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Abstract 

Background: Chemotherapy can induce premature ovarian insufficiency (POI). POI causes multiple sequelae and is 
currently incurable. As shown in our previous studies, systemically transplanted human amnion-derived mesenchy-
mal stem cells (hAD-MSCs) home to ovaries with chemotherapy-induced POI and subsequently reduce ovarian injury 
and improve ovarian function in rats with POI. However, the cellular mechanisms that direct the migration and hom-
ing of hAD-MSCs to ovaries with chemotherapy-induced POI are incompletely understood. This study investigated 
the role of the SDF-1/CXCR4 axis in the migration and homing of systemically transplanted hAD-MSCs to ovaries with 
chemotherapy-induced POI and its relevant downstream signalling pathways.

Methods: CXCR4 expression in hAD-MSCs was assessed using Western blotting and immunofluorescence staining. 
hAD-MSC migration was tested using Transwell migration assays. SDF-1 levels were detected using ELISA. Seventy-
two female SD rats were randomly divided into the control, POI, hAD-MSCs and hAD-MSCs + AMD3100 groups. 
Cyclophosphamide was used to establish rat POI models. For inhibitor treatment, hAD-MSCs were pretreated with 
AMD3100 before transplantation. PKH26-labeled hAD-MSCs were injected into the tail vein of POI rats 24 h after 
chemotherapy. After hAD-MSC transplantation, the homing of hAD-MSCs to ovaries and ovarian function and patho-
logical changes were examined. We further investigated the molecular mechanisms by detecting the PI3K/Akt and 
ERK1/2 signalling pathways.

Results: hAD-MSCs expressed CXCR4. SDF-1 induced hAD-MSC migration in vitro. SDF-1 levels in ovaries and serum 
were significantly increased in rats with chemotherapy-induced POI, and ovaries with POI induced the homing of 
hAD-MSCs expressing CXCR4. Blocking the SDF-1/CXCR4 axis with AMD3100 significantly reduced the number of 
hAD-MSCs homing to ovaries with POI and further reduced their efficacy in POI treatment. The binding of SDF-1 to 
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Background
Premature ovarian insufficiency (POI) is a clinical syn-
drome defined by a loss of ovarian activity before the 
age of 40  years [1]. Untreated POI may cause multiple 
sequelae, such as infertility, osteoporosis, increased risks 
of fracture and cardiovascular disease, depression, anxi-
ety, and gynaecological issues [1]. POI can be caused by 
various factors, mainly including genetic, autoimmune, 
and iatrogenic factors. POI is caused by iatrogenic fac-
tors, including chemotherapy, in approximately 25% of 
patients [4]. Approximately 30% of women before the 
age of 35 years and 50% of women between the ages of 35 
and 40 years who received chemotherapy are diagnosed 
with POI [2]. POI is irreversible and currently incur-
able. Regenerative medicine studies have suggested that 
mesenchymal stem cell (MSC) transplantation may rep-
resent an effective treatment for POI [3–5]. MSCs have 
been shown to have significant potential for clinical use. 
This clinical utility is due to their self-renewal capacity, 
convenient isolation, low immunogenicity permitting 
allogenic or xenogeneic transplantation, and potential to 
differentiate into tissue-specific cell types and promote 
vascularization [6–8]. Human amnion-derived mesen-
chymal stem cells (hAD-MSCs) have been proven to 
not only have the features of MSCs but also have unique 
merits for clinical utility [9–11]. As shown in our previ-
ous studies, some systemically transplanted hAD-MSCs 
migrate and home to the ovaries of rats with chemother-
apy-induced POI, further reducing ovarian injury and 
improving ovarian function [8]. However, the mecha-
nisms that direct the migration and homing of hAD-
MSCs to ovaries with chemotherapy-induced POI are 
poorly understood.

MSC homing is defined as the arrest of MSCs within 
the vasculature of a tissue followed by transmigration 
across the endothelium [12]. Cell migration, an impor-
tant component of cell homing, is defined as the move-
ment of cells from the source to the region where a 
response or action is required [13, 14]. Exogenous MSC 
homing is a process in which transplanted MSCs are 
recruited from the peripheral bloodstream and migrate 
to injured or pathological tissue [15]. Efficient homing of 

stem cells is a prerequisite for the successful engraftment 
of transplanted MSCs. Any improvement of existing cell-
based therapeutic approaches will depend on a better 
understanding of the interaction of stem cells with the 
environment that leads to homing and tissue integration 
[16]. Although the molecular mechanisms that direct 
the migration and homing of MSCs are only partially 
understood [16], numerous studies have shown that two 
important detailed mechanisms underlying the efficiency 
of MSC homing might be involved [17]. One is that spe-
cific ligands or receptors that are upregulated in injured 
tissues facilitate the trafficking, adhesion, and infiltration 
of MSCs. The other is that chemokine receptors, selec-
tins and integrins expressed on MSCs are involved in the 
migration of MSCs across the endothelium and homing 
to injured tissues.

Chemokines are 8- to 12-kDa peptides that are involved 
in cell migration and homing [18]. Stromal cell-derived 
factor-1 (SDF-1) is a member of the CXC chemokine 
subfamily. SDF-1 is considered the most potent chem-
oattractive signal and has been identified as a stem cell 
homing factor [19]. SDF-1 is expressed by a wide variety 
of cells and is substantially upregulated in many tissues 
induced by “stress,” such as injury, inflammation, irradia-
tion or chemotherapy [18–20]. A local increase in SDF-1 
levels in the injured tissue is capable of recruiting stem 
cells to the site of injury, where they support tissue repair 
and regeneration [19]. Many studies have proposed that 
SDF-1 is one of the most important chemokines and 
homing factors for stem cells that promotes the migra-
tion and homing of stem cells to injured tissues [19, 21, 
22]. According to previous studies [23], the chemokine 
receptor repertoire of human bone marrow-derived mes-
enchymal stem cells (BM-MSCs) determines their migra-
tory activity, and harnessing the migratory potential of 
MSCs by modulating their chemokine-chemokine recep-
tor interaction may be a powerful method to enhance the 
homing capacity of stem cells after transplantation. CXC 
chemokine receptor 4 (CXCR4), a G protein-coupled 
receptor, is the primary chemokine receptor for SDF-
1. CXCR4 is widely expressed on various cells, includ-
ing haematopoietic cells, endothelial and epithelial cells, 

CXCR4 activated the PI3K/Akt signalling pathway, and LY294002 significantly inhibited hAD-MSC migration induced 
by SDF-1 in vitro. Moreover, inhibition of the PI3K/Akt signalling pathway significantly reduced the number of systemi-
cally transplanted hAD-MSCs homing to chemotherapy-induced ovaries in rats with POI.

Conclusions: SDF-1/CXCR4 axis partially mediates the migration and homing of systemically transplanted hAD-MSCs 
to the ovaries of rats with chemotherapy-induced POI, and the PI3K/Akt signalling pathway might be involved in the 
migration and homing of hAD-MSCs mediated by the SDF-1/CXCR4 axis.

Keywords: Premature ovarian insufficiency (POI), Human amnion-derived mesenchymal stem cells (hAD-MSCs), 
Transplantation, Stem cell homing, Stromal cell-derived factor-1 (SDF-1), CXC chemokine receptor 4 (CXCR4)
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neuronal cells, progenitor cells and stem cells [18]. These 
cells express CXCR4 and migrate along SDF-1 gradients 
[18]. A number of studies have revealed that locally ele-
vated levels of SDF-1, acting through its specific recep-
tor CXCR4 on MSCs, are critical for MSCs homing to 
injured tissue, including bone marrow, infarcted myocar-
dium, traumatic brain and injured liver [19, 24, 25]. The 
SDF-1/CXCR4 axis is associated with the migration and 
homing of MSCs in vivo [26].

