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Introduction

Premature ovarian insufficiency (POI) is defined by loss of 
ovarian activity before the age of 40 years in women1. The 
pathological characterization of POI is amenorrhea or oligo-
menorrhea for at least 4 months with raised follicle-stimulat-
ing hormone (FSH, >25 mIU/ml) and low estradiol (E2) 
levels1. The prevalence of POI is about 1% in women1. The 
POI can be caused by various factors, especially the wide use 
of chemotherapy. Untreated POI causes multiple sequelae, 
including infertility, increased risk of fracture and cardio-
vascular disease, depression, and genitourinary symptoms1. 
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Abstract
Premature ovarian insufficiency (POI) can cause multiple sequelae and is currently incurable. Mesenchymal stem cell (MSC) 
transplantation might provide an effective treatment method for POI. However, the clinical application of systemic MSC 
transplantation is limited by the low efficiency of cell homing to target tissue in vivo, including systemic MSC transplantation 
for POI treatment. Thus, exploration of methods to promote MSC homing is necessary. This study was to investigate the 
effects of low-intensity pulsed ultrasound (LIPUS) on the migration and homing of transplanted human amnion–derived MSCs 
(hAD-MSCs) to ovaries in rats with chemotherapy-induced POI. For LIPUS treatment, hAD-MSCs were exposed to LIPUS 
or sham irradiation. Chemokine receptor expressions in hAD-MSCs were detected by polymerase chain reaction (PCR), 
Western blot, and immunofluorescence assays. hAD-MSC migration was detected by wound healing and transwell migration 
assays. Cyclophosphamide-induced POI rat models were established to evaluate the effects of LIPUS on the homing of 
systemically transplanted hAD-MSCs to chemotherapy-induced POI ovaries in vivo. We found that hAD-MSCs expressed 
chemokine receptors. The LIPUS promoted the expression of chemokine receptors, especially CXCR4, in hAD-MSCs. 
SDF-1 induced hAD-MSC migration. The LIPUS promoted hAD-MSC migration induced by SDF-1 through SDF-1/CXCR4 
axis. SDF-1 levels significantly increased in ovaries induced by chemotherapy in POI rats. Pretreating hAD-MSCs with LIPUS 
increased the number of hAD-MSCs homing to ovaries in rats with chemotherapy-induced POI to some extent. However, 
the difference was not significant. Both hAD-MSC and LIPUS-pretreated hAD-MSC transplantation reduced ovarian injuries 
and improved ovarian function in rats with chemotherapy-induced POI. CXCR4 antagonist significantly reduced the number 
of hAD-MSCs- and LIPUS-pretreated hAD-MSCs homing to POI ovaries, and further reduced their efficacy in POI treatment. 
According to these findings, pretreating MSCs with LIPUS before transplantation might provide a novel, convenient, and safe 
technique to explore for improving the homing of systemically transplanted MSCs to target tissue.
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The POI is irreversible and currently incurable. Today, mes-
enchymal stem cell (MSC) transplantation has been the focus 
of a regime of emerging therapeutics to regenerate damaged 
tissue and treat refractory disease2. Regenerative medicine 
studies have suggested that MSC transplantation might pro-
vide an effective treatment method for POI3,4.

Human amnion–derived mesenchymal stem cells (hAD-
MSCs) have been proved to have the features of MSCs5,6. 
Moreover, the procedure used to obtain hAD-MSCs is nonin-
vasive and out of ethical debate, and hAD-MSCs have low 
immunogenicity permitting allogenic or xenogeneic trans-
plantation5,7,8. These advantages make hAD-MSCs a promis-
ing seed cell for tissue engineering and regenerative medicine. 
Our previous studies have demonstrated that systemic intra-
venous transplantation of hAD-MSCs can partly reduce ovar-
ian injury and improve ovarian function in rats with 
chemotherapy-induced POI8. However, the homing rate of 
systemically transplanted hAD-MSCs in POI ovaries was 
low, which might limit the efficiency of MSCs for POI 
treatment9.

At present, local transplantation of MSCs is usually 
invasive and the potential for minimally invasive delivery 
of MSCs via systemic infusion is still of particular interest2. 
Systemic intravenous transplantation of stem cells is the 
least invasive method and most commonly used2. Studies 
have been performed to explore the systemic transplanta-
tion of MSCs to treat a variety of diseases2. However, a 
critical barrier to the effective implementation of MSC 
therapy is the inability to target these cells to aim tissue 
with high efficiency2, which causes low homing rate of 
MSCs and further influences their efficacy in the treatment 
of diseases10–12.

Cell migration is an important part of cell homing13,14. 
Exogenous MSC homing is known as a process where trans-
planted MSCs are recruited from the peripheral bloodstream 
to injured or pathological tissue2,12. Although it is expected 
that higher numbers of systemically infused MSCs should 
result in higher numbers of homed MSCs and better func-
tional outcomes, there may be a plateau beyond which addi-
tionally delivered cells may not improve the outcome2,15, and 
even lead to microvascular occlusions16. Previous studies 
have shown that although MSC transplantation has a good 
application prospect in the treatment of POI, low homing and 
engraftment rates of MSCs affect its efficacy and clinical 
application to some extent17,18. Our preliminary studies also 
found that the homing rate of the systemic transplantation of 
hAD-MSCs to treat POI was low9 and we further attempted 
to optimize the transplantation protocol through choosing 
higher numbers of cells or/and different timing for transplan-
tation. However, differences in the extent of cell homing and 
ovarian functional improvement were not apparent. Thus, 
exploration of methods to promote MSC homing is neces-
sary. If there are some ways to increase MSC homing rate in 
vivo, the efficacy of MSC transplantation in POI treatment 
might be enhanced.

