Taylor &Francis
Redox Report
Communications in Free Radical Research

ISSN: (Print) (Online) Journal homepage: www.tandfonline.com/journals/yrer20

Mesenchymal §tem cells enchanced by salidroside to
inhibit ferroptosis and improve premature ovarian
insufficiency via Keap1/Nrf2/GPX4 signaling

Lixuan Chen, Yingnan Wu, Tiying Lv, Rui Tuo & Yang Xiao

To cite this article: Lixuan Chen, Yingnan Wu, Tiying Lv, Rui Tuo & Yang Xiao (2025)
Mesenchymal stem cells enchanced by salidroside to inhibit ferroptosis and improve
premature ovarian insufficiency via Keap1/Nrf2/GPX4 signaling, Redox Report, 30:1, 2455914,
DOI: 10.1080/13510002.2025.2455914

To link to this article: https://doi.org/10.1080/13510002.2025.2455914

© 2025 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group

@ Published online: 28 Jan 2025.

\J
G/ Submit your article to this journal &

||I| Article views: 179

A
& View related articles &'

7"

(&) View Crossmark data &'

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=yrer20


https://www.tandfonline.com/journals/yrer20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/13510002.2025.2455914
https://doi.org/10.1080/13510002.2025.2455914
https://www.tandfonline.com/action/authorSubmission?journalCode=yrer20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=yrer20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/13510002.2025.2455914?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/13510002.2025.2455914?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/13510002.2025.2455914&domain=pdf&date_stamp=28%20Jan%202025
http://crossmark.crossref.org/dialog/?doi=10.1080/13510002.2025.2455914&domain=pdf&date_stamp=28%20Jan%202025
https://www.tandfonline.com/action/journalInformation?journalCode=yrer20

REDOX REPORT Tavlor & F .
2025, VOL. 30, NO. 1, 2455914 aylor & Francis
https://doi.org/10.1080/13510002.2025.2455914 Taylor &Francis Group

8 OPEN ACCESS

Mesenchymal stem cells enchanced by salidroside to inhibit ferroptosis and
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ABSTRACT KEYWORDS
Background: Regenerative medicine researches have shown that mesenchymal stem cells (MSCs) Salidroside; mesenchymal
may be an effective treatment method for premature ovarian insufficiency (POI). However, the stem cells; premature
efficacy of MSCs is still limited. ovarian insufficiency;
Purpose: This study aims to explain whether salidroside and MSCs combination is a therapeutic g;&pz?’s:éIﬁea.prszor)f(Z/
strategy to POl and to explore salidroside-enhanced MSCs inhibiting ferroptosis via Keap1/Nrf2/ hOmeOS%aSiS’ g\’/arian
GPX4 signaling. on- fertili
Methods: The effect of salidroside and MSCs on ovarian granular cells (GCs) was analyzed. After function fertity
treatment, hormone levels and -fertility of rats were measured. Lipid peroxidation levels, iron

deposition and mitochondrial morphology were detected. The genes and proteins of Keap1/Nrf2/

GPX4 signaling were examined.

Results: Salidroside and MSCs were found to inhibit cell death of GCs by reducing peroxidation and

intracellular ferrous. Salidroside promotes the proliferation of MSCs and supports cell survival in

ovary. Salidroside combined with MSCs therapy restored ovarian function, which was better than

MSCs monotherapy. Salidroside-enhanced MSCs to inhibit ferroptosis. The results showed

activation of the Keap1/Nrf2/GPX4 signaling and an increase in anti-ferroptosis molecule.

Conclusions: Salidroside-enhanced MSCs as a ferroptosis inhibitor and provide new therapeutic

strategies for POIl. The possible mechanisms of MSCs were related to maintaining redox

homeostasis via a Keap1/Nrf2/GPX4 signaling.

Introduction development [13,14]. In addition, Wang et al. [15] found that
the deficiency of transcription factor BNC1 was found to
promote POI by inducing oocyte ferroptosis. Therefore, it is
speculated that the occurrence of POl may be related to
ferroptosis.

Currently, there is no satisfactory treatment strategy for
POI. Research in regenerative medicine has indicated that
mesenchymal stem cells (MSCs) may be an effective treat-
ment method for POl [16-18]. Additionally, other studies
have reported that MSCs or its exosome can repair oxidative

Premature ovarian insufficiency (POI), a syndrome of ovarian
hypofunction in younger women usually before the age of 40,
is characterized by infertility, abnormal menstruation (ame-
norrhea, rare menstruation or frequent menstruation), elev-
ated gonadotropins and decreased estrogen levels [1,2]. POI
affects approximately 1~3% of women in the general popu-
lation [3,4]. However, the etiology and pathogenesis under-
lying POI remains unclear. Chemotherapy and radiotherapy

are considered the significant causes of POI, especially the )
increase in young cancer patients, which caused ovarian stress-induced damage through the Nrf2 defense system,

injury [5,6]. Recently, some studies have speculated that POI ~ "emove ROS and inhibit ferroptosis in mice with acute myo-
was linked to ferroptosis. Ferroptosis is a form of cell death ~ cardial infarction [19-21]. However, the MSCs therapy still
depending on iron accumulation and lipid peroxidation. had limitation. MSCs injected intravenously tend to localize
Many studies have shown that oxidative stress induces reac- N tissues such as liver and lung, resulting in a reduced
tive oxygen species (ROS) and other oxidative stress products number of cells returning to the target tissues. Furthermore,
accumulation, disorders in metabolism and signaling the pathological microenvironment (inflammation, hypoxia,
pathway, and damage the original follicle, resulting in ischemia, etc) significantly impacts the survival of orthotopi-
reduced follicle growth [7-9]. It is reported that fluoride or cis- ~ cally transplanted MSCs, leading to increased cell apoptosis
platin induced ovarian granulosa cell death with typical fer- and restricting their therapeutic efficacy. Therefore, enhan-
roptosis features, such as mitochondrial morphological cing the survival of MSCs is crucial for the success of MSC-
abnormalities and dysfunction, resulting in impaired follicular ~ based therapies.