Systemically transplanted MSCs migrate and home to 
injured tissues and promote tissue regeneration. SDF-1 
plays a role in the migration and homing of CXCR4-pos-
itive MSCs to injured tissue and regulates repair activity 
[27, 28]. The migration of MSCs is mediated by upregu-
lated SDF-1 in injured tissue and its specific receptor 
CXCR4 expressed on MSCs [29, 30]. The mobilization 
and homing of MSCs are regulated by the interaction 
between SDF-1 and CXCR4 [19, 24, 25]. Increasing evi-
dence supports the central role of the SDF-1/CXCR4 
axis in regulating the migration and homing of MSCs to 
injured tissue. Thus, in this study, we explored whether 
the SDF-1/CXCR4 axis is involved in the migration and 
homing of systemically transplanted hAD-MSCs to the 
ovaries of rats with chemotherapy-induced POI.

Binding of SDF-1 to CXCR4 activates multiple signal-
ling pathways to regulate cell migration, proliferation, 
differentiation, survival and apoptosis [26, 31]. How-
ever, the signalling networks connecting the SDF-1/
CXCR4 axis with cell migration and homing are still not 
well understood. Signalling cascades induced by SDF-1/
CXCR4 activate related pathways in stem cells, including 
p44/p42 extracellular signal-regulated kinases (ERK1/2) 
and phosphatidylinositol-3-kinase (PI3K)/Akt, which 
affect the chemotaxis and migration of stem cells and 
result in stem cell mobilization from the bone marrow 
into the peripheral blood, as well as their homing to the 
injured tissue [19, 32]. CXCR4-mediated chemotaxis is 
mediated by the activation of PI3K [18]. PI3K activation 
results in the phosphorylation and activation of several 
downstream components, such as Akt [18]. PI3K/Akt 
activation participates in the migration of MSCs, and the 
CXCR4 antagonist AMD3100 reverses the increase in the 
phospho-Akt level and inhibits MSC migration induced 
by the SDF-1/CXCR4 axis [33, 34]. Additionally, chemo-
taxis mediated by the SDF-1/CXCR4 axis may be driven 
by the activation of MAPK through ERK1/2 [19, 35]. The 
SDF-1/CXCR4 axis mediates MSC migration, and the 
activation of the ERK 1/2 downstream signalling pathway 
induced by the binding of SDF-1 to CXCR4 was required 
for MSC migration [35]. The SDF-1/CXCR4 axis is criti-
cal for MSC migration [36]; an SDF-1 pretreatment, act-
ing through its receptor CXCR4 on MSCs, significantly 
activated the PI3K/Akt and ERK1/2 signalling pathways 

in MSCs, and these effects were partially inhibited by 
AMD3100 [36]. Therefore, in our study, we further 
explored whether the ERK1/2 and PI3K/Akt signalling 
pathways are involved in the migration and homing of 
hAD-MSCs mediated by the SDF-1/CXCR4 axis.

In this study, the role of the SDF-1/CXCR4 axis in the 
migration and homing of systemically transplanted hAD-
MSCs to the ovaries of rats with chemotherapy-induced 
POI and its relevant downstream signalling pathways 
were explored. These findings may provide new evidence 
to improve our understanding of the molecular mecha-
nisms involved in the migration and homing of hAD-
MSCs to ovaries exhibiting POI.

Methods
The experimental protocols were performed in compli-
ance with the Declaration of Helsinki and approved by 
the Ethics Committee of the Second Affiliated Hospital of 
Chongqing Medical University.

Reagents
Low-glucose Dulbecco’s modified Eagle’s medium 
(L-DMEM) and foetal bovine serum (FBS) were pur-
chased from Gibco Co. (Grand Island, NY, USA). Cell 
Counting Kit-8 (CCK-8), penicillin, streptomycin, 
TUNEL apoptosis assay kit, Bradford Protein Assay Kit, 
RIPA lysis buffer and BeyoECL Plus kit were purchased 
from Beyotime Institute of Biotechnology (Haimen, 
China). Adipogenic differentiation medium (ADM), 
osteogenic differentiation medium (ODM), chondro-
genic differentiation medium (CDM), Oil Red O, Alcian 
blue and Alizarin Red S were purchased from Cyagen 
Biosciences Inc. (Suzhou, China). 2-(4-Amidinophenyl)-
6-indolecarbamidine dihydrochloride (DAPI) and phos-
phate-buffered saline (PBS) were purchased from Boster 
Biological Technology Co., Ltd. (Wuhan, Hubei, China). 
The CXCR4 antibody was purchased from Novus Biolog-
icals (Littleton, CO, USA). Recombinant human SDF-1 
was purchased from PeproTech Inc. (Cranbury, NJ, 
USA). SDF-1, anti-Müllerian hormone (AMH), oestra-
diol (E2) and follicle-stimulating hormone (FSH) ELISA 
kits were purchased from Uscn Life Science Inc. (Wuhan, 
Hubei, China). The Bax antibody, LY294002 and second-
ary antibodies were purchased from Cell Signaling Tech-
nology Inc. (Boston, MA, USA). DyLight549-conjugated 
antibodies were purchased from Abbkine Scientific Co., 
Ltd. (Liyang, Jiangsu, China). AMD3100 was purchased 
from MedChemExpress (Monmouth Junction, NJ, USA). 
Cleaved caspase 3, Bcl-2, vascular endothelial growth 
factor (VEGF) and vascular endothelial growth factor 
receptor 2 (VEGFR2) antibodies were purchased from 
Affinity Biosciences (Wuhan, Hubei, China). Cyclophos-
phamide was purchased from Hengrui Medicine Co., 
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Ltd. (Lianyungang, Jiangsu, China). All other chemicals 
were purchased from Sigma–Aldrich Co. (St. Louis, MO, 
USA).

Isolation and culture of hAD‑MSCs
Primary hAD-MSCs were isolated from term amnions as 
described in our previous protocols [9]. Term placentas 
were collected from healthy donors who received caesar-
ean section at the Second Affiliated Hospital of Chong-
qing Medical University, Chongqing, China. Written 
informed consent was obtained from all donors before 
tissue collection. hAD-MSCs were cultured in L-DMEM 
supplemented with 12% FBS, 100 U/mL penicillin and 
0.1  mg/mL streptomycin. hAD-MSCs were used at the 
third passage in the subsequent experiments.

Identification and characterization of hAD‑MSCs
hAD-MSCs were identified using our previously pub-
lished protocols [9]. The morphological characteristics 
and growth of hAD-MSCs were observed and imaged 
with an inverted microscope (Olympus Corporation, 
Tokyo, Japan). The expression of MSC surface markers 
on hAD-MSCs was detected using flow cytometry. To 
identify the multipotent differentiation of hAD-MSCs, 
hAD-MSCs were cultured in ADM, ODM and CDM 
for 21  days to identify the multidifferentiation potential 
of hAD-MSCs. After staining with Oil Red O, Alizarin 
Red S or Alcian blue, the cells were observed and imaged 
under an inverted microscope (Olympus Corporation, 
Tokyo, Japan).

The growth curve of hAD-MSCs was constructed by 
performing a CCK-8 assay according to the manufactur-
er’s instructions. Cells were seeded at a density of 5 ×  103 
cells/well in 96-well plates and cultured for 24  h. Then, 
the optical density (OD) value at 450 nm was measured 
daily for 5 continuous days using a plate reader (model 
1510; Thermo Fisher Scientific Oy, Vantaa, Finland).