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 integration19. However, molecular mecha-
nisms that direct the migration and homing of MSCs are only 
partially understood19. Some studies have proved that the 
interaction between chemokines in tissue and chemokine 
receptors on MSCs mediates the migration and homing of 
MSCs to injured tissue20–23. Studies have found that MSCs 
express some specific chemokine receptors that may mediate 
aspects of MSC migration and homing, that is, CXC chemo-
kine receptor 4 (CXCR4), CXCR6, C-C motif chemokine 
receptor 1 (CCR1), CCR2, CCR3, CCR7, and C-X3-C motif 
chemokine receptor 1 (CX3CR1)10,19,24,25. Studies have dem-
onstrated that25 the chemokine receptor repertoire of human 
bone marrow–derived mesenchymal stem cells (BM-MSCs) 
determined their migratory activity and homing capacity, and 
enhancing the migratory potential of MSCs by modulating 
their chemokine receptors and chemokine–chemokine recep-
tor interaction may be a powerful way to enhance homing 
capacity of stem cells after transplantation and be instrumen-
tal for harnessing the therapeutic potential of MSCs. Thus, 
various techniques were conducted to enhance the expres-
sion of chemokine receptor on MSCs for promoting the hom-
ing of exogenous transplanted MSCs10,26–28. Although these 
preconditioning strategies might provide potential methods 
for enhancing the homing of MSCs to specific tissue, there 
are still some limitations2,10,29–32. The key limitations of these 
approaches are the protocol complexity and the requirement 
for viral transduction or DNA transfection, which may lead 
to significant changes in the properties of MSCs2,10,22,29–32. 
Thus, exploration of new methods to promote the homing of 
transplanted MSCs is necessary.

Low-intensity pulsed ultrasound (LIPUS) is a kind of 
mechanical wave, of which studies have been conducted with 
frequencies between 45 kHz and 3 MHz, intensity levels 
between 5 and 500 mW/cm2, duty cycles from 20% to 50%, and 
pulse repetition rates from 100 Hz to 1 kHz33–35. It has been 
reported that LIPUS is able to be transmitted into cells and gen-
erate a series of biochemical events at cellular level33,36,37. MSCs 
have been reported to have the ability to respond to physical 
stimuli36,38. Some studies have found that LIPUS can promote 
the expression of chemokine receptors, CXCR4 and CCR2, in 
MSCs24,39. Several preliminary studies have suggested that 
LIPUS can affect MSCs and promote MSC migration and hom-
ing14,24. However, whether LIPUS can promote the expression 
of chemokine receptors in hAD-MSCs, and further promote 
hAD-MSC migration and homing, is still unknown.

In this study, whether LIPUS could promote the expres-
sion of chemokine receptors in hAD-MSCs, whether LIPUS 
could influence the migration of hAD-MSCs, and whether 
pretreating hAD-MSCs with LIPUS could increase the num-
ber of hAD-MSCs homing to the ovaries in rats with chemo-
therapy-induced POI and further improve the efficacy of 
MSC transplantation in POI treatment were investigated.
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Materials and Methods

The experimental protocols were in compliance with the 
Helsinki Declaration and approved by the Ethics Committee 
of the Second Affiliated Hospital of Chongqing Medical 
University.

Reagents

Fetal bovine serum (FBS) was purchased from Gibco Co 
(Grand Island, NY, USA). Cell Counting Kit-8 (CCK-8), 
Aging-related β-galactosidase (SA-β-Gal) staining kit, RIPA 
lysis buffer, and BeyoECL Plus kit were purchased from 
Beyotime Institute of Biotechnology (Haimen, China). 
5-ethynyl-2ʹ-deoxyuridine (EdU) was purchased from 
Ribobio Co Ltd (Guangzhou, China). CCR3, CCR4, CCR10, 
and CXCR4 antibodies were purchased from Novus 
Biologicals (Littleton, CO, USA). p21, p16, and β-actin anti-
bodies were purchased from Proteintech Co (Wuhan, China). 
Repressor/activator protein 1 (Rap1) and NADH dehydroge-
nase (ubiquinone) iron-sulfur protein 6 (Ndufs6) antibodies 
were purchased from Thermo Fisher Scientific Co (Waltham, 
MA, USA). TRIzol Reagent was purchased from Invitrogen 
(Carlsbad, CA, USA). ReverTra Ace-, first strand cDNA 
Synthesis Kit was purchased from TOYOBO Life Science 
(Shanghai, China). Stromal cell-derived factor-1 (SDF-1), 
anti-Müllerian hormone (AMH), and E2 and FSH ELISA 
kits were purchased from USCN Life Science (Wuhan, 
China). AMD3100 was purchased from MedChemExpress 
(Monmouth Junction, NJ, USA). 2-(4-amidinophenyl)-6-in-
dolecarbamidine dihydrochloride (DAPI) was purchased 
from Boster Biological Technology Co Ltd (Wuhan, China). 
DyLight549 was purchased from Abbkine Scientific Co Ltd 
(Wuhan, China). All other chemicals were purchased from 
Sigma-Aldrich Co (St. Louis, MO, USA).

Isolation, Culture, and Identification of hAD-MSCs

Primary hAD-MSCs were isolated, cultured, and identified 
according to our previous protocols6. hAD-MSCs were iso-
lated from the amnions of term placentas. Term placentas 
from healthy donors (n = 28) were collected from patients 
who received cesarean sections at the Second Affiliated 
Hospital of Chongqing Medical University, China. About an 
average of 3.08 8f1.36 6ffi7 hAD-MSCs were yielded from 
an amnion6. The cell growth and senescence were compared 
between the fifth passage (P5) of hAD-MSCs and the third 
passage (P3) of hAD-MSCs. P5 of hAD-MSCs was used for 
the subsequent experiments.

LIPUS Treatment Protocol

The LIPUS exposure device was provided by Chongqing Haifu 
Medical Technology Co Ltd, Chongqing, China (Fig. 1A). The 
parameters of LIPUS device were set as follows according to 
our previous studies6,40: spatial-average temporal-average 

intensity (ISATA), 30 mW/cm2; exposure time (ET), 30 min; fre-
quency, 0.25 MHz; duty cycle, 20%; burst width sine wave, 
200 µs; pulse repetition frequency, 1 kHz. The device consisted 
of 6 transducers (diameter = 34.8 mm) in an array, which was 
specifically designed for 6-well culture plates. Cells can be 
placed on the transducers and get LIPUS treatment (Fig. 1B). 
Cells were divided into the control and LIPUS groups. Cells 
were exposed to LIPUS in the LIPUS group, while cells were 
exposed to sham irradiation (LIPUS generator was not switched 
on) in the control group.