development [10,11]. And POI patients showed mitochondrial Salidroside is the primary active component of Rhodiola
mutations and increased ROS levels [7,12]. Iron overload- rosea with many pharmacological effects, such as anti-
induced ferroptosis may inhibit oocyte maturation and follicle  aging, anti-oxidation, scavenging free radical and immune
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regulation [22,23]. Zhou et al. [24] demonstrated that salidro-
side can promote the survival and migration potential of
MSCs. Agnes et al. [25] reported that salidroside decreases
intracellular ROS production induced by hyperglycemia,
enhances the antioxidant capacity of MSCs and improves
their paracrine function. It has been found that salidroside
exhibit a wide range of pharmacological effects due to its
ability to scavenge superoxide anions and hydroxyl radicals
in chemical reactions [26,27]. However, whether salidroside
can promote the survival and function of MSCs in POI are
still unknown. In this work, we investigated the effects of sali-
droside on the therapeutic efficacy of MSCs-based therapy in
cyclophosphamide-induced POI in rats. Our findings indicate
that salidroside significantly reduced the lipid peroxidation
and the apoptosis rate of MSCs. We have shown that salidro-
side increases the therapeutic effect of MSCs on POI. Further-
more, salidroside enchance MSCs inhibiting ferroptosis in rats
through Keap1/Nrf2 signaling pathway.

Collectively, our results provide insight into a novel and
potential MSC-based treatment strategy for POI.

Materials and Methods
Isolation, culture and characterization of MSCs

Human umbilical samples were donated by Shenzhen Wingor
Biotechnology Co., Itd. Briefly, human umbilical cord samples
were collected from fully informed healthy human volunteer
donors after obtaining written informed consents were
obtained from them. The umbilical cord was washed with
PBS to remove the arteries and veins, then cut into small
pieces of 0.5-1 mm> and placed at the bottom of a tissue
culture dish with a small amount of culture medium. The
culture dishes were then incubated at 37°C with 95% humidity
and 5% CO,. The culture medium was changed one week later,
and passaging was performed 14 days after the initial setup.
Cells at passages 3-6 were utilized for the subsequent exper-
iments. According to a previously published method [28],
the expression of surface marker on MSCs was detected by
flow cytometry using the following antibodies: anti-human
CD45 (Biolegend), anti-human CD34 (Biolegend), anti-human
CD73 (Biolegend), anti-human CD90 (Biolegend), anti-human
CD105 (Biolegend), anti-human CD11b (Biolegend) and anti-
HLA-DR (Biolegend). Gating of the single-line cells was per-
formed based on a combination of forward scatter (FSC) and
side scatter (SSC), followed by the isolation of live cells from
this population. Subsequently, cells that exhibited positive
expressed were gated. To assess the multipotent differen-
tiation of MSCs, the cells were cultured in a specific medium
(all sourced from Cyagen Biosciences Inc., China) for 21 days
to induce osteogenesis and adipogenesis. The osteogenic
and adipogenic capacities were evaluated using Alizarin Red
S and Oil Red O staining, respectively, and were observed
under an inverted microscope (Olympus Corporation, Japan).

At the same time, the conditioned medium (CM) from
MSCs (2x 10° cells), and the conditioned medium from
MSCs (2 x 10° cells) pretreated by salidroside (100 ug/ml),
referred to as SCM, were collected and centrifuged at
1500 x g for 5 min to remove cell debris. Subsequently, the
medium was filtered through a 0.22 um filter. A 3 kDa cut-
off centrifugal filter unit (Millipore) was then employed to
concentrate the medium 25-fold by centrifugation at
5000 x g for 40-50 min. Finally, the concentrated medium

was filtered and utilized in vitro therapy of rat GCs. For the
in vitro cell experiments, CM or SCM was mixed with fresh
DMEM/F12 complete medium in a 1:1 ratio.

Isolation, culture and characterization of primary GCs

Female Sprague-Dawley (SD) rats, aged 3-4 weeks, were
acquired from the Experimental Animal Center of Southern
Medical University (Guangzhou, China). All procedures con-
ducted in this study were approved by Southern Medical Uni-
versity Experimental Animal Ethics Committee. Rats were
injected subcutaneously with pregnant mare serum gonado-
tropin (ProSpecbio, USA) at a dose of 60 IU per rat. After 48 h,
the rats were sacrificed and the ovaries were harvested. The
surface fat was removed, and the follicles were punctured
with a syringe and adequately ground to release ovarian
granulosa cells (GCs) into the medium. The GCs were
washed with PBS and the medium was added; it was sub-
sequently changed 48 h later.

Next, we sought to determine the immunophenotypes of
GCs using immunofluorescent labeling technique with an
FSHR antibody (Affinity Bioscience, USA). Briefly, GCs exhibit-
ing an adhesion rate of 70% were washed with PBS and fixed
with 4% paraformaldehyde. Following this, GCs were treated
with 0.1%Triton X-100 for 20 min at room temperature. After
blocking with 5% skim milk for 1 h, the GCs were incubated
with the FSHR antibody at 4°C overnight. Subsequently, the
cells were incubated with a secondary antibody conjugated
with Alexa Fluor® 488 (Boster Biological Technology, China)
for 1 h at room temperature. Finally, the cells were counter-
stained with DAPI (Beyotime Biotechnology, China) and
examined under a fluorescence microscope (Leica, Germany).