Transwell migration assay
An in  vitro cell migration model was constructed in a 
Transwell chamber (Corning, NY, USA) composed of 
a membrane filter with 8 μm diameter pores suspended 
in a 6-well plate according to the manufacturer’s instruc-
tions. hAD-MSCs were plated in serum-free medium at 
a density of 1 ×  105/cm2 into the upper chamber, and the 
lower chamber was filled with the same medium contain-
ing 2% FBS. For inhibitor treatment, hAD-MSCs were 
preincubated with AMD3100 (44 nM, a specific inhibitor 
of CXCR4) or LY294002 (50 μmol/L, a specific inhibitor 
of the PI3K/Akt pathway) for 1 h. For SDF-1 treatment, 
SDF-1 was added at concentrations of 0, 50, 100 or 
150 ng/mL to the lower chamber according to previously 
published protocols [24, 25, 37]. After 24  h, migration 

assays were terminated by retrieving the membrane filter 
from each group, and hAD-MSCs on the underside of the 
filter were stained with a crystal violet staining solution 
and counted in 6 randomly chosen visual fields (200×) 
under a microscope (Olympus Corporation, Tokyo, 
Japan).

Western blot
hAD-MSCs were collected from four different persons 
to examine CXCR4 expression in hAD-MSCs. Serum-
starved hAD-MSCs were pretreated with AMD3100 
(44  nM) or LY294002 (50  μmol/L) for 1  h followed by 
treatment with SDF-1 (100 ng/mL) to explore the mecha-
nisms associated with hAD-MSC migration mediated 
by the SDF-1/CXCR4 axis. After treatment, hAD-MSCs 
were lysed in RIPA lysis buffer, and proteins were isolated 
after centrifugation. The protein concentrations were 
determined using the Bradford Protein Assay Kit. The 
protein samples were separated on SDS–PAGE gels and 
subsequently electrotransferred to PVDF membranes 
(Millipore, USA). After washing, the membranes were 
blocked with 5% skim milk for 1  h and incubated with 
specific primary antibodies against CXCR4, Akt, phos-
pho-Akt (Ser473), ERK1/2 or phospho-ERK1/2 overnight 
at 4  °C. After washing, the membranes were incubated 
with secondary antibodies for 1 h at room temperature, 
and a BeyoECL Plus kit was used for colour development 
according to the manufacturer’s instructions.

Immunofluorescence staining
Cells were detected using immunofluorescence staining 
to further confirm CXCR4 expression in hAD-MSCs. 
The cells were fixed, washed and permeabilized in PBS 
containing 0.5% Triton X-100 for 30 min. After washing, 
the cells were blocked with 5% BSA for 2 h and incubated 
with a specific primary antibody against CXCR4 over-
night at 4  °C. After washing, the cells were incubated 
with secondary antibodies conjugated to DyLight549 
for 1 h at 37 °C. Then, the cells were counterstained with 
DAPI and imaged under a laser scanning confocal micro-
scope (Nikon Corporation, Tokyo, Japan).

Labelling and tracking of hAD‑MSCs
Cells were prelabelled with PKH26 Red Fluorescent Cell 
Linker Kits using our previously published protocols 
[8] before transplantation to track and locate the trans-
planted hAD-MSCs in the ovarian tissue. At 24  h after 
the transplantation of PKH26-labelled hAD-MSCs, fresh 
sections of ovaries were prepared and incubated with 
DAPI, and the sections were imaged under a laser scan-
ning confocal microscope (Nikon Corporation, Tokyo, 
Japan).



Page 5 of 19Ling et al. Stem Cell Research & Therapy           (2022) 13:79  

The homing efficiency of hAD-MSCs within ovarian 
tissue is typically quantified by averaging the number of 
PKH26-labelled cells present in 800 × microscopic fields 
randomly chosen from each tissue sample under a confo-
cal microscope using a published protocol [16].

Animal protocols
Female Sprague–Dawley (SD) rats aged 10‒12  weeks 
were purchased from the Experimental Animal Center of 
Chongqing Medical University.

Seventy-two female SD rats were randomly divided 
into the following 4 groups to investigate whether the 
SDF-1/CXCR4 axis mediates the homing of hAD-MSCs 
to the ovaries of rats with chemotherapy-induced POI: 
control, POI, hAD-MSCs and hAD-MSCs + AMD3100 
groups (n = 18 rats in each group). First, the rats 
were intraperitoneally injected with cyclophospha-
mide to establish POI models in the POI, hAD-MSCs 
and hAD-MSCs + AMD3100 groups using our previ-
ously published protocols [8]. For the inhibitor treat-
ment, hAD-MSCs were incubated with AMD3100 
(44  nM) for 1  h before cell transplantation into the 
hAD-MSCs + AMD3100 group. Then, at 24  h after 
chemotherapy, rats from the hAD-MSCs and hAD-
MSCs + AMD3100 groups were injected with 0.6  ml of 
PBS containing 4 ×  106 hAD-MSCs labelled with PKH-
26 via the tail vein, while the rats in the control and POI 
groups were injected with 0.6 ml of PBS, according to our 
previously published protocols [8, 11]. At 24 h, 3 weeks 
and 6  weeks after cell transplantation, 6 rats from each 
group were sacrificed under sodium pentobarbital anaes-
thesia, and samples were collected for the subsequent 
experiments.

The oestrous cycles of rats in each group were recorded 
by observing vaginal smears, as described in our previ-
ously published protocols [8]. Regular oestrous cycles 
consisted of 4 sequential stages as follows: proestrus, 
oestrus, metoestrus and dioestrus (Fig. 6a). Irregular oes-
trous cycles were also defined in our previously published 
protocols [8].

Twenty-four female SD rats were randomly divided into 
the following 4 groups to further investigate the molecu-
lar mechanisms involved in the homing of hAD-MSCs 
mediated by the SDF-1/CXCR4 axis in vivo: control, POI, 
hAD-MSCs and hAD-MSCs + LY294002 groups (n = 6 
rats in each group). Rats were intraperitoneally injected 
with cyclophosphamide to establish POI models in the 
POI, hAD-MSCs and hAD-MSCs + LY294002 groups. 
For the inhibitor treatment, hAD-MSCs were incubated 
with LY294002 (50 μmol/L) for 1 h before cell transplan-
tation into the hAD-MSCs + LY294002 group. At 24  h 
after chemotherapy, rats from the hAD-MSCs and hAD-
MSCs + LY294002 groups were injected with 0.6  ml of 

PBS containing 4 ×  106 hAD-MSCs labelled with PKH-
26 via the tail vein, while rats in the control and POI 
groups were injected with 0.6 ml of PBS. At 24 h after cell 
transplantation, rats in each group were sacrificed under 
sodium pentobarbital anaesthesia, and samples were col-
lected for tracking tests.

Enzyme‑linked immunosorbent assay (ELISA)
Ovarian tissue and serum were collected from the rats 
in the control and POI groups to detect the SDF-1 levels 
in the ovaries and serum of rats with POI at 24  h after 
chemotherapy. Ovarian tissue was homogenized, and 
the supernatant was collected. The SDF-1 levels were 
detected using an ELISA kit according to the manufac-
turer’s instructions.

Serum was collected at 0, 3 and 6 weeks after cell trans-
plantation and levels of AMH, FSH and E2 in rats from 
each group were analysed using ELISA kits according to 
the manufacturer’s instructions.

Analysis of ovarian morphology and follicle counts
Ten ovaries from each group were collected at 6  weeks 
after hAD-MSC transplantation. Ovaries were fixed, 
dehydrated, embedded in paraffin and cut into 5 μm sec-
tions. The sections were stained with haematoxylin and 
eosin (HE). The ovarian morphology was observed under 
an optical microscope (Olympus Corporation, Tokyo, 
Japan). The follicles in ovaries were classified as primor-
dial, primary, secondary, preovulatory and atretic folli-
cles. The number of follicles was counted as described in 
previous studies [3, 11].

TUNEL assay
Ovarian cell apoptosis was determined using a TUNEL 
apoptosis assay kit according to the manufacturer’s 
instructions. Sections were observed and imaged with 
an optical microscope (Olympus Corporation, Tokyo, 
Japan). Nuclei of ovarian apoptotic cells were stained 
dark brown.

