influenced by heterogeneity 
such as the donor’s age and the tissue microenvironment. 
On the other hand, during the reprogramming process, 
iPSC erase the epigenetic memory of the somatic cells 
and adopt an open chromatin state similar to that of 
embryonic stem cells [38]. This epigenetic reset could 
potentially endow hPSC-MSC with greater plasticity dur-
ing differentiation.

Consistent with the results of our study, several stud-
ies have shown that hPSC-MSC exhibit superior prolif-
eration rates and anti-senescence capability compared 
to adult tissue-derived MSC. Kimbrel et al. found that 
hPSC-MSC exhibit over 30,000 times proliferative rates 
and significant smaller sizes than those of bone marrow-
derived MSC (BMSC) [39, 40]. Additionally, Tian et al. 
suggested that hPSC-derived MSC showed excellent pro-
liferation speed and reduced aging over 10 passages [41]. 
In contrast, adult MSC began to enlarge at passage 5, 
and represented a 4.8-fold larger size at passage 9 com-
pared with passage 1 [42]. At late passages during cul-
ture, the expression of Senescence-Associated Secretory 
Phenotype (SASP) factors is also increased, which drives 
responses that reinforce senescence [43, 44]. Collectively, 
hPSC-MSC exhibit a more primitive differentiation state 
compared to adult tissue-derived MSC, as evidenced by 
their retained naïve pluripotency-associated transcrip-
tional signatures, primed epigenetic configurations, 
robust proliferative rates and superior anti-senescence 
capability.

Thereafter, we utilized H1-NCC-MSC and UC-MSC, 
both of which were administered via multidose of intra-
venous injection, and drew comparisons of their thera-
peutic efficacy in CTX-induced POI. Our data showed 
that both H1-NCC-MSC and UC-MSC were capable of 
restoring ovarian function by upregulating the expression 
of proliferating cell nuclear antigen (PCNA) and inhibit-
ing apoptosis in ovarian granulosa cells (GC), leading 
to successful pregnancies in the chemotherapy-induced 
POI rat model. However, neither H1-NCC-MSC nor UC-
MSC restored the ovaries to their normal physiological 
state, and no statistically significant differences in thera-
peutic efficacy were observed between the two MSC 
types. It is hypothesized that the limited efficacy may be 
attributed to the deleterious microenvironment in CTX-
damaged ovaries, which is unfavorable for the long-term 
survival and functional integration of transplanted cells 
[45]. Though the underlying mechanisms of chemother-
apy-induced POI are still ambiguous, CTX is believed 
to induce excessive oxidative stress, increasing reac-
tive oxygen species (ROS) production while suppressing 
antioxidant biosynthesis, such as glutathione (GSH) and 
superoxide dismutase (SOD) [46]. ROS acts as a signal 
molecule and plays a crucial role in regulating various 
reproductive processes but can cause overproduction 
of oxidative products like malondialdehyde (MDA). In 
contrast, SOD converts superoxide radicals into molecu-
lar oxygen and hydrogen peroxide [47], and GSH serves 
as a fundamental molecule for regulating cellular redox 
homeostasis [48]. Mitochondria in ovarian GC are essen-
tial for supporting oocyte development [49]. Excessive 
ROS generated by oxidative stress leads to mitochondrial 
dysfunction, driving inflammation [50] and pyroptosis 
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[51] in ovarian GC. Therefore, mitigating oxidative stress 
is critical to improving the therapeutic efficacy of MSC-
based treatments. In agreement with previous studies 
[52], H1-NCC-MSC and UC-MSC were primarily local-
ized around, rather than within, ovarian follicles in this 
study, suggesting that their therapeutic effects may be 
mediated through paracrine mechanisms. Recent studies 
have shown that exosomes secreted by human amniotic 
MSC (hAMSC) or human pluripotent stem cell-derived 
MSC (hPSC-MSC) reduce ROS levels in GC and oocytes 
in CTX-induced POI models [53, 54]. Aligning with these 
findings, we chose conditioned medium (CM) of the two 
MSC as a substitute to explore whether it posts an essen-
tial role in ameliorating oxidative stress. H1-MSC-CM 
not only increased GSH and SOD levels but also reduced 
the expression of oxidative products such as ROS and 
MDA. Evaluation of mitochondrial function revealed 
that mitochondrial membrane potential (MMP), a criti-
cal marker of mitochondrial integrity, was significantly 
decreased in the CTX-treated (4-HC) group but was 
restored after treatment with CM from both H1-NCC-
MSC and UC-MSC. The mitochondrial ROS levels fol-
lowed a trend similar to that of MMP. Encouragingly, 
although no statistically significant differences in oxida-
tive stress reduction were observed between the CM 
from H1-NCC-MSC and UC-MSC, H1-NCC-MSC dem-
onstrated superior efficacy in inhibiting apoptosis and 
ameliorating oxidative stress. Further studies with larger 
sample sizes are warranted to elucidate the precise mech-
anisms underlying the therapeutic effects of H1-NCC-
MSC, which will aid in optimizing its clinical application.

Despite the promising findings, this study still has sev-
eral limitations. First, the use of FBS-containing culture 
medium hinders the clinical application of H1-NCC-
MSC, necessitating the development of an induction pro-
cess utilizing xeno-free medium. Second, comparisons 
among hPSC-MSC derived from different intermediate 
differentiation stages could not be performed, limiting 
insights into their relative therapeutic potential. Third, 
the underlying mechanisms of H1-NCC-MSC treatment 
in the CTX-induced POI model remain insufficiently 
elucidated.

Conclusion
Our study provides previously unpublished evidence 
that hPSC-NCC-MSC improve chemotherapy-induced 
POI both in vivo and in vitro by promoting GC viability, 
suppressing apoptosis, and alleviating oxidative stress. 
Although hPSC-NCC-MSC do not exhibit superior 
therapeutic effects compared to UC-MSC, their robust 
viability and renewable source position them as a prom-
ising candidate for MSC-based therapies. These findings 
present compelling experimental evidence supporting 

the clinical application of hPSC-NCC-MSC for the treat-
ment of POI.
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