Cell counting Kit-8 (CCK-8) viability assay

For the treatment of MSCs with salidroside, MSCs were inocu-
lated into 96-well plates at a density of 0.2 x 10* cells per well.
After cell adhesion, varying doses of salidroside (Macklin,
China) were added to the MSCs culture for 24~96 h. Cell viabi-
lity was measured using the CCK-8 kit (Dojing, Janpan). In
addition, 4-HC (8 pg/ml) was added to induce apoptosis of
MSCs, as a positive control. And cells were treated with salidro-
side (100 pg/ml) for 48 h. We also set up the same adminis-
tration group and collected MSCs for subsequent experiments.

GCs were inoculated into 96-well plates at a density of
0.8x10* cells per well. Following cell adhesion, 4-HC
(1 ug/ml) was added to establish a cell injury model,
serving as a positive control. Cells were treated with salidro-
side (100 pug/ml), CM and SCM for 48 h. The effect of salidro-
side and CM on 4-HC-induced GCs was assessed using CCK8
kit. Similarly, we employed H,0, (0.25 uM) and Erastin
(10 uM) to induce cell injury, with cells treated similarly
with salidroside, CM or SCM for 48 h. The impacts of salidro-
side and CM on cells damaged by H,0, and Erastin (Target-
Mol, China) were analyzed. Additionally, we established a
corresponding administration group and collected GCs for
subsequent experiments.

Mitochondrial membrane potential assay AND Iron
measurements of GCs

GCs were inoculated into 96-well plates with 0.8 x 10* cells/
well. 4-HC was utilized to induce cell injury, and salidroside



or CM was added to cells for 48 h as above. The mitochondrial
membrane potential of GCs from each administration group
was quantified using a JC-1 Assay Kit (Beyotime Biotechnol-
ogy, China). Cells were incubated with JC-1 dyeing solution
at 37°C for 20 min. Then cells were washed twice with pre-
cooled JC-1 buffer solution and visualized under an inverted
fluorescence microscope (Leica, Germany).

GCs were seeded in the dish, when approximately at 80%
confluence; the treatment was carried out as above for 48 h.
The ferrous iron of GCs from each administration group was
detected using a Cell Ferrous Iron Colorimetric Assay Kit
(Elabscience, China). Briefly, the supernatant was collected
after cells were lyzed and was mixed with an acidic buffer
incubating at 37°C for 10 min. Then the cells were measured
at 593 nm with a fluorescence microplate.

Model of CTX-induced POl AND Experimental design

Adult SD rats (8 weeks old, female) were obtained from the
Experimental Animal Center of Southern Medical University
(Guangzhou, China). All procedures were approved by
Southern Medical University Experimental Animal Ethics Com-
mittee. These rats were randomly divided into control (Blank),
PO, salidroside treatment (Sal), MSCs treatment (MSCs) and sal-
idroside combined with MSCs treatment (Sal +MSCs) groups. To
establish the POl model, the rats from the POI, Sal, MSCs and
Sal + MSCs groups received cyclophosphamide (CTX, Sigma,
USA) at a dose of 50 mg/kg by intraperitoneal injection on
the first day and then a daily dose of 8 mg/kg for the next 14
consecutive days. Rats from the Blank group were given the
same amount of PBS.

Within one week after chemotherapy, the rats were sched-
uled for surgery and the following corresponding treatments:
POI group injected with 50 uL PBS per ovary, Sal group admi-
nistered with salidroside 1 mg/50 pL per ovary, MSCs group
administered with 2 x 10° MSCs/50 L per ovary, and Sal +
MSCs group injected with salidroside (1 mg) and MSCs (2 X
10%)/ 50 uL per ovary. Briefly, rats were anesthetized,
skinned and disinfected. Cut the skin, muscle and posterior
peritoneum at 0.5~1 cm from the highest point of the rat’s
back. Finding the ovaries which covered with white cellulite,
50 L of corresponding components were injected into the
ovarian sac using a microsyringe.

At 4th~ 5th week after treatment, 6 rats in each group
were randomly selected and anaesthetized and then the
organs and blood were collected. Organs were fixed or
immediately frozen in liquid nitrogen and stored at —80°C
for further processing. In addition, the other rats were
allowed to mate with male rats at 4 weeks after surgery.

Mating trial

To anaylsis the fertility of rats, 6 rats in each group were ran-
domly selected for combined cage with male rats at a ratio of
2 females: 1 male after 4 weeks of surgery. The number of
pregnant rats and viable births per litter were recorded in
each group.

Serum preparation and hormone assays

At 4th week after surgery, blood samples were collected from
the orbital venous plexus while the rats were in diestrus. After
standing at room temperature for at least 1 hour, blood
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samples were centrifuged at 3000 rpm for 10 min to collect
serum. Serum levels of follicle-stimulating hormone (FSH),
anti-muller's hormone (AMH) and estradiol (E2) were
detected using the ELISA kit (purchased from Jiangsu
Meimian industrial Co., Ltd, China) according to the manufac-
turer’s instructions.

Histology and follicle counting

At 4th week after surgery, six rats randomly selected from
each group were sacrificed. The left ovaries were collected
and fixed with 4% paraformaldehyde for 48 h and then pro-
cessed for histology. The ovaries were dehydrated,
embedded in paraffin and serially sectioned at a thickness
of 4 um. After Hematoxylin and eosin (H&E) staining,
observed and imaged the sections by an optical microscope
(Olympus Corporation). As previously described [17], follicles
counting was performed by two independent experimenters
without knowing the groups, recording as antral follicle
(including secondary and mature follicles), total follicle
count and atretic follicles.