Immunohistochemical staining
Ovarian tissue sections were incubated with specific pri-
mary antibodies against Bcl-2, Bax, cleaved caspase-3, 
VEGF and VEGFR2, followed by the corresponding sec-
ondary antibodies conjugated to horseradish peroxidase. 
Afterwards, sections were stained with 3,3′-diaminoben-
zidine and counterstained with haematoxylin. Then, the 
sections were observed and imaged under an optical 
microscope (Olympus Corporation, Tokyo, Japan). The 
sections were analysed as described in our previously 
published protocols [8]: the number of positive cells was 
graded as 4 (> 75%), 3 (51‒75%), 2 (25‒50%), 1 (5‒25%) 
or 0 (< 5%), and the staining intensity was graded as 3 
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(brown), 2 (light brown), 1 (light yellow) or 0 (no col-
our). The total score was calculated as the sum of the two 
grades, which was named the immunoreactivity score 
(IS). Ten high-power fields (HPFs, 400 ×) were randomly 
chosen from five sections in each group for scoring. The 
median and range of ISs for each group were calculated.

Statistical analysis
For all assays, at least three independent experiments 
were performed. Statistical analyses of data were pro-
cessed using SPSS 22.0 software (IBM, NY, USA). 
Data with a normal distribution are presented as the 
means ± standard deviations, and an independent sam-
ples t-test and one-way analysis of variance (ANOVA) 
were used for two-group and multiple-group compari-
sons, respectively. Data with a skewed distribution are 
presented as the medians and ranges, and the nonpara-
metric Wilcoxon rank test and Kruskal–Wallis test were 
used for two-group and multiple-group comparisons, 
respectively. Statistical significance was set to P < 0.05.

Results
Characterization and identification of hAD‑MSCs
Primary hAD-MSCs were isolated, cultured and identi-
fied as described in our previously published protocols 

[9]. hAD-MSCs were identified according to the guide-
lines established by the International Society of Cell 
Therapy (ISCT).

The isolated cells grew as adherent cultures, displayed 
a fibroblastic morphology and were capable of forming 
colonies (Fig. 1a-c). The growth curve of hAD-MSCs was 
investigated by performing a CCK-8 assay (Fig. 1d). The 
expression of surface markers on hAD-MSCs was similar 
to that on BM-MSCs, which was detected and published 
in our previous study [9]. The isolated cells were con-
firmed to have the ability to differentiate into adipocytes, 
osteoblasts and chondroblasts under standard differen-
tiation conditions in vitro, which were verified by Oil Red 
O, Alizarin Red S and Alcian blue staining (Fig. 1e-g).

Based on these results, the isolated cells have the 
common characteristics of MSCs and are identified as 
hAD-MSCs.

Expression of CXCR4 in hAD‑MSCs
The expression of CXCR4 in hAD-MSCs was examined 
by performing Western blotting and immunofluores-
cence staining. CXCR4 was stably expressed in hAD-
MSCs, and no significant difference was observed in 
different cell clones (P > 0.05; Fig. 2a, b). Red fluorescent 

Fig. 1 Characterization of hAD-MSCs. a–c Morphology of hAD-MSCs (a ×40, b ×100, c ×200). d The growth curve of hAD-MSCs. e–g hAD-MSCs 
were able to differentiate into adipocytes (e ×200), osteoblasts (f ×200) and chondroblasts (g ×200). Lipid vacuoles in the cytoplasm were 
visualized in adipocytes, which were verified by Oil Red O staining (e). Abundant calcium deposits were visualized in osteoblasts, which were 
stained with Alizarin Red S (f). Cartilage-specific proteoglycans (g) were visualized in chondroblasts stained with Alcian blue. Representative images 
are shown
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signals, which indicated CXCR4 expression, were 
observed in hAD-MSCs (Fig. 2c).

SDF‑1 induces the migration of hAD‑MSCs in vitro
A Transwell migration assay was performed with 0, 50, 
100 or 150 ng/mL SDF-1 to explore whether SDF-1 can 
promote hAD-MSC migration in  vitro and determine 
the optimal dose of SDF-1 for subsequent experiments. 
Compared to the control group (0  ng/mL SDF-1), the 
number of hAD-MSCs passing through the membrane in 
wells containing SDF-1 was significantly greater in the S1 
(50 ng/mL SDF-1), S2 (100 ng/mL SDF-1) and S3 (150 ng/
mL SDF-1) groups (P < 0.01; Fig. 3a, b). Compared to the 
S1 group, the number of hAD-MSCs passing through the 
membrane in response to SDF-1 was significantly greater 
in the S2 and S3 groups (P < 0.01 and P < 0.05; Fig. 3a, b). 
However, no significant difference was observed between 
the S2 and S3 groups (P > 0.05; Fig. 3a, b). Thus, an SDF-1 
concentration of 100  ng/ml was selected for the subse-
quent experiments.

AMD3100, a specific inhibitor of CXCR4, was used in 
the Transwell migration assay to further explore the role 
of the SDF-1/CXCR4 axis in the SDF-1-induced migra-
tion of hAD-MSCs in  vitro. Compared to the control 
group, the number of hAD-MSCs passing through the 
membrane was significantly greater in the SDF-1 group 
(P < 0.01; Fig.  3c, d). However, the increased number of 
hAD-MSCs passing through the membrane in response 
to SDF-1 was significantly inhibited by AMD3100 
(P < 0.01; Fig. 3c, d). Compared to the SDF-1 group, the 
number of hAD-MSCs passing through the membrane 
was significantly decreased in the SDF-1 + AMD3100 
group (P < 0.01; Fig. 3c, d).

Thus, SDF-1 induces the migration of hAD-MSCs 
in  vitro, and the SDF-1/CXCR4 axis mediates the SDF-
1-induced migration of hAD-MSCs.

Increased SDF‑1 levels in serum and ovarian tissue 
from rats with chemotherapy‑induced POI
Levels of SDF-1 in the serum and ovaries in the control 
and POI groups were measured after chemotherapy to 

Fig. 2 CXCR4 expression in hAD-MSCs. a, b Western blot assay was performed to detect CXCR4 protein expression levels in hAD-MSCs (a), and 
the CXCR4/β-actin ratios were evaluated (b). c Immunofluorescence staining was performed to confirm the expression of the CXCR4 protein in 
hAD-MSCs (×200). Representative images are shown. *P < 0.05 and **P < 0.01. Scale bars = 100 μm
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examine whether chemotherapy induces SDF-1 secre-
tion in the rat ovaries. Compared to the control group, 
SDF-1 levels in the serum and ovaries were significantly 
increased in the POI group (P < 0.01; Fig. 4a, b).

The results indicate that chemotherapy induces SDF-1 
secretion in ovaries and subsequently increases serum 
SDF-1 levels in rats. The injured ovaries in rats with 
chemotherapy-induced POI might attract hAD-MSCs 
expressing CXCR4.