CCK-8 Assay

CCK-8 assay was used to detect cell viability according to 
the manufacturer’s instructions. hAD-MSCs were cultured 
for 24 h and then exposed to sham irradiation or LIPUS for 5 
days. The optical density (OD) value at 450 nm was mea-
sured every day after treatment using a plate reader (1510 
model; Thermo Fisher Scientific Oy, Vantaa, Finland).

SA-el; Thermo Fis

SA-el; Thermo Fis kit was used for staining according to the 
manufacturer’s instructions. Senescent cells were stained 
blue. Cells were observed and imaged under an optical 
microscope (Olympus Corporation, Tokyo, Japan). The 
hAD-MSC senescence rate was defined as the ratio of SA- 
dGal-positive cells (blue cells) to total cells present in 
200×00lls (blue cells) to total cells present in ratio o

EdU Assay

Cells were cultured for 24 h and then exposed to LIPUS or 
sham irradiation. EdU assay was used to detect cell prolifera-
tion at 24 h after treatment according to the manufacturer’s 
instructions. Cells were observed and imaged under a fluo-
rescent microscope (Olympus Corporation). The numbers of 
EdU and Hoechst33342-positive cells were counted. The 
hAD-MSC proliferation rate was defined as the ratio of EdU-
positive cells to total Hoechst33342-positive cells.

Flow Cytometry

Cells were treated as described in EdU assay. At 24 h after 
treatment, cells were collected and incubated with annexin-
V-FITC and PI. The hAD-MSC apoptosis rate was detected 
by flow cytometry.

Transwell Migration Assay

A cell migration model in vitro was constructed by transwell 
chamber (Corning, Corning, NY, USA) composed of a mem-
brane filter with 8 μm diameter pores suspended in a six-well 
plate according to the manufacturer’s instructions. hAD-
MSCs were randomly divided into the control 1, control 2, 
LIPUS, LIPUS + inhibitor and inhibitor groups. hAD-MSCs, 
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exposed to sham irradiation for 5 days, were placed into the 
upper chamber in the control 1, control 2, and inhibitor 
groups, while LIPUS-pretreated hAD-MSCs, exposed to 
LIPUS for 5 days, were placed into the upper chamber in the 
LIPUS and LIPUS + inhibitor groups. In these five groups, 
cells were placed in serum-free medium at a density of 1 × 
105/cm2 into the upper chamber, and the lower chamber was 
filled with same medium containing 2% FBS. Moreover, 
chemokine SDF-1 (chemokine ligand for CXCR4) (100 ng/
ml) was added into the lower chamber in the control-2, 
LIPUS, LIPUS + inhibitor and inhibitor groups, and 
AMD3100 (specific inhibitor of CXCR4) (44 nM) was addi-
tionally added into the upper chamber in the inhibitor and 
LIPUS + inhibitor groups. 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 crystal violet staining solution and counted in 
six visual fields (200×) randomly chosen under microscope 
(Olympus Corporation).

Wound Healing Assay

Wound healing assay was also performed to detect hAD-
MSC migration. hAD-MSCs were seeded in six-well plates 
and cultured to 100% confluence, wounds were made 
among the area of hAD-MSCs by scratching with a 200 μl 
pipette tip (three wounds per well). hAD-MSCs were 

divided into the control-1, control-2, LIPUS, LIPUS + 
inhibitor and inhibitor groups. After that, the medium was 
replaced with low serum medium containing 2% FBS. 
AMD3100 (44 nM) was added into the medium in the 
inhibitor and LIPUS + inhibitor groups, and SDF-1 (100 
ng/ml) was added into the medium in the control 2, LIPUS, 
LIPUS + inhibitor and inhibitor groups. Then, hAD-MSCs 
in the control 1, control 2, and inhibitor groups were 
exposed to sham irradiation, while hAD-MSCs in the 
LIPUS and LIPUS + inhibitor groups were exposed to 
LIPUS. The scratched and covered areas of each group 
were observed at 0 and 24 h after treatment, respectively, 
under an optical microscope (Olympus Corporation). The 
area of scratch was measured using Image J v1.42q soft-
ware (National Institutes of Health, Bethesda, MD, USA). 
The area covered ratio of migration cells (ACRMC) was 
defined as (covered area / scratched area) ×100%.

Reverse Transcriptional PCR

Primers used in the experiment were listed in Table 1. Total 
RNA was extracted using TRIzol Reagent. RNA sample 
was quantified and reverse transcribed into cDNA using 
the ReverTra Ace-erfirst strand cDNA Synthesis Kit. 
Electrophoresis of 10 0ectrophoresis of sis Kit. transcribed 
into cDNA usin120 V for 30 min on 1.5% agarose gel, and 
images were analyzed. β-actin was used as a positive control.

Figure 1. Schematic diagram of LIPUS treatment and characterization of hAD-MSCs. (A) LIPUS device. (B) Schematic diagram of LIPUS 
treatment for hAD-MSCs. (C, D) The cell morphology of hAD-MSCs was observed at (C) 3 and (D) 5 days after culture (100×00ter 
culture (hology of hAD-MSCs was o the fifth passage (P5) and the third passage (P3) were measured using CCK-8 assay (n = 6). (F, G) 
The expressions of p16, p21, Ndufs6 and Rap1 in hAD-MSCs at P5 and P3 were analyzed (F) and compared (G) using Western blot. (H, 
I) Senescent cells of hAD-MSCs at P5 and P3 were detected (H) and compared (I) using SA-β-Gal staining (n = 3). Independent-samples 
t test was used for two-group comparisons. CCK-8: cell counting kit-8; hAD-MSCs: human amnion–derived mesenchymal stem cells; 
LIPUS: low-intensity pulsed ultrasound; NS: not significant. *P < 0.05; **P < 0.01. Scale bars = 100 μ0; scale bars = 200 μ0.
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Real-Time Quantitative PCR

Cells were cultured for 24 h and exposed to LIPUS or sham 
irradiation for 5 days. Then, RNA samples were extracted, 
quantified, and reverse transcribed into cDNA. Real-time quan-
titative PCR (RT-qPCR) was performed using a CFX96 Real-
Time PCR Detection System (Bio-Rad, Hercules, CA, USA) 
with SYBR Green Real-Time PCR Master Mix (TOYOBO Life 
Science). Target gene expression was determined using the 
2−ΔΔCt method. β-actin was used as internal reference.