Measurement of SOD and MDA level

To evaluate lipid peroxidation condition of ovaries, serum
and GCs, the malondialdehyde (MDA) levels and the activity
of superoxide dismutase (SOD) were detected using the com-
mercially available kits (Elabscience, China). At the same time,
GCs was treated with the SOD inhibitor LCS-1(Selleck.cn,
China) at IC50 0.2 uM as a positive control. Ovary tissue
from each group (n =3) or GCs was collected and homogen-
ized. Blood from rats was centrifuged as above to collect the
serum. GCs were seeded in the dish, when approximately at
80% confluence; the treatment was carried out as above for
48 h. Collected the tissue or cells for detection according
the instructions.

Transmission electron microscopy

To analysis morphology of mitochondria in tissues, ovaries were
quickly collected from the rats of Blank, POI and Sal + MSCs
group, sectioned at a shape of 2 mm x2 mm. Ovarian tissue
was fixed with electron microscope fixing solution for 2~4 h.
Then ovarian tissue was embedded, dehydrated and cut into
ultrathin sections (60-80 nm). Sections were stained with
uranyl acetate for 15 min and then stained with lead citrate for
15 min. Images were acquired using Transmission Electron
Microscope (HT7700, HITACHI).

Prussian Blue Iron Stain assay

To detect non-heme ferric iron and ferrous iron in rat’s ovary,
the Enhanced Prussian Blue Iron Stain Kit (Solarbio, China)
was used. After deparaffinization and hydration, the section
of ovary tissue was stained, washed, counterstained, dehy-
drated and cover-slipped according to the manufacturer’s
protocol. At least four rats in each group were employed.

Quantitative real-time PCR (RT-qPCR) and Western
blot analysis

Total RNA of ovary (three rats in each group were used) or
cells was extracted using commercially available kit
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(Vazyme, China). MSCs or GCs were seeded at the dish, when
approximately at 80% confluence; the treatment was carried
out as above for 48 h. The RNA sample was quantified by
Spectrophotometer.OSE-260 (TIANGEN, China) and reverse
transcribed into c¢cDNA using the cDNA Synthesis Kit
(Vazyme, China). RT-gPCR was performed with SYBR Green
Master Mix (Vazyme, China). Target gene expression was eval-
uated using the 2-AACT method, and GAPDH was used as the
internal reference. The sequences of primers used in the
experiment are listed in Supplementary Table 1.

Ovary tissue from rats (three rats in each group were used)
or cells were lysed in RIPA buffer with protease inhibitor cock-
tail (Beyotime Biotechnology, China) and quantified using a
BCA kit (Beyotime Biotechnology, China). Protein samples
were separated by SDS-PAGE and transferred onto PVDF
membrane (Millipore, USA). After washing and blocking
with 5% skim milk for 1h, the membranes were incubated
with primary antibodies at 4 °C overnight; including Keap1
monoclonal antibody (Proteintech, China), Nrf2 monoclonal
antibody (Proteintech, China), Anti-FACL4 antibody (abcam,
UK), Anti-GPX4 antibody (abcam, UK) and recombinant anti-
beta Actin abtibody (Servicebio, China). Subsequently, incu-
bated with HRP-conjugated secondary antibodies for 2 h at
room temperature. The enhanced ECL Plus kit (Clinx, China)
was used in membranes visualized in ChemiDoc MP
Imaging System (Bio-Rad).

Immunohistochemistry

In order to analyze the survival of MSCs in ovary tissue of rat,
we detected the Hominin-specific protein by immunohisto-
chemistry. Three rats in Blank group, MSCs group and Sal +

Table 1. Primer sequences used in RT-gPCR.

Gene name Primer sequen
Rat-Nrf2 Forward, TGTCAGCTACTCCCAGGTTG
Reverse, AGGGCAAGCGACTGAAATGT
Rat-Keap1 Forward, TGCTCAACCGCTTGCTGTATGC
Reverse, TCATCCGCCACTCATTCCTCTCC
Rat-NQO1 Forward, AAACGACATCACAGGGGAGC
Reverse, GGGCACCCCAAACCAATACA
Rat-HMOX1 Forward, ACAGAAGAGGCTAAGACCGC
Reverse, TGCAGAGGTAGTATCTTGAACC
Rat-AMH Forward, AGCAAGGGGACAGGGACAGATG
Reverse, TTGGCAGTTGTTGGCTTGGTAGG
Rat-BMP15 Forward, GATAAAGCCGTCAGCCAGTG
Reverse, AAGTTGATGGCGGTAGACCA
Rat-GDF9 Forward, CAATACCGTCCGGCTCTTCA
Reverse, AAGCAGCGGAGTTGTTCAGA
Rat-GPX4 Forward, AGCCCATTCCCGAGCCTTTC
Reverse, CGCGGGATGCACACAAGC
Rat-ACSL4 Forward, CCATATCGCTCTGTCACGCACTTC