The SDF‑1/CXCR4 axis partially mediates 
the homing of hAD‑MSCs to the ovaries of rats 
with chemotherapy‑induced POI
hAD-MSCs were prelabelled with PKH26 before trans-
plantation using our previously published protocols to 
track and locate the transplanted hAD-MSCs in  vivo 
[8], and PKH26-labelled hAD-MSCs showed red fluo-
rescence. The homing and location of transplanted 
PKH26-labelled hAD-MSCs in the ovaries of rats with 

Fig. 3 SDF-1 induces hAD-MSC migration in vitro. a, b The migration of hAD-MSCs was tested by performing a Transwell migration assay with 0, 
50, 100 or 150 ng/mL SDF-1 in vitro (×200). c, d The role of the SDF-1/CXCR4 axis in the SDF-1-induced migration of hAD-MSCs was detected by 
performing a Transwell migration assay. The migration of hAD-MSCs was tested in the control, SDF-1, SDF-1 + AMD3100 and AMD3100 groups 
(×200). Representative images are shown. N = 6, *P < 0.05 and **P < 0.01. Scale bars = 50 μm

Fig. 4 Elevated levels of SDF-1 in serum and ovaries are induced by chemotherapy in rats with POI. SDF-1 concentrations in the serum (a) and 
supernatant of homogenized ovarian tissue (b) from the control and POI groups were measured using ELISA. *P < 0.05 and **P < 0.01
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POI were traced at 24  h after cell transplantation. 
PKH26-labelled cells, which showed red-dotted fluo-
rescent signals, were recruited and located in the inter-
stitium of ovaries from rats with POI in the hAD-MSCs 
and hAD-MSCs + AMD3100 groups after transplanta-
tion (Fig.  5a). No punctate red fluorescent signals were 
observed in the control and POI groups, consistent with 
our previously published articles [8, 11] (data not shown). 
Quantitation of the number of hAD-MSCs in ovaries 
revealed that ovaries from rats in the hAD-MSCs and 
hAD-MSCs + AMD3100 groups contained 28.60 ± 21.49 
and 10.00 ± 6.85 cells/microscopic field, respectively 
(n = 10; Fig.  5b). The intensity of punctate red fluores-
cent signals and number of hAD-MSCs in the hAD-
MSCs + AMD3100 group were significantly lower than 
those of hAD-MSCs in the hAD-MSCs group (P < 0.05; 
Fig. 5a, b).

Based on these results, the ovaries of rats with chem-
otherapy-induced POI attract hAD-MSCs expressing 
CXCR4 in  vivo. The SDF-1/CXCR4 axis partially medi-
ates the homing of systemically transplanted hAD-MSCs 
to the ovaries of rats with chemotherapy-induced POI.

Effects of hAD‑MSCs on ovarian function in rats 
with chemotherapy‑induced POI after blocking the SDF‑1/
CXCR4 axis
Oestrous cycles and sex hormone levels in rats were 
analysed to investigate the effects of hAD-MSC trans-
plantation on ovarian function in rats with chemother-
apy-induced POI after blocking the SDF-1/CXCR4 axis.

Beginning at the 3rd week after hAD-MSC transplanta-
tion, 100% of the rats in the POI group had irregular oes-
trous cycles, while 100% of the rats in the control group 
had regular oestrous cycles (Fig. 6a, b). Beginning at the 
3rd week after hAD-MSC transplantation, the percent-
ages of rats with irregular oestrous cycles were lower in 
the hAD-MSCs and hAD-MSCs + AMD3100 groups 
than in the POI group (Fig.  6b), while greater percent-
ages of rats with irregular oestrous cycles were observed 
in the hAD-MSCs + AMD3100 group than in the hAD-
MSCs group (Fig. 6b).

After chemotherapy, the FSH level was significantly 
higher (P < 0.05; Fig.  6d) and the AMH and E2 levels 
were significantly lower (P < 0.05; Fig.  6c, e) in the 
POI, hAD-MSCs and hAD-MSCs + AMD3100 groups 
than in the control group, and no significant differ-
ences were between the first three groups (P > 0.05; 
Fig. 6c–e). Beginning at the 3rd week after hAD-MSC 
transplantation, the FSH level was significantly lower 
(P < 0.05; Fig.  6d), while the AMH and E2 levels were 

Fig. 5 The SDF-1/CXCR4 axis is involved in the homing of hAD-MSCs to the ovaries of rats with chemotherapy-induced POI. a Transplanted 
PKH26-labelled hAD-MSCs were observed in ovaries at 24 h after cell transplantation in the hAD-MSCs and hAD-MSCs + AMD3100 groups using 
confocal microscopy (×200 and ×800). b The number of hAD-MSCs was counted and compared in the hAD-MSCs and hAD-MSCs + AMD3100 
groups (n = 10). Representative images are shown. The yellow arrows indicate transplanted hAD-MSCs. *P < 0.05. Scale bars = 100 μm
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significantly higher (P < 0.05; Fig.  6c, e) in the hAD-
MSCs and hAD-MSCs + AMD3100 groups than in the 
POI group. Moreover, compared to the hAD-MSCs 
group, a significantly lower AMH level was detected in 
the hAD-MSCs + AMD3100 group from the 3rd week 
after hAD-MSC transplantation (P < 0.05; Fig.  6c). 
Compared to the hAD-MSCs group, the FSH level was 
significantly higher (P < 0.05; Fig. 6d) and the E2 level 
was significantly lower (P < 0.05; Fig.  6e) in the hAD-
MSCs + AMD3100 group at the 6th week after hAD-
MSC transplantation.

Therefore, hAD-MSC transplantation improves 
ovarian function in rats with chemotherapy-induced 
POI, and blocking the SDF-1/CXCR4 axis with 
a CXCR4 antagonist reduces its efficacy in POI 
treatment.

Effects of hAD‑MSCs on ovarian injuries induced 
by chemotherapy in rats with POI after blocking the SDF‑1/
CXCR4 axis
Ovaries were collected for a pathological analysis at 
6 weeks after cell transplantation to investigate the effects 
of hAD-MSC transplantation on ovarian injuries in rats 
with chemotherapy-induced POI after blocking the 
SDF-1/CXCR4 axis.

Compared to the control group, chemotherapy induced 
follicle loss, vascular damage, and tissue fibrosis in ova-
ries from the POI group (Fig. 7a). Meanwhile, compared 
to the POI group, hAD-MSC transplantation reduced 
follicle loss, vascular damage, and tissue fibrosis in 
the hAD-MSCs and hAD-MSCs + AMD3100 groups 
(Fig.  7a). Compared to the control group, the numbers 
of primordial follicles and growing follicles, includ-
ing primary, secondary, and preovulatory follicles, were 

Fig. 6 Effects of hAD-MSCs on ovarian function in rats with chemotherapy-induced POI after blocking the SDF-1/CXCR4 axis. a Oestrous cycles of 
rats were observed. Regular oestrous cycles consisted of 4 sequential stages: proestrus, oestrus, metoestrus and dioestrus (×40). b The percentages 
of rats with abnormal cyclicity were detected at 1, 3, and 6 weeks after cell transplantation. c–e Serum levels of AMH (c), FSH (d) and E2 (e) were 
detected at 0, 3 and 6 weeks after cell transplantation. Representative images are shown. *P < 0.05 and **P < 0.01. Scale bars = 100 μm

Fig. 7 Effects of hAD-MSCs on ovarian injuries induced by chemotherapy in POI rats after blocking the SDF-1/CXCR4 axis. a Changes in the ovarian 
tissue were analysed using HE staining (×100 and ×200). b The number of follicles at different stages was counted and compared in the control, 
POI, hAD-MSCs and hAD-MSCs + AMD3100 groups (n = 10). c Ovarian granulosa cell (GC) apoptosis was tested using the TUNEL assay (×100 
and ×400). d The expression levels of Bax, Bcl-2, cleaved-caspase-3, VEGF and VEGFR2 in the ovaries were detected using immunohistochemical 
staining (×100 and ×400). e–i Semiquantitative analyses of Bax, Bcl-2, cleaved-caspase-3, VEGF and VEGFR2 levels in the ovaries from each group 
are shown (n = 10). Each dot in the graphs (e–i) represents the value obtained from ten high-power fields (HPFs) randomly chosen from five 
sections in each group. The bars and error bars in graphs (e–i) indicate the medians and ranges, respectively. Brown cells represent immunostained 
cells. Representative images are shown. *P < 0.05 and **P < 0.01. Scale bars = 100 μm

(See figure on next page.)
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Fig. 7 (See legend on previous page.)
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significantly lower in the POI group (P < 0.05; Fig. 7a, b). 
Compared to the POI group, significantly greater num-
bers of primordial and primary follicles were observed 
in the hAD-MSCs and hAD-MSCs + AMD3100 groups 
(P < 0.05; Fig.  7a, b). Moreover, compared to the hAD-
MSCs group, a significantly lower number of primordial 
follicles was observed in the hAD-MSCs + AMD3100 
group (P < 0.05; Fig. 7a, b).