Western Blot

Cells were treated as described in RT-qPCR. The proteins in 
hAD-MSCs were extracted, quantified, separated by sodium 
dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-
PAGE), and subsequently electro-transferred to polyvinylidene 
difluoride (PVDF) membranes (Millipore, Billerica, MA, 
USA). After that, the membranes were incubated with specific 
primary antibodies for p16, p21, Ndufs6, Rap1, CCR3, CCR4, 

CCR10, and CXCR4, and then the corresponding secondary 
antibodies. BeyoECL Plus kit was used for color development 
according to the manufacturer’s instructions.

Immunofluorescence Assay

Cells were treated as described in RT-qPCR. The cells 
were incubated with specific primary antibodies for CXCR4 
followed by the secondary antibodies conjugated with 
DyLight549. The cells were counterstained with DAPI and 
imaged under a laser scanning confocal microscope (Nikon 
Corporation, Tokyo, Japan).

Labeling and Tracking of hAD-MSCs

To track and locate the transplanted hAD-MSCs in rats, hAD-
MSCs were prelabeled with PKH26 Red Fluorescent Cell 
Linker Kits according to our previous published protocols8. At 
24 h after transplantation, ovaries and other organs were made 
into fresh sections. The sections were incubated with DAPI 

Table 1. Primer Sequences for Polymerase Chain Reaction.

Gene Primer sequence 5′→3′ Amplification Accession no.

CCR1 CCCCTGGTAGAAAG      
AAGATGAATG

261 bp NM_001295.3

GGGGAGGTGATGGAAGAACAG
CCR2 CCGCTGCTCATCATGGTCATC 269 bp NM_001123041.3

ATGGGATTGATGCAGCAGTGAG
CCR3 TGTGGCTATCCTTCTCTCTTC 193 bp NM_001164680.2

CAAGTGCCTGTGGAAGAAG
CCR4 TGCCGTGGTGGTCCTCTTC 171 bp NM_005508.5

ATGGGATTAAGGCAGCAGTGAAC
CCR5 CGCCTTAGGTACTTATTCCAG 192 bp NM_000579.4

CCCAAATTCAAAACAGTCTCAAG
CCR7 TCCCACAGACTCAAATGCTCAG 226 bp NM_001301714.2

CGGCAAGTGAGGGGATGAGTG
CCR9 TGCTGCTATACCATCATCATTCAC 114 bp NM_001256369.2

GGGAAACTGAGACAAGACAAAGAC
CCR10 GCGCACACTTGGTCTCCGTC 293 bp NM_016602.3

CGCCACCAGAGCCACCACG
CXCR1 GGTGGATGAACAAAGAGAAAG 133 bp NM_000634.3

GCTGCTTGTCTCGTTCCAC
CXCR2 GGACTCCTCAAGATTCTAGCTATAC 251 bp NM_001168298.2

GGCCTCCTCTACTTCCTGTGAC
CXCR4 TCCTGCCTGGTATTGTCATCC 196 bp NM_001008540.2

CACCCTTGCTTGATGATTTCC
CXCR5 AGGCCGAGAAGCAAGAAAGAAAC 213 bp NM_001716.5

AAGGGAGTGAGGAGGGGACAAGC
CXCR6 GGCCACCAGCATGTTCCAGTTATAG 164 bp NM_001386435.1

GCATTCCAAACCAGCCAGAGTG
CX3CR1 CACCCATCCTATCAGCCTGTCTC 210 bp NM_001171171.2

GCTGGAAAGGATGATCTCTATGTG
β-actin ACCCCGTGCTGCTGACCGAG 

TCCCGGCCAGCCAGGTCCA
250 bp NM_001101.5
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and imaged under a laser scanning confocal microscope or a 
fluorescent microscope (all from Nikon Corporation).

The quantification of homing efficiency of hAD-MSCs 
within ovarian tissue is typically assessed by averaging the 
number of PKH26-labeled cells present in 800× micro-
scopic fields randomly chosen from per tissue sample under 
confocal microscope according to the protocol which has 
been published19.

Animal Protocols

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

A total of 144 of female SD rats were randomly divided 
into six groups as follows: control, POI, hAD-MSCs, LIPUS 
+ hAD-MSCs, hAD-MSCs + AMD3100, and LIPUS + 
hAD-MSCs + AMD3100 groups (n = 24 in each group). 
Rats were intraperitoneally injected with cyclophosphamide 
to establish the POI model in the POI, hAD-MSCs, LIPUS + 
hAD-MSCs, hAD-MSCs + AMD3100, and LIPUS + hAD-
MSCs + AMD3100 groups according to our previous pub-
lished protocols8. For the inhibitor treatment, hAD-MSCs 
were incubated with AMD3100 (44 nM) for 1 h before cell 
transplantation in the hAD-MSCs + AMD3100 and LIPUS 
+ hAD-MSCs + AMD3100 groups. Then, at 24 h after che-
motherapy, the rats from the hAD-MSCs and hAD-
MSCs+AMD3100 groups were injected with 4 × 106 
hAD-MSCs (exposed to sham irradiation for 5 days), while 
the rats from the LIPUS + hAD-MSCs and LIPUS + hAD-
MSCs+AMD3100 groups were injected with LIPUS-
pretreated hAD-MSCs (exposed to LIPUS for 5 days), 
labeled with PKH-26, via the tail vein. At 24 h, 3 and 6 weeks 
after cell transplantation, six rats in each group were sacri-
ficed under sodium pentobarbital anesthesia and samples 
were collected for the subsequent experiments.

Regular and irregular estrous cycles of rats in each group 
were recorded by vaginal smears observation as described in 
our previous published protocols8. Regular estrous cycles 
consist of four sequential stages as follows: proestrus, estrus, 
metestrus, and diestrus (Fig. 9D).

Mating trials was performed to detect reproductive capac-
ity of female rats. Six female rats in each group were housed 
with fertile male rats at a ratio of 3:1 for 3 months from the 
eighth week after chemotherapy. Then, the number of off-
spring per rats in each group was recorded.