Reverse, CCAGGCTGTCCTTCTTCCCAAAC
Forward, CCATCATCATCGGCACCGTCATC
Reverse, TACTCCACAGGCAGACCAGAACAC

Rat-SLC7A11

Rat-SLC3A2 Forward, GAAGGAGGCTCTGAGTTCTTGGTTG
Reverse, GCCTGTCCTCACTGAAGTTCTTGG

Human-Nrf2 Forward, AGTCCAGAAGCCAAACTGACAGAAG
Reverse, GGAGAGGATGCTGCTGAAGGAATC

Human-NQO1 Forward, AAGCCGCAGACCTTGTGATATTCC

Reverse, CATGGCAGCGTAAGTGTAAGCAAAC
Forward, TGCCAGTGCCACCAAGTTCAAG
Reverse, TGTTGAGCAGGAACGCAGTCTTG

Human-HMOX1

Human-IDO Forward, GACGGCGATGCGGCTGATG
Reverse, GGGTTGCCTTTCCAGCCAGAC

Human-FGF2 Forward, AGAAGAGCGACCCTCACATCA
Reverse, CGGTTAGCACACACTCCTTTG

Human-TNF-a Forward, CAATGGCGTGGAGCTGAGAGATAAC

Reverse, GACGGCGATGCGGCTGATG

MSCs group were employed. After deparaffinization and
hydration, the ovarian sections were covered with 3% hydro-
gen peroxide for 10 min to inhibit endogenous peroxidase
activity. Then sections were washing and boiling in 10 mM
citric acid (pH 6.0) for 15 min. Subsequently, treated it with
3% goat normal serum (Servicebio, China) for 60 min. And sec-
tions were incubated with ARHGAP11B antibody (Thermo,
USA) overnight at 4°C. After washing, the sections were incu-
bated with the secondary antibody for 30 min at room temp-
erature. According to the manufacturer’s protocol, the DAB
staining kit (Beyotime Biotechnology, China) was used, and
then, the sections were counterstained with hematoxylin,
dehydrated and cover-slipped.

Data presentation and Statistical analysis

Statistical analysis was performed with the Stata13.0 soft-
ware. All data are showed as mean + standard error. One-
way analysis of variance was used to determine significant
differences among groups. Two-group comparisons were
analyzed by the t test. If the data present skewed distribution
or with a heterogeneity of variance, rank sum test or t’ test
was used. P < 0.05 were considered statistically significant.

Results
Characterization of MSCs and GCs

In Figure 1, the isolated MSCs on the third passage showed a
fibroblastic morphology. Flow cytometry analysis confirmed
the expression rates of surface antigens CD73, CD90 and
CD105 on MSCs were higher than 95%, and those of CD11b,
CD34,CD19,CD45 and HLA-DR were lower than 5%. Moreover,
MSCs can induce differentiation in adipocytes and osteoblasts
(Figure 1B) with a multilineage differentiation potential.

FSHR immunocytochemical staining is a specific staining
of ovarian granulosa cells (GCs). As Figure 4A showed, FSHR
positive staining is located in the cytoplasm of the cells,
which is green stained and the nucleus is dark blue. The posi-
tive rate of FSHR over 95% under the microscope, indicating
that the isolation and culture cells were GCs.

Salidroside inhibit damage induced by 4-HC of MSCs
and promotes MSCs survival in ovary.

The results showed that salidroside could promote the pro-
liferation of MSCs after treatment for 24~96 h (P<0.05,
Figure 1C). Salidroside protected MSCs (P < 0.05, Figure 2C)
and reduced apoptosis rate, which induced by 4-hydroperoxy
cyclophosphamide (4-HC, as the active in vitro metabolite of
CTX) (P<0.05, Figure 2A, B). To determine whether salidro-
side could affect the expression of Nrf2, NQO1, HMOX1, IDO,
FGF2 and TNF-a gene in MSCs, RT-gPCR was performed.
Nrf2 is released and translocated to the nucleus, where it
induces the expression of antioxidant elements, such as
NQO1, HMOX1 and GPX4, which has been reported to be
associated with POI treatment. IDO, FGF2 and TNF-a are
important paracrine factors of MSC, which may be related
to the repair damage of the tissue. As shown in Figure 1D,
compared to the control group, the relative mRNA expression
of Nrf2, NQO1, HMOX1, IDO and FGF2 in MSCs of MSCs + Sal
group were significantly higher (P<0.05). The relative
MRNA expression of TNF-a in MSCs was reduced after
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Figure 1. Identification of MSCs and the effect of salidroside on MSCs. (A) Surface antigens of MSCs by flow cytometry analysis. (B) Morphology of MSCs and its
osteogenic/adipogenic differentiation potential of MSCs (100x). (C) Different doses of salidroside promote MSCs proliferation. (D) Effect of salidroside on Nrf2,
NQO1, HMOX1, IDO, FGF2 and TNF-a mRNA expressions of MSCs (*P < 0.05 compared with the MSCs group).

treated with salidroside (P < 0.05). These results demonstrate
that salidroside could promote MSCs from chemotherapy. It
might be related to the activation of Nrf2 signaling and
promote the expression of antioxidant-related genes, such
as NQOT and HMOXT1. As well as altered levels of IDO, FGF2
and TNF-a mRNA, we also hypothesized that it may also
promote the paracrine of MSCs.

We further evaluated whether salidroside could promote
the survival of MSCs in ovarian tissue of POI rats. The results
from immunohistochemistry showed that more positive
expression in the Sal+ MSCs group at 2nd week and 4th
week after treatment, compared with MSCs group. In particu-
larly, the positive expression was obvious in the Sal + MSCs
group at 4th week, while the less MSCs in rats which only
received MSCs injection (Figure 2D). These results indicate
that salidroside could promote MSCs subsist in ovary of POI
rats induced by chemotherapy.

Salidroside and CM inhibit ferroptosis of GCs induced
by 4-HC

We explored the cell viability of different dose of 4-HC on GCs
and then selected median lethal dose (1 pug/ml) to induce in
vitro cell damage model. To confirm the effect of salidroside
or conditioned medium (CM) from MSCs treatments on rat
GCs, we first examined the activity of the cells. And we
found that salidroside, CM and SCM could effectively
protect the cells damaged by 4-HC (Figure 3A). Intriguingly,
CM or SCM were effectively protect GCs from death
induced by erastin (P<0.05, Figure 3A), while salidroside
monotherapy has no effect on the cells. Remarkably, all
administration groups could not rescue cell viability in

H,0,-induced death (Figure 3A), indicating salidroside or
CM from MSCs was a selective inhibitor of ferroptosis.