Compared to the control group, a significantly greater 
number of apoptotic granulosa cells (GCs) in the ova-
ries was observed in the POI group (Fig.  7c). Com-
pared to the POI group, the number of apoptotic GCs 
in ovaries was significantly lower in the hAD-MSCs and 
hAD-MSCs + AMD3100 groups (Fig.  7c). Moreover, 
compared to the hAD-MSCs group, the number of apop-
totic GCs in ovaries was significantly higher in the hAD-
MSCs + AMD3100 group (Fig. 7c).

Compared to the control group, significantly higher 
levels of Bax and cleaved caspase-3 (proapoptotic pro-
tein) (P < 0.01; Fig.  7d–i) and significantly lower levels 
of Bcl-2 (antiapoptotic protein), VEGF and VEGFR2 
(P < 0.01; Fig.  7d–i) were detected in the POI group. 
Significantly lower levels of Bax and cleaved caspase-3 
(P < 0.01; Fig. 7d–i) and significantly higher levels of Bcl-
2, VEGF and VEGFR2 were detected (P < 0.01; Fig. 7d–i) 
in the hAD-MSCs and hAD-MSCs + AMD3100 groups 
than in the POI group. Moreover, compared to the hAD-
MSCs group, the levels of Bax and cleaved caspase-3 
were significantly higher in the hAD-MSCs + AMD3100 
group (P < 0.01; Fig. 7d–i).

These results reveal that hAD-MSC transplantation 
reduces ovarian injuries, inhibits GC apoptosis and proa-
poptotic protein expression, and promotes antiapoptotic 
protein, VEGF and VEGFR2 expression in the ovaries 
of rats with POI. Blocking the SDF-1/CXCR4 axis with 
a CXCR4 antagonist reduces the efficacy of hAD-MSC 
transplantation.

Activation of the PI3K/Akt signalling pathway by SDF‑1 
in hAD‑MSCs
The PI3K/Akt and ERK1/2 signalling pathways were 
detected to explore the mechanisms by which SDF-1/
CXCR4 chemotactic homing signals are transmitted 
within hAD-MSCs.

Following the treatment of hAD-MSCs with SDF-1, 
western blotting was performed to measure the levels of 
the key proteins in the PI3K/Akt and ERK1/2 signalling 
pathways. A significant increase in the phosphorylation of 
Akt was induced by SDF-1 (P < 0.01; Fig. 8a, c). However, 
the level of phosphorylated ERK1/2 was not increased 
significantly after SDF-1 treatment (P > 0.05; Fig.  8a, 
b). The level of phospho-Akt increased significantly 
after SDF-1 treatment, while AMD3100 or LY294002 

pretreatment significantly reduced the increased level of 
phospho-Akt induced by SDF-1 (P < 0.01; Fig. 8d, e).

Based on these results, the binding of SDF-1 to CXCR4 
phosphorylates Akt and activates the PI3K/Akt signalling 
pathway, and the SDF-1/CXCR4 and PI3K/Akt signalling 
pathways are synchronously activated in hAD-MSCs by 
SDF-1 in  vitro. The PI3K/Akt signalling pathway might 
be a downstream chemotactic homing signal in hAD-
MSCs that is potentially activated by the SDF-1/CXCR4 
axis.

The PI3K/Akt signalling pathway is involved 
in the migration of hAD‑MSCs mediated by the SDF‑1/
CXCR4 axis
Cells were pretreated with the inhibitor LY294002 before 
SDF-1 treatment to explore the effects of the PI3K/Akt 
signalling pathway on the migration of hAD-MSCs medi-
ated by the SDF-1/CXCR4 axis.

Compared to the control group, the number of hAD-
MSCs passing through the membrane was significantly 
greater in the SDF-1 group (P < 0.01; Fig.  9a, b). Com-
pared to the SDF-1 group, the number of hAD-MSCs 
passing through the membrane was significantly reduced 
by LY294002 pretreatment in the SDF-1 + LY294002 
group (P < 0.01; Fig. 9a, b).

Therefore, the PI3K/Akt signalling pathway regulates 
the migration of hAD-MSCs mediated by the SDF-1/
CXCR4 axis.

Inhibition of the PI3K/Akt signalling pathway reduces 
hAD‑MSC homing in vivo
We further confirmed whether the PI3K/Akt signal-
ling pathway is involved in the homing of systemically 
transplanted hAD-MSCs to the ovaries of rats with 
chemotherapy-induced POI by pretreating cells with the 
inhibitor LY294002 before transplantation.

The homing and location of transplanted PKH26-
labelled hAD-MSCs in the ovaries of POI rats were 
traced at 24 h after cell transplantation. PKH26-labelled 
cells with punctate red fluorescent signals were recruited 
and located in the interstitium of ovaries from rats with 
POI after transplantation in the hAD-MSCs and hAD-
MSCs + LY294002 groups (Fig.  10a). No punctate red 
fluorescent signals were observed in the control and POI 
groups, consistent with our previously published articles 
[8, 11] (data not shown). A quantitative assessment of 
the number of hAD-MSCs in ovaries revealed that ova-
ries from the hAD-MSCs and hAD-MSCs + LY294002 
groups contained 20.00 ± 17.22 and 8.70 ± 6.08 cells/
microscopic field, respectively (n = 10; Fig.  10b). The 
intensity of punctate red fluorescent signals and the 
number of hAD-MSCs in the hAD-MSCs + LY294002 
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group were significantly lower than those of hAD-MSCs 
in the hAD-MSCs group (P < 0.05; Fig. 10a, b).

The inhibition of the PI3K/Akt signalling pathway 
reduces the homing of systemically transplanted hAD-
MSCs to the ovaries of rats with chemotherapy-induced 
POI, and the PI3K/Akt signalling pathway might be 
involved in the homing of hAD-MSCs mediated by the 
SDF-1/CXCR4 axis in vivo.

Discussion
As shown in the present study, the SDF-1/CXCR4 axis 
partially mediates the migration and homing of systemi-
cally transplanted hAD-MSCs to the ovaries of rats with 
chemotherapy-induced POI, and the PI3K/Akt signalling 

pathway might be involved in the migration and homing 
of hAD-MSCs mediated by the SDF-1/CXCR4 axis.

POI is caused by various factors, including chemo-
therapy, which results in multiple sequelae and has con-
sequences on the health of women. POI is irreversible 
and currently incurable. Regenerative medicine studies 
have suggested that MSC transplantation may represent 
an effective treatment method for POI [3–5]. Our pre-
vious studies have also documented that some systemi-
cally intravenously transplanted hAD-MSCs home to the 
ovaries of rats with chemotherapy-induced POI, reduce 
ovarian injury and improve ovarian function [8, 38]. The 
migration and homing of MSCs to the injured tissue 
are essential for them to fulfil their functions in tissue 

Fig. 8 Activation of the PI3K/Akt signalling pathway by SDF-1 in hAD-MSCs. a–c The effects of SDF-1 on the phosphorylation of ERK1/2 and Akt in 
hAD-MSCs were determined using Western blot analysis (a), and the phospho-ERK1/2/ERK1/2 and phospho-Akt/Akt ratios were evaluated (b, c). d, 
e Akt and phospho-Akt levels were analysed using Western blotting after pretreatment of hAD-MSCs with AMD3100 or LY294002 for 1 h followed 
by treatment with SDF-1 (d), and the phospho-Akt/Akt ratios were evaluated (e). *P < 0.05 and **P < 0.01
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Fig. 9 Effects of the PI3K/Akt signalling pathway on the migration of hAD-MSCs mediated by the SDF-1/CXCR4 axis. The migration of hAD-MSCs 
was tested using the Transwell migration assay (a), and the number of migrated cells was counted (b) in the control, SDF-1, SDF-1 + LY294002 and 
LY294002 groups under a microscope (×100). Representative images are shown. N = 6, *P < 0.05 and **P < 0.01. Scale bars = 100 μm