Enzyme-Linked Immunosorbent Assay

The SDF-1 levels in the ovaries and serum of POI rats at 24 
h after chemotherapy were detected by Enzyme-Linked 
Immunosorbent Assay (ELISA) kits according to the manu-
facturery OI rats at as

To detect the serum levels of AMH, FSH, and E2 of rats 
in each group, serum was collected at 0, 3, and 6 weeks after 

cell transplantation and analyzed using ELISA kits according 
to the manufacturerrevious I model

Ovarian Morphology Analysis and Follicle Counts

Ten ovaries from each group were collected at 6 weeks after 
hAD-MSC transplantation. Ovaries were fixed, dehydrated, 
paraffin embedded, and cut into 5 μa sections. The sections 
were stained with hematoxylin and eosin (HE). Ovarian mor-
phology was observed by an optical microscope (Olympus 
Corporation). The follicles in ovaries were classified as 
below40,41 (Fig. 9B) and counted as described previously40,42:

a.  Primordial follicle: A primary oocyte was surrounded 
by a single layer of flattened epithelial cells.

b.  Primary follicle: An enlarged primary oocyte was 
surrounded by unilaminar or multilaminar cuboidal 
(columnar) granulosa cells, with no liquor folliculi.

c.  Secondary follicle: A primary oocyte was surrounded 
by multilaminar cuboidal (columnar) granulosa cells, 
and liquor folliculi appeared in spaces between the 
granulosa cells.

d.  Preovulatory follicle: As the single antrum enlarged, 
the granulosa cells appeared as layers around the 
liquor folliculi, the layers became thinner, and cumu-
lus oophorus formed.

e.  Atretic follicle: Atresia may occur at any stage of fol-
licle development and it involved the death of granu-
losa cells and the oocyte.

Statistical Analysis

For all assays, at least three independent experiments were 
performed. Statistical analysis of data was processed by 
SPSS 22.0 software (IBM, NY, USA). Data were presented 
as mean ± standard deviation. One-way analysis of variance 
(ANOVA) and independent-samples t test were used for mul-
tiple-group and two-group comparisons, respectively. 
Statistical significance was set at P < 0.05.

Results

Characterization of hAD-MSCs

The isolated cells grew as adherent cultures, displayed a 
fibroblastic morphology, and were capable of forming colo-
nies (Fig. 1C and D). These cells were identified according to 
our previous published protocols.6 Our results demonstrate 
that the isolated cells have the common characteristics of 
multipotent MSCs and are identified as hAD-MSCs6.

To identify whether P5 of hAD-MSCs used in this study 
for transplantation underwent senescence, cell growth, 
expressions of senescence associated protein markers (p16, 
p21, Ndufs6 and Rap1)43–45, and cell senescence rates43 were 
detected and compared between P5 and P3 of hAD-MSCs 
using CCK-8, Western blot, and SA-β-Gal staining assays, 
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respectively. It was found that there was no significant differ-
ence in the cell growth, expressions of p16, p21, Ndufs6 and 
Rap1, and hAD-MSC senescence rates between P3 and P5 of 
hAD-MSCs (Fig. 1E–I). These results demonstrate that the 
hAD-MSCs at P5 have not yet undergone significant senes-
cence and hypofunction due to in vitro replication expansion 
and are able to be used for subsequent experiments.

Effects of LIPUS on the Viability, Proliferation, 
and Apoptosis of hAD-MSCs

To explore the effects of LIPUS on the viability and growth 
of hAD-MSCs, CCK-8 assay was performed. The results 
showed that LIPUS significantly promoted the viability 
and growth of hAD-MSCs (P < 0.05, Fig. 2A). To further 
define the effects of LIPUS on the proliferation of hAD-
MSCs, EdU incorporation assay was performed. The 
results showed the hAD-MSC proliferation ratio was sig-
nificantly lower in the control group than in the LIPUS 
group (P < 0.01, Fig. 2B and C). Subsequently, to deter-
mine whether LIPUS affects the apoptosis of hAD-MSCs, 

cell apoptosis rates were detected. The results showed that 
there was no significant difference in the hAD-MSC  
apoptosis rates between the control and LIPUS groups  
(P > 0.05, Fig. 2D and E). These results demonstrate that 
LIPUS can promote the viability and proliferation of hAD-
MSCs and does not increase the apoptosis of hAD-MSCs, 
in vitro.

The mRNA Expression Levels of Chemokine 
Receptors in hAD-MSCs

To explore the presence of chemokine receptors, which may 
be implicated in MSC migration and homing, in hAD-
MSCs19,25, the mRNA expression levels of CCR1, CCR2, 
CCR3, CCR4, CCR5, CCR7, CCR9, CCR10, CXCR1, 
CXCR2, CXCR4, CXCR5, CXCR6 and CX3CR1 were 
detected by RT-PCR. The results showed that hAD-MSCs 
expressed CCR1, CCR2, CCR3, CCR4, CCR5, CCR7, 
CCR9, CCR10, CXCR1, CXCR2, CXCR4, CXCR5, 
CXCR6, and CX3CR1 (Fig. 3). CCR3, CCR4, CCR5, 

Figure 2. Effects of LIPUS on the viability, proliferation, and apoptosis of hAD-MSCs. (A) The growth curves of hAD-MSCs in the 
control and LIPUS groups were measured by CCK-8 assay (n = 6). (B, C) The hAD-MSC proliferation ratios in the control and LIPUS 
groups were detected by Edu incorporation assay (100×0 (n = 9). (D, E) The hAD-MSC apoptosis rates in the control and LIPUS 
groups were detected by flow cytometry (n = 3). Representative images are shown. Independent-samples t test was used for two-
group comparisons. CCK-8: cell counting kit-8; hAD-MSCs: human amnion–derived mesenchymal stem cells; LIPUS: low-intensity pulsed 
ultrasound. *P < 0.05; **P < 0.01. Scale bars = 200 μ0.
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CCR10, CXCR4, CXCR5, and CXCR6, which had higher 
expressions (Fig. 3) in hAD-MSCs, were selected for the fol-
lowing experiments.