As lipid peroxidation is a character of ferroptosis, we next
determined the lipid-associated products (MDA) and activity
of antioxidant enzymes (SOD) of GCs, which serve key roles
in maintaining the balance of oxidation and reduction. The
results showed an increase of MDA and a decrease of SOD
in GCs induced by 4-HC (Figure 4C). Consistently, salidroside
and SCM blocked the effects of 4-HC on MDA and SOD. We
also determined the influence of salidoside and CM on lipid
peroxide levels in rats and the expression of acyl-CoA synthe-
tase longchain family member 4 (ACSL4), which is an essential
component for lipid peroxide accumulation [29]. The RT-qPCR
results of ACSL4 mRNA significantly up in GCs induced by 4-
HC in vitro, while the expression was downregulation after
treated by CM (Figure 3B). This was also confirmed in
western blot as shown in Figure 3C. However, the decreased
expression of ACLS4 in salidroside monotherapy group was
not as obvious as that in the CM group. The SCM treatment
still to be the most effective in these results.

Next, we examined changes in mitochondrial membrane
potential and Intracellular ferrous ions of GCs, which were
important feature of cell ferroptosis. As shown in Figure 4B,
4-HC induced a fluorescence shift from red to green in GCs,
meaning mitochondrial membrane potential decreases. After
salidroside or CM treatment, the mitochondrial membrane
potential of GCs increased slightly, observing more red fluor-
escence compared with the 4-HC-induced group. And the
treatment of SCM had more red fluorescence than the other
treatment groups. Furthermore, after 4-HC induced, the
content of ferrous iron was obviously increased and those in
all administration group showed a decreasing trend (P<0.05),
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Figure 2. Effects of Salidroside on MSCs. (A) Representative apoptosis results of MSCs after administrations. (B) Apoptosis rate of MSCs after administrations (*P <
0.05 compared with the 4-HC group). (C) Cell viability of MSCs after administrations (*P < 0.05 compared with the 4-HC group). (D) Representative IHC staining

results of MSCs in ovaries at the 2nd week and 4th week after surgery (100x).

especially in the SCM group (P<0.05, Figure 4D), indicating that
the treatment of salidroside, CM and SCM inhibited the mito-
chondrial membrane potential decrease and ferrous iron
increase of GCs induced by 4-HC in vitro.

Together, these data support the hypothesis that GCs
induced by 4-HC might exist cell ferroptosis, characterized
by a decreased cell viability, altered mitochondrial membrane
potential, increased lipid peroxidation and ferrous iron. Sali-
droside was similar to CM in regulating cell viability and oxi-
dative stress but seems to have minor effect on mitochondrial
membrane potential and lipid-related gene ACLS4. The effect
of SCM was obviously higher than other.

MSCs enhanced by salidroside improve ovarian
function and fertility of POI rats

Notably, we observed a significant increase in the number of
antral follicle following treatment of MSCs and Sal + MSCs

group compared with the POI group (P < 0.05, Figure 5A, B).
In particular, the number of antral follicle in the Sal + MSCs
group was more than MSCs monotherapy (P < 0.05). Treat-
ment in either group reduced the atretic follicles (P < 0.05,
Figure 5A, B). However, no significant difference in atretic fol-
licles was observed between treatment groups.

In order to investigate the effects of administration on
reproductive hormones, the hormonal levels of FSH, AMH
and E2 were measured. Results showed that the FSH level
of rats in the MSCs and Sal+ MSCs groups declined (P<
0.05, Figure 5E). The AMH and E2 level of rats in the MSCs
and Sal + MSCs groups were higher than that in the POI
group (P<0.05, Figure 5C, D). Although salidroside mono-
therapy appears to have no change in these hormones, it
combined with MSCs therapy exert optimal efficiency. RT-
gPCR was conducted to gain further insight into the effect
of salidroside and hUC-MSCs on the ovarian function. The
results showed upregulation of the AMH, BMP15 and GDF9
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blot. (D) Statistical diagram of relative expression levels of Keap1, Nrf2, GPX4 and ACSL4 proteins (*P < 0.05 compared with the 4-HC group, # P<0.05 compared

with the Sal group or the CM group)

genes in the sal + MSCs group (P < 0.05, Figure 7CQ). It is gen-
erally accepted that BMP15 and GDF9 are important regulat-
ory molecules for the maintenance of ovarian function. These
results showed that salidroside combined with MSCs had a
better therapeutic effect on follicle recovery in POI rats.

We further assessed the fertility of POI rats. The rats
received treatment of salidroside (3 out of 6 rats) and MSCs
(3 out of 6 rats) became pregnant and produced live
offspring (Figure 6). And the pregnancy rate of rats in Sal +
MSCs group was higher (6 out of 6 rats) (Figure 6B). While
the rats received salidroside monotherapy showed no differ-
ence of pups per litter compared with POl rats (3 out of 6 rats)

(Figure 6B). In addition, the number of pups per litter
increased significantly in the Sal + MSCs group, compared
with the POl group (P<0.05, Figure 6C). These results
suggest that salidroside could significantly promote MSCs
restore ovarian function and promotes fertility of POI rats.