Fig. 10 Inhibition of the PI3K/Akt signalling pathway reduces hAD-MSC homing in vivo. a Transplanted PKH26-labelled hAD-MSCs were observed 
in ovaries at 24 h after cell transplantation in the hAD-MSCs and hAD-MSCs + LY294002 groups using confocal microscopy (×200 and ×800). b The 
number of hAD-MSCs was counted and compared in the hAD-MSCs and hAD-MSCs + LY294002 groups (n = 10). Representative images are shown. 
The yellow arrows indicate transplanted hAD-MSCs. *P < 0.05. Scale bars = 100 μm
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regulation and repair. The ovary is the primary target 
organ injured by the toxic effects of cyclophosphamide 
used in clinical chemotherapy [39], which induces fol-
licular loss, vascular damage, GC apoptosis, and tissue 
fibrosis in ovaries and causes POI [40, 41]. Thus, cyclo-
phosphamide was chosen to establish the rat model of 
POI in our study. Interestingly, after hAD-MSC trans-
plantation, no or few PKH26-labelled hAD-MSCs were 
observed in the liver, heart, brain, kidneys, and lungs, 
and most PKH26-labelled hAD-MSCs homed to the ova-
ries in rat chemotherapy-induced POI models [8], which 
indicates the tissue-specific homing of injected hAD-
MSCs to the injured tissue in  vivo. However, the cel-
lular mechanisms that direct the migration and homing 
of hAD-MSCs to the ovaries of rats with chemotherapy-
induced POI are incompletely understood.

Chemokines serve as strong chemoattractants for the 
homing of stem cells [24]. Some studies have found that 
chemokines released from tissue or endothelial cells and 
chemokine receptors expressed on MSCs may partially 
mediate active MSC homing to specific sites and subse-
quent retention in the tissue [16]. Chemokines that are 
upregulated in injured tissue and chemokine receptors 
expressed on MSCs might be involved in the efficiency of 
MSC homing [17, 27, 42].

SDF-1 is well known as a key regulator of the migra-
tion and homing of CXCR4-positive stem cells to the 
injured tissue [42, 43]. The SDF-1 concentration gradi-
ent is a driving force for stem cell migration [42]. SDF-1 
is expressed at extremely low levels or is not originally 
detected in normal ovaries [44, 45]. However, after injury, 
the level of the chemokine SDF-1 increases in the tissue, 
which is critical for the chemotaxis of stem cells hom-
ing to the injured or ischaemic tissue [24, 27, 46–50]. 
SDF-1 was found to be the key cytokine regulating local 
inflammation and tissue repair by recruiting bone mar-
row stem cells to the sites of organ and tissue damage [51, 
52]. Previous studies showed increased SDF-1 expres-
sion after myocardial infarction that mainly increased the 
retention of transplanted MSCs in the injured myocar-
dium [53, 54]. Kitaori et  al. detected an elevated SDF-1 
level in the fracture site, which recruited MSCs homing 
to the site of injured bone and promoted bone repair 
[55]. It was reported that the expression level of SDF-1 
was increased in the ovaries with chemotherapy-induced 
injury [56]. In our studies, very low SDF-1 levels were 
detected in the serum and ovarian tissue of normal rats 
in the control group, while the SDF-1 levels in the serum 
and ovarian tissue of rats with chemotherapy-induced 
POI were significantly increased. Thus, we speculated 
that the increased SDF-1 levels in the serum and ova-
ries of rats with POI might regulate the homing of trans-
planted hAD-MSCs from the systemic circulation to the 

ovaries, and further experiments were performed to test 
this hypothesis.

CXCR4, a specific chemotactic receptor for SDF-1, 
which is expressed in numerous types of adult stem cells 
[24], is a critical regulator of stem cell mobilization and 
recruitment. SDF-1 mobilizes stem cell migration into 
injured tissues by binding the CXCR4 receptor on stem 
cells [57, 58]. Although the molecular mechanisms that 
direct the migration and homing of MSCs are only par-
tially understood [16], CXCR4 is proposed to play an 
important role in this process [35]. MSCs express func-
tionally active CXCR4 at high levels [23, 24]. However, 
CXCR4 expression might vary in MSCs from different 
animal species and/or tissue types [59], and MSCs might 
lose the expression of homing molecules, such as CXCR4, 
during expansion in vitro [60, 61]. In our studies, hAD-
MSCs were used at the third passage in the experiments, 
and the hAD-MSC population from different clones was 
proven to stably express the CXCR4 protein. The results 
confirm the abundant CXCR4 expression in hAD-MSCs, 
similar to CXCR4 expression in other types of MSCs [24, 
35, 62].

As described above, SDF-1 is critical for the organ-
specific chemotaxis and homing of stem cells to injured 
tissue [63], and these effects are mediated by SDF-1 
binding to its receptor CXCR4 located on the surface of 
stem cells [64]. In our studies, SDF-1 levels in ovarian tis-
sues and serum were significantly increased in rats with 
chemotherapy-induced POI, and hAD-MSCs expressed 
CXCR4. SDF-1 is a ligand and strong chemokine for 
CXCR4-expressing cells [35]. Thus, we further specu-
lated that the SDF-1/CXCR4 axis might play a role in the 
migration and homing of hAD-MSCs to ovaries from 
subjects with chemotherapy-induced POI.

The homing of stem cells is associated with SDF-1 
release from injured tissue as a chemoattractant and 
the SDF-1/CXCR4 axis plays an important role in the 
homing of stem cells [61, 65, 66]. SDF-1/CXCR4 inter-
actions are implicated in a critical axis regulating stem 
cell trafficking and homing to the injured tissue [67]. 
The SDF-1/CXCR4 axis has been proven to direct the 
migration and homing of stem cells related to injury 
repair in many species and tissue types [24, 68]. The 
SDF-1/CXCR4 axis is also vital for modulating MSC 
migration and homing [35, 61]. Some studies found that 
the SDF-1/CXCR4 axis was a prerequisite for the hom-
ing of MSCs, and SDF-1 was a chemoattractive signal 
that regulated  CXCR4+ MSC homing to injured tissues 
[42, 61, 69, 70]. In our studies, we detected strong che-
moattractive activity of SDF-1 towards hAD-MSCs. The 
elevated SDF-1 level promoted the migration of hAD-
MSCs in  vitro, and the increased number of migrated 
hAD-MSCs induced by SDF-1 was significantly reduced 
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by the CXCR4-specific antagonist AMD3100. Based on 
these results, SDF-1 induces the migration of hAD-
MSCs in  vitro, and the SDF-1/CXCR4 axis mediates 
the migration of hAD-MSCs induced by SDF-1. hAD-
MSCs were pretreated with AMD3100 and systemically 
intravenously transplanted into POI rats to further 
explore whether the SDF-1/CXCR4 axis was involved in 
the migration and homing of hAD-MSCs to the ovaries 
of rats with chemotherapy-induced POI ovaries in vivo. 
Compared to the hAD-MSCs group, the number of 
hAD-MSCs homing to ovaries exhibiting POI was sig-
nificantly decreased in the hAD-MSCs + AMD3100 
group. Therefore, the SDF-1/CXCR4 axis is involved 
in the migration and homing of hAD-MSCs to the 
ovaries of rats with chemotherapy-induced POI. How-
ever, AMD3100 only partially reduced the number of 
hAD-MSCs homing to ovaries exhibiting POI, imply-
ing that the SDF-1/CXCR4 axis is not the only pathway 
involved in the migration and homing of hAD-MSCs 
in vivo. Thus, the SDF-1/CXCR4 axis partially mediates 
the migration and homing of systemically transplanted 
hAD-MSCs to the ovaries of rats with chemotherapy-
induced POI.