LIPUS Promotes the Expression of Chemokine 
Receptors in hAD-MSCs

To determine whether LIPUS could promote the expression 
of chemokine receptors in hAD-MSCs, RT-qPCR, Western 
blot, and immunofluorescence assay were performed.

First, the effects of LIPUS on the mRNA expression lev-
els of CCR3, CCR4, CCR5, CCR10, CXCR4, CXCR5, and 
CXCR6 in hAD-MSCs were detected by RT-qPCR. The 
results showed that the relative mRNA expression levels of 
CCR3, CCR4, CCR5, CCR10, CXCR4, CXCR5, and 
CXCR6 in hAD-MSCs were significantly higher in the 
LIPUS group than in the control group (P < 0.05 and P < 
0.01, Fig. 4A). CCR3, CCR4, CCR10, and CXCR4, of which 
the expression levels in hAD-MSCs were especially signifi-
cantly increased by LIPUS treatment (P < 0.01, Fig. 4A), 
were selected for the following Western blot analysis.

Second, the effects of LIPUS on the protein expression 
levels of CCR3, CCR4, CCR10, and CXCR4 in hAD-MSCs 
were detected by Western blot analysis. The results showed 
that the protein expression levels of CCR4 and CXCR4 in 
hAD-MSCs were significantly higher in the LIPUS group 
than in the control group (P < 0.01, Fig. 4B and C). 
CXCR4, which has been found to play an important role in 

the migration and homing of systemically transplanted 
hAD-MSCs to the ovaries of rats with chemotherapy-
induced POI in our previous research46, was firstly selected 
to study in the following experiments.

Third, to further confirm whether LIPUS could promote 
CXCR4 expression in hAD-MSCs, immunofluorescence 
assay was performed. The results showed that the intensity of 
red fluorescent signals, which indicates the expression of 
CXCR4, was significantly higher in the LIPUS group than in 
the control group (P < 0.05, Fig. 4D and E).

These results demonstrate that LIPUS can promote the 
expression of CXCR4 in hAD-MSCs.

Elevated SDF-1 Levels in Serum and Ovaries in 
POI Rats Induced by Chemotherapy

To explore whether chemotherapy induces the secretion of 
SDF-1 in ovaries of POI rats, SDF-1 concentrations in the 
serum and ovaries were measured in the control and POI 
groups. It was found that, compared with the control 
group, the levels of SDF-1 in the serum and ovaries were 
significantly increased in the POI group (P < 0.01, Fig. 
5A and B).

These results demonstrate that chemotherapy induces the 
secretion of SDF-1 in ovaries of POI rats and the elevated 
SDF-1 levels in ovaries might attract transplanted hAD-MSCs 
and LIPUS-pretreated hAD-MSCs expressing CXCR4 in 
vivo. Moreover, LIPUS can promote CXCR4 expression in 

Figure 3. The mRNA expression levels of chemokine receptors in human amnion–derived mesenchymal stem cells (hAD-MSCs). The 
expressions of chemokine receptors in hAD-MSCs were detected by reverse transcriptional polymerase chain reaction. CCR3, CCR4, 
CCR5, CCR10, CXCR4, CXCR5 and CXCR6, having higher expressions in hAD-MSCs, were highlighted with red frame. CCR1-C, 
CCR2-C, CCR3-C, CCR4-C, CCR5-C, CCR7-C, CCR9-C, CCR10-C, CXCR1-C, CXCR2-C, CXCR4-C, CXCR5-C, CXCR6-C, 
CX3CR1-C, or β-actin-C is shown as a corresponding negative control, and β-actin is shown as a positive control. Three independent 
repeating experiments from three different donors were performed. Representative images from a donor are shown.
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Figure 4. LIPUS promotes the expression of chemokine receptors in hAD-MSCs. (A) The effects of LIPUS on the mRNA expression 
levels of CCR3, CCR4, CCR5, CCR10, CXCR4, CXCR5 and CXCR6 in hAD-MSCs were detected by RT-qPCR. (B, C) The effects of 
LIPUS on the protein expression levels of CCR3, CCR4, CCR10, and CXCR4 in hAD-MSCs were detected by Western blot assay. (D, 
E) The effects of LIPUS on the protein expression of CXCR4 in hAD-MSCs were detected by immunofluorescence assay (200×00e = 
6). Independent-samples t test was used for two-group comparisons. DAPI: 2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride; 
hAD-MSCs: human amnion-derived mesenchymal stem cells; IOD: integrated optical density; LIPUS: low-intensity pulsed ultrasound; RT-
qPCR: real-time quantitative polymerase chain reaction. *P < 0.05 and **P < 0.01. Scale bars = 100 μ0.
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hAD-MSCs, and LIPUS pretreatment on hAD-MSCs might 
be more advantageous to the migration and homing of hAD-
MSCs to chemotherapy-induced POI ovaries.

LIPUS Can Promote hAD-MSC Migration Induced 
by SDF-1 in Vitro

To examine whether LIPUS could promote hAD-MSC 
migration induced by SDF-1 in vitro, transwell migration 
and wound healing assays were performed.

The results showed that compared with the control 1 
group, the number of hAD-MSCs passing through the mem-
brane induced by SDF-1 was significantly greater in the con-
trol 2 group (P < 0.01, Fig. 6A and B). Compared with the 
control 2 group, the number of hAD-MSCs passing through 
the membrane induced by SDF-1 was significantly greater in 
the LIPUS group (P < 0.01, Fig. 6A and B). Moreover, com-
pared with the LIPUS group, AMD3100 pretreatment sig-
nificantly reduced the number of hAD-MSCs passing 
through the membrane promoted by LIPUS in the LIPUS + 
inhibitor group (P < 0.01, Fig. 6A and B).

On the contrary, the results showed that there was no sig-
nificant difference in the size of the scratched area at 0 h after 
scratching between each group (Fig. 6C). At 24 h after 
scratching, compared with the control 2 group, ACRMC 

induced by SDF-1 was significantly increased by LIPUS 
treatment in the LIPUS group (P < 0.01, Fig. 6C and D). 
Moreover, compared with the LIPUS group, AMD3100 pre-
treatment significantly reduced ACRMC promoted by LIPUS 
in the LIPUS + inhibitor group (P < 0.01, Fig. 6C and D).