MSCs enhanced by salidroside to inhibit ferroptosis in
POI rats

As ferroptosis is dependent upon ferrous deposition and lipid
peroxide accumulation, we first determined the influence of
salidroside and/or MSCs on lipid peroxide levels and the
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expression of ACSL4. As shown in Figure 7A, the SOD activity
of ovaries was increased in the Sal and Sal + MSCs groups (P <
0.05), and SOD activity of serum was increased in the Sal +
MSCs groups (P < 0.05). The MDA level decreased in the Sal
and Sal + MSCs groups either serum or ovary, particularly
obvious in the Sal + MSCs group (P < 0.05, Figure 7B). More-
over, decreased expression levels of ACSL4 mRNA were
found in the MSCs and Sal + MSCs groups (P < 0.05, Figure
7Q). Correspondingly, the results of Western blot showed
decreased expression of ACSL4 after MSCs treatment (P <
0.05, Figure 7D).

Next, we explored that morphology of mitochondria and
ferrous deposition in rat’s ovary. The results showed that
compared with normal rats, mitochondrial membrane
defect and shrinkage occurred in the ovarian tissue of POI
rats, while the mitochondrial structure of POI rats treated
with salidroside combined with MSCs was more complete
(Figure 8B). In addition, Prussian Blue Iron Stain assay
showed that compared with normal rats, intense staining
was observed in ovarian stroma of POI rats (Figure 8A). Iron
staining decreased clearly in the administration group,

especially in the Sal + MSCs group (Figure 8A). These results
indicate that salidroside enhanced MSCs to inhibit ferroptosis
in POl rats by alleviating the peroxidation and reducing
excessive iron accumulation. These in vivo findings fit well
with in vitro evidence that salidroside combined MSCs
might be a promising treatment for POI by inhibiting
ferroptosis.

MSCs enhanced by salidroside inhibit ferroptosis
through Keap1/Nrf2/GPX4 signaling

Next, we embarked to explore the molecular mechanism that
may account for the MSCs inhibition of ferroptosis. We evalu-
ated the activation of the Keap1/Nrf2 signaling in GCs and
animal ovarian tissue. Firstly, the RT-qPCR results showed
that the expression of Nrf2 mRNA in GCs increased slightly
after 4-HC inducing. And expression of Nrf2 significantly
increased after salidroside, CM or SCM treatment, compared
with 4-HC-induced group (Figure 3B). And expression of Nrf2
protein in Western blot assay was also consistent with this ten-
dency (P<0.05, Figure 3C, D). Interestingly, the mRNA
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expression of Keap1 was not obviously different among the
groups, while the results of Western blot showed that the
expression of Keap1 protein was decreased in all adminis-
tration groups (P<0.05, Figure 3C, D). We then explored the
downstream genes of Keap1/Nrf2 signaling in GCs, and
results revealed a dramatic decrease of GPX4, NQOI and
HMOXT1 mRNA in the 4-HC-induced group, while CM or SCM
rescued the defective expression (P<0.05, Figure 3B).

The activation of Keap1/Nrf2 was also confirmed in vivo.
Results of RT-gPCR confirmed salidroside combined with
MSCs could up-regulate the expression of Nrf2 (P<0.05,
Figure 7C). However, neither salidroside nor MSCs had no
effect on expression of Keap1, HMOX1 and NQOT in each
group, but MSCs treatment significantly increased the
expression of GPX4 (P<0.05, Figure 7C), which is a key mol-
ecule to inhibits ferroptosis. Similar to the results in vitro,
the expression of Keap1 protein was decreased, Nrf2 and
GPX4 protein were increased in all administration groups
(P<0.05, Figure 7D). In addition to iron overload and lipid per-
oxidation, ferroptosis is also closely related to amino acid
transport, which may affect the expression of SLC7A11 and
SLC3A2, two subunits of the Xc-system responsible for
amino acid transport. We also found the expression of
SLC7A11 and SLC3A2 mRNA was lower in POl rats, but upregu-
lated by salidroside and/or MSCs (P<0.05, Figure 7C). These
findings fit well with in vitro evidence that salidroside-

enhanced MSCs inhibit ferroptosis through the activation of
Keap1/Nrf2/GPX4 signaling.

Discussion

Premature ovarian insufficiency (POI), a disorder of ovarian
dysfunction, seriously threatens female reproductive
health. Approximately, 1,000,000 new cancer diagnoses
annually worldwide, whom are adolescents and young
adults aged 15-39 years [30]. Chemotherapy and radiother-
apy improved the prognosis of patients but also damaged
ovarian function of patients [31-33]. Protecting the ovarian
function and improving the fertility of patients are being
paid more and more attention. Mesenchymal stem cells
(MSCs) have been described as a potential treatment for
POl in both preclinical animal models and human clinical
trials [34-37]. We present here salidroside-enhanced MSCs
as an option to improve ovary function and preserve fertility
for cyclophosphamide (CTX)-induced POI. In our work, after
MSCs treatment, the number of follicles in POI rats increased
significantly, accompanied by a decrease in FSH levels and
an increase in E2 and AMH levels, meaning improvement
in ovarian function. In addition, our study showed that
MSCs treatment increased the mRNA expression of BMP15
and GDF9 in rats, which regulate follicle survival and
oocyte maturation [38]. We further verified the effect of
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MSCs on the fertility of POI rats, and the results showed that
compared with POI rats, MSCs increased pregnancy rate and
pups. However, the effect of MSCs monotherapy in the treat-
ment of POl is not fully satisfied. Some studies have reported
that the survival rate of transplanted MSCs is low in vivo
[39-42]. The microenvironments, such as ischemia, hypoxia
and inflammation, can lead to cell death, reducing its thera-
peutic effectiveness [25,43]. Ling et al. [44] reported that
low-intensity pulsed ultrasound pretreatment of MSCs
could promote the secretion of IGF-1, HGF and VEGF
factors and improve the therapeutic effect in POl rats.
Chen et al. [45] found that the apoptosis rate of MSCs was
significantly reduced after heat shock, and the pretreated
cells had enhanced tolerance to the chemotherapy microen-
vironment in POI rats. Therefore, improving cell survival in
target tissues is a key in MSCs therapy. Yin et al. [46]
showed that salidroside had a protective effect on retinal
pigment epithelial cells induced by H,0,. Salidroside pro-
tects cells from lipopolysaccharide-induced oxidative stress
by promoting the expression of antioxidant enzymes such
as SOD and reducing MDA and LDH [47]. And salidroside
also promote the survival of MSCs and improve the para-
crine of MSCs [24,25]. However, the effect of salidroside on
POl has not been reported. Actually our results also
suggest that salidroside could promote the proliferation of
MSCs in vitro and reduce the apoptosis of MSCs induced
by 4-HC (the active metabolite of CTX). Moreover, our
study has demonstrated that compared with MSCs mono-
therapy, salidroside and MSCs combined injection into the
ovary significantly improves the therapeutic effect, including
follicle count, hormone levels and fertility. Salidroside mono-
therapy seems not improve ovarian function obviously, but
it could reduce peroxidation, especially in ovary. Salidroside
as an antioxidant reduced oxidative stress injury, including
decreased MDA level and increased SOD activity in the
POI rats. In addition, we analyzed the MSCs in the ovaries
at 2nd week and 4th week after treatment by