The SDF-1/CXCR4 pathway is known as an upstream 
switch for many migration pathways. The binding of 
SDF-1 to CXCR4 activates multiple downstream signal-
ling pathways in target cells, resulting in the phospho-
rylation of downstream effectors such as Akt, ERK1/2, 
focal adhesion kinase (FAK) and p38 [18], which in turn 
regulate various biological effects, including cell motil-
ity, chemotaxis and adhesion [18, 71, 72]. The PI3K/Akt 
signalling pathway, which is a downstream pathway of 
SDF-1/CXCR4, has been reported to regulate cell migra-
tion [26, 73]. Activation of PI3 kinase (PI3k) by SDF-1 in 
SDF-1/CXCR4-mediated chemotaxis is essential for cell 
migration, which subsequently results in the phospho-
rylation of downstream molecules such as Akt [34, 35]. 
PI3K/Akt is an important downstream pathway that reg-
ulates the migration of various stem and progenitor cells, 
including bone marrow MSCs, via the SDF-1/CXCR4 
axis [19, 26, 34]. Studies have also shown that SDF-1/
CXCR4-mediated chemotaxis may be driven by the acti-
vation of MAPK through ERK1/2 [19, 35]. According to 
Chen et  al., SDF-1-mediated migration of cardiac stem 
cells is inhibited by blocking CXCR4, and the inhibitory 
effect involved a decrease in phospho-ERK1/2 levels 
[74]. Li et  al. found that the SDF-1/CXCR4 axis medi-
ates MSC migration, and the activation of the ERK 1/2 
downstream signalling pathway induced by the binding 
of SDF-1 to CXCR4 is required for MSC migration [35]. 
Thus, PI3K/Akt and ERK1/2 signalling pathways were 
explored in this study to further investigate the molecu-
lar mechanisms involved in the migration and homing 

of hAD-MSCs to the ovaries of rats with chemotherapy-
induced POI mediated by the SDF-1/CXCR4 axis.

The binding of SDF-1 to CXCR4 activated the PI3K/
Akt signalling pathway, and the SDF-1/CXCR4 and 
PI3K/Akt signalling pathways were synchronously acti-
vated in hAD-MSCs by SDF-1. AMD3100 inhibited the 
SDF-1/CXCR4 axis and further indirectly inhibited the 
activation of the PI3K/Akt signalling pathway, which 
significantly reduced the SDF-1-induced migration of 
hAD-MSCs in  vitro, while LY294002 directly inhibited 
the activation of the PI3K/Akt signalling pathway and 
significantly reduced the SDF-1-induced migration of 
hAD-MSCs in vitro. Cells were pretreated with the inhib-
itor LY294002 before transplantation to further confirm 
the effects of the PI3K/Akt signalling pathway on the 
homing of systemically transplanted hAD-MSCs to the 
ovaries of rats with chemotherapy-induced POI in vivo. 
Compared to the hAD-MSCs group, the LY294002 inter-
vention significantly reduced the number of transplanted 
hAD-MSCs homing to ovaries exhibiting POI in the 
hAD-MSCs + LY294002 group. Therefore, we concluded 
that the PI3K/Akt signalling pathway plays an important 
role in facilitating the migration and homing of hAD-
MSCs to the ovaries of rats with chemotherapy-induced 
POI along with the SDF-1/CXCR4 axis, and PI3K/Akt 
signalling might be the downstream pathway during 
hAD-MSC migration and homing to injured ovaries with 
POI. The PI3K/Akt signalling pathway might be involved 
in the migration and homing of hAD-MSCs mediated by 
the SDF-1/CXCR4 axis.

On the other hand, our studies also showed that the 
binding of SDF-1 to CXCR4 did not activate the ERK1/2 
signalling pathway in hAD-MSCs, which is not consist-
ent with some other studies [35, 74]. We consider that 
the activation of downstream signalling pathways by the 
SDF-1/CXCR4 axis related to cell migration might vary 
in stem cells derived from different animal species, tis-
sue types and/or cell types. However, much more work is 
needed to further define these signalling pathways.

At present, local transplantation of MSCs is usually 
invasive, and the potential for minimally invasive delivery 
of MSCs via systemic infusion is still particular interest-
ing. Systemic intravenous transplantation of MSCs for the 
treatment of POI has been shown to be efficacious and 
safe [3–5]. However, the low rate of cell homing, reten-
tion and survival after cell transplantation is a limita-
tion of cell-based therapy for POI in current studies, and 
increasing the homing rate of systemically transplanted 
MSCs to ovaries in individuals with POI may increase 
the therapeutic efficacy [75, 76]. Moreover, enhancing 
MSC homing to a specific tissue is likely to significantly 
reduce the number of cells that is required to achieve a 
therapeutic effect on a disease and might provide better 
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outcomes for patients [77]. As shown in our previous 
studies, systemic transplantation of hAD-MSCs partially 
reduces ovarian injury and improves ovarian function in 
rats with chemotherapy-induced POI [8]. However, the 
homing rate of systemically transplanted hAD-MSCs to 
ovaries exhibiting POI was low, which might limit the 
efficiency of MSCs for POI treatment [38]. In the present 
study, the CXCR4 antagonist blocked the SDF-1/CXCR4 
axis and reduced the number of hAD-MSCs homing to 
ovaries in rats with POI, which consistently reduced their 
efficacy in POI treatment. Thus, a better understanding 
of the underlying molecular mechanisms that direct the 
migration and homing of hAD-MSCs to ovaries with 
chemotherapy-induced POI might be beneficial to stud-
ies exploring new method to increase the MSC homing 
rate and improve MSC transplantation efficacy, particu-
larly in clinical applications. Our studies provide detailed 
evidence that the SDF-1/CXCR4 axis partially mediates 
the migration and homing of systemically transplanted 
hAD-MSCs to the ovaries of rats with chemotherapy-
induced POI, and the PI3K/Akt signalling pathway might 
be involved in the migration and homing of hAD-MSCs 
mediated by the SDF-1/CXCR4 axis. These findings may 
provide new evidence to improve our understanding 
of the molecular mechanisms involved in the migration 
and homing of hAD-MSCs to the ovaries of individuals 
with POI, and the SDF-1/CXCR4 axis might be a poten-
tial target to explore for increasing the MSC homing rate 
and improving the efficacy of MSC transplantation for 
POI treatment, which will be explored in our subsequent 
studies.

Conclusions
In conclusion, the SDF-1/CXCR4 axis partially mediates 
the migration and homing of systemically transplanted 
hAD-MSCs to the ovaries of rats with chemotherapy-
induced POI. Systemic transplantation of hAD-MSCs 
partially reduces ovarian injury and improves ovarian 
function in rats with chemotherapy-induced POI, and 
blocking the SDF-1/CXCR4 axis with a CXCR4 antago-
nist reduces the number of hAD-MSCs homing to the 
ovaries of rats with POI and further reduces their effi-
cacy in POI treatment. The PI3K/Akt signalling pathway, 
which is synchronously activated with the SDF-1/CXCR4 
axis, plays a crucial role in the migration and homing 
of transplanted hAD-MSCs to the ovaries of rats with 
chemotherapy-induced POI, implying that the PI3K/
Akt signalling pathway might be involved in the migra-
tion and homing of hAD-MSCs mediated by the SDF-1/
CXCR4 axis. These findings may provide new evidence to 
improve our understanding of the molecular mechanisms 
involved in the migration and homing of hAD-MSCs to 
the ovaries of individuals with POI. This study describes 

a novel mechanism of hAD-MSC homing to the ovaries 
of rats with chemotherapy-induced POI, and the SDF-1/
CXCR4 axis seems to be a potential target for improv-
ing MSC transplantation efficacy in POI treatment by 
attracting systemically transplanted MSCs to the injured 
ovaries of subjects with POI.
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