These results demonstrate that SDF-1 can induce hAD-
MSC migration in vitro. The pronounced stimulation of 
migration by SDF-1 suggests that the CXCR4 expressed in 
hAD-MSCs might be instrumental for targeted migration 
and homing of these cells. The LIPUS treatment can promote 
hAD-MSC migration induced by SDF-1 in vitro, which indi-
cates that pretreating hAD-MSCs with LIPUS might increase 
the number of hAD-MSCs homing to the ovaries with ele-
vated SDF-1 levels in rats with chemotherapy-induced POI.

Effects of LIPUS on the Homing of hAD-MSCs to 
Chemotherapy-Induced POI Ovaries in Vivo

To confirm whether LIPUS pretreatment on hAD-MSCs is 
more advantageous to the homing of hAD-MSCs to chemo-
therapy-induced POI ovaries, hAD-MSCs and LIPUS-
pretreated hAD-MSCs were transplanted into POI rats.

To track and locate the transplanted hAD-MSCs in vivo, 
hAD-MSCs were prelabeled with PKH26, which showed red 
fluorescence (Fig. 7A–C). The homing and location of trans-
planted PKH26-labeled hAD-MSCs in ovaries of POI rats 
were traced at 24 h after cell transplantation. The results 
showed that, PKH26-labeled cells, which showed red-dotted 
fluorescent signals, were recruited and located in the intersti-
tium of POI ovaries after transplantation in the hAD-MSCs, 
LIPUS + hAD-MSCs, hAD-MSCs + AMD3100 and LIPUS 
+ hAD-MSCs + AMD3100 groups (Fig. 7D). A quantitative 
assessment of the number of hAD-MSCs in ovaries revealed 
that ovaries in the hAD-MSCs, LIPUS + hAD-MSCs, hAD-
MSCs + AMD3100, and LIPUS + hAD-MSCs + AMD3100 
groups contained 24.67 ± 21.54, 27.67 ± 23.78, 9.25 ± 6.52, 
and 11.08 ± 9.83 cells/microscopic field, respectively (n = 
12, Fig. 7D and E). The intensity of red-dotted fluorescent sig-
nals and number of hAD-MSCs were higher in the LIPUS + 
hAD-MSCs group than in the hAD-MSCs group at 24 h after 
cell transplantation (Fig. 7D and E). However, the difference 
was not significant between these two groups (P > 0.05, Fig. 
7D and E). The intensity of red-dotted fluorescent signals and 
number of hAD-MSCs were significantly lower in the hAD-
MSCs + AMD3100 and LIPUS + hAD-MSCs + AMD3100 
groups than in the hAD-MSCs and LIPUS + hAD-MSCs 
groups, respectively (P < 0.05, Fig. 7D and E). However, 
there was no significant difference between the hAD-MSCs + 
AMD3100 and LIPUS + hAD-MSCs + AMD3100 groups (P 
> 0.05, Fig. 7D and E). There were no red-dotted fluorescent 
signals in the control and POI groups (data not shown), which 
is consistent with our previous studies40.

Meanwhile, some red-dotted fluorescent signals were 
observed in the uteruses and spleens in the hAD-MSCs and 
LIPUS + hAD-MSCs groups (Fig. 8). Only a few red 

Figure 5. Elevated SDF-1 levels in the serum and ovaries in 
POI rats induced by chemotherapy. SDF-1 concentrations in the 
serum (A) and supernatant of homogenized ovarian tissue (B) 
in the control and POI groups were measured by ELISA assay. 
N = 6. Independent-samples t test was used for two-group 
comparisons. ELISA: enzyme-linked immunosorbent assay; POI: 
premature ovarian insufficiency; SDF-1: stromal cell-derived 
factor-1. *P < 0.05; **P < 0.01.
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fluorescent signals were observed in the lungs, and no red 
fluorescent signals were observed in the kidneys, livers, 
hearts, and brains, in the hAD-MSCs and LIPUS + hAD-
MSCs groups (Fig. 8). There was no significant difference 
between the two groups (Fig. 8).

These results demonstrate that ovaries of chemotherapy-
induced POI rats are able to attract hAD-MSCs and LIPUS-
pretreated hAD-MSCs, and CXCR4 expression in hAD-MSCs 
may play an important role in the homing of hAD-MSCs and 
LIPUS-pretreated hAD-MSCs to the POI ovaries. Pretreating 
hAD-MSCs with LIPUS can increase the number of hAD-
MSCs homing to the ovaries of POI rats to some extent. 
However, the difference is not significant.

Changes in Ovarian Injuries and Function After 
hAD-MSC and LIPUS-Pretreated hAD-MSC 
Transplantation in Rats With Chemotherapy-
Induced POI

To investigate the effects of hAD-MSC and LIPUS-pretreated 
hAD-MSC transplantation on ovarian injuries and function 
in rats with chemotherapy-induced POI, ovarian histology, 
estrous cycles, sex hormone levels, and reproductive capac-
ity of rats were analyzed.

The results showed that, compared with the control group, 
chemotherapy induced follicle loss, vascular damage, and 
tissue fibrosis in ovaries in the POI group (Fig. 9A–C), while 

Figure 6. LIPUS promotes hAD-MSC migration induced by SDF-1 in vitro. The migration of hAD-MSCs was tested by transwell 
migration assay (A, B) (200×00say (A, B) ( (A, B) (s was tes (100×00sin vitro, in the control 1, control 2, LIPUS, LIPUS + inhibitor 
and inhibitor groups. Scratched areas and uncovered areas of hAD-MSCs were highlighted with white lines and blue lines, respectively. 
Representative images are shown. N = 6. One-way analysis of variance was used for multiple-group comparisons. ACRMC: area covered 
ratio of migration cells; hAD-MSCs: human amnion-derived mesenchymal stem cells; LIPUS: low-intensity pulsed ultrasound; SDF-1: 
stromal cell-derived factor-1. *P < 0.05; **P < 0.01. Scale bars = 100 μ0.
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compared with the POI group, hAD-MSC and LIPUS-
pretreated hAD-MSC transplantation reduced follicle loss, 
vascular damage, and tissue fibrosis in the hAD-MSCs, 
LIPUS + hAD-MSCs, hAD-MSCs + AMD3100 and LIPUS 

+ hAD-MSCs + AMD3100 groups (Fig. 9A–C). Compared 
with the control group, the number of primordial and growth 
follicles was significantly lower in the POI group (P < 0.05, 
Fig. 9A–C), while compared with the POI group, the number 
of primordial and growth follicles was significantly greater 
in the hAD-MSCs, LIPUS + hAD-MSCs, hAD-MSCs + 
AMD3100, and LIPUS + hAD-MSCs + AMD3100 groups 
(P < 0.05, Fig. 9A–C). Moreover, compared with the hAD-
MSCs group, the number of primordial follicles was signifi-
cantly lower in the hAD-MSCs + AMD3100 group (P < 
0.05, Fig. 9A–C), while compared with the LIPUS + hAD-
MSCs group, the number of primordial follicles was signifi-
cantly lower in the LIPUS + hAD-MSCs + AMD3100 
group (P < 0.05, Fig. 9A–C).

One hundred percent of rats in the POI group had irregu-
lar estrous cycles from the third week after chemotherapy 
(Fig. 9D and E). Compared with the POI group, the percent-
ages of rats with irregular estrous cycles decreased in the 
hAD-MSCs, LIPUS + hAD-MSCs, hAD-MSCs + 
AMD3100 and LIPUS + hAD-MSCs + AMD3100 groups 
from the third week after hAD-MSC transplantation (Fig. 9D 
and E). Compared with the hAD-MSCs and LIPUS + hAD-
MSCs groups, the percentages of rats with irregular estrous 
cycles increased in the hAD-MSCs + AMD3100 and LIPUS 
+ hAD-MSCs + AMD3100 groups from the third week 
after hAD-MSC transplantation (Fig. 9D and E).

Compared with the control group, the AMH and E2 levels 
were significantly lower, while the FSH level was signifi-
cantly higher after chemotherapy in the POI group (P < 
0.05, Fig. 9F–H). Compared with the POI group, the AMH 
and E2 levels were significantly higher, while the FSH levels 
were significantly lower in the hAD-MSCs, LIPUS + hAD-
MSCs, hAD-MSCs + AMD3100, and LIPUS + hAD-MSCs 
+ AMD3100 groups, from the third week after hAD-MSC 
transplantation (P < 0.05, Fig. 9F–H). Moreover, compared 
with the hAD-MSCs group, the AMH level was significantly 
lower in the hAD-MSCs + AMD3100 group, while com-
pared with the LIPUS + hAD-MSCs group, the AMH level 
was significantly lower in the LIPUS + hAD-MSCs + 
AMD3100 group, from the third week after hAD-MSC 
transplantation (P < 0.05, Fig. 9F).

Reproductive capacity of rats was detected by mating tri-
als. Compared with the control group, the number of off-
spring was significantly lower in the POI group (P < 0.01, 
Fig. 9I and J), while compared with the POI group, the num-
ber of offspring was significantly greater in the hAD-MSCs, 
LIPUS + hAD-MSCs, hAD-MSCs + AMD3100, and 
LIPUS + hAD-MSCs+AMD3100 groups (P < 0.05, Fig. 9I 
and J). Moreover, compared with the hAD-MSCs group, the 
number of offspring was significantly lower in the hAD-
MSCs + AMD3100 group (P < 0.05, Fig. 9I and J), while 
compared with the LIPUS + hAD-MSCs group, the number 
of offspring was significantly lower in the LIPUS + hAD-
MSCs + AMD3100 group (P < 0.05, Fig. 9I and J).

Figure 7. Effects of LIPUS on hAD-MSC homing to 
chemotherapy-induced POI ovaries in vivo. (A–C) The 
morphology of hAD-MSCs was observed under fluorescent 
microscope at (A) 2 h, (B) 24 h, and (C) 48 h after being labeled 
with PKH26 (100×0026 (being labeled withMSCs was observed 
under fluorescent microscope at (A) ata not shown), which is 
consistent with our24 h after cell transplantation in the hAD-
MSCs, LIPUS + hAD-MSCs, hAD-MSCs + AMD3100 and 
LIPUS + hAD-MSCs+AMD3100 groups by confocal microscopy 
analysis (D) (100× and 800×00d SCs+AMD3100 groups by 
confocal microscopy analysis (D) (micrfour groups (E) (n = 12). 
Representative images are shown. One-way analysis of variance 
was used for multiple-group comparisons. hAD-MSCs: human 
amnion–derived mesenchymal stem cells; LIPUS: low-intensity 
pulsed ultrasound; POI: premature ovarian insufficiency. *P < 
0.05. The yellow arrows indicate transplanted hAD-MSCs. Scale 
bars = 100 μ0; scale bars = 20 μ0.
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However, there was no significant difference in ovarian 
histology, sex hormone levels, and reproductive capacity 
between hAD-MSCs and LIPUS + hAD-MSCs groups or 
between hAD-MSCs + AMD3100 and LIPUS + hAD-
MSCs+AMD3100 groups (P > 0.05, Fig. 9A–J).

These results demonstrate that both hAD-MSC and 
LIPUS-pretreated hAD-MSC transplantation can reduce 
ovarian injuries and improve ovarian function in rats with 
POI. The CXCR4 antagonist can reduce the number of hAD-
MSCs and LIPUS-pretreated hAD-MSCs homing to the 
chemotherapy-induced POI ovaries, and further lessen their 
efficacy in POI treatment.

Discussion

POI can cause multiple sequelae and is currently incurable. 
Our previous studies have demonstrated that systemically 
intravenously transplanted hAD-MSCs can partly reduce 

ovarian injury and improve ovarian function in rats with 
POI8. Intravenous infusion is one of the major routes used 
for stem cell transplantation in regenerative medicine and 
tissue engineering for its minimal invasion. However, the 
homing rate of transplanted stem cells by intravenous infu-
sion may be low and they arriving at the target tissue may 
be a small part12,27,47. The clinical application of MSC 
transplantation is limited by the low efficiency of cell 
homing in vivo10,11,27. Thus, how to target systemically 
transplanted stem cells to injured tissue with high effi-
ciency is still a critical unsolved problem for stem cell 
therapy. In our previous studies, we found that