immunohistochemical techniques and found that salidroside
could enhance the presence of MSCs. Therefore, salidroside
might be beneficial for MSCs-based therapy in POI.
Ferroptosis, a form of cell death characterized by iron
overload, ROS accumulation and lipid peroxidation, is
accompanied by mitochondrial morphological changes,
such as shrunken mitochondrial, reduced cristae and rup-
tured outer membrane [48,49]. Currently, there are few
studies on the relationship between ferroptosis and POI.
Zhang et al. [50] found that iron death may be involved in
follicular atresia at an early stage, while the classical apopto-
sis mechanism may start in the late stage of follicular atresia.
Du et al. [51] reported that cisplatin regulates the expression
of ACSI4, ALOX15, SLC7A11 and GPX4, promotes ferroptosis
of ovarian granulosa cells and causes ovarian hypoplasia and
ovarian fibrosis in rats. Another research found that
deficiency of BNC1 affects NF2-YAP-TFRC/ASCL4 signaling,
causing upregulation of TFRC and ACSL4, ultimately
leading to oocyte ferroptosis and follicular atresia [15]. In
our study, significantly enhanced staining of iron deposition
in ovary and damaged mitochondrial outer membranes in
CTX-induced POI rats were observed, which were consistent
with ferroptosis. These indicative ferroptosis may be one of
the pathological mechanisms of POIl. A lot of evidence
suggests that the key molecular mechanism of ferroptosis
is to regulate the balance between cellular membrane oxi-
dative damage and antioxidant defense. Cell membrane
contains polyunsaturated fatty acids, which are easily
induced by ROS and catalyzed by Fe* to form toxic lipid
peroxides [52,53]. In addition, overloaded intracellular iron
ions increase the level of reactive oxygen species through
Fenton reaction, resulting in cytotoxic effects [54]. ROS,
MDA and SOD are important biomarkers of oxidative
stress injury, which have been reported abnormal in
animal and clinical patients of POI [55-58]. Herein, we
have demonstrated that CTX-induced POI rats showed
increased MDA levels and decreased SOD activity.
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Consistently, GCs damaged by 4-HC in vitro also exhibit oxi-
dative stress damage, elevated intracellular ferrous and
decreased mitochondrial membrane potential.

Therefore, inhibiting ferroptosis by maintaining oxi-
dative homeostasis may be an effective way to improve
ovarian function of POI. Other studies have reported
that MSCs can resist oxidative stress and inhibit ferropto-
sis [59-61]. Our study found that after MSCs treatment,
the above characteristics of ferroptosis in POl rats were
significantly improved. We further explored the effect of
MSCs on the Keap1/Nrf2 signaling. Keap1/Nrf2 signaling
pathway is an important endogenous antioxidant
pathway and a key regulator of ferroptosis, regulating
iron transport, antioxidant enzymes and genes related to
amino acid metabolism [62,63]. GPX4, a key regulator of
ferroptosis and a transcriptional target of Nrf2, converts
toxic lipid hydroperoxide to non-toxic lipids to resist fer-
roptosis [64,65]. Another important gene promoting

ferroptosis, ACSL4, is closely related to lipid metabolism
of cell membranes or membrane-bound organelles. Poly-
unsaturated fatty acids in membrane lipids can form
toxic lipid hydroperoxide with Coenzyme A (CoA) under
the action of ACSL4 [66]. Our results showed that salidro-
side or MSCs could up-regulate Nrf2 expression and
reduce Keapl expression, and the expression of down-
stream gene was increased, indicating the activation of
Nrf2 signaling. Although a slightly elevated Nrf2
expression was observed in the model group, we
thought it may be a response to CTX or 4-HC. The elev-
ated GPX4 and reduced ACSL4 expression were observed
after MSCs treatment, which were not obvious in salidro-
side monotherapy. Therefore, we hypothesized that
MSCs enhanced by salidroside activate Keap1/Nrf2 signal-
ing pathway, promote Nrf2 into nuclear and up-regulate
GPX4 expression, inhibiting ferroptosis. MSCs enhanced
by salidroside might be a beneficial therapy for POI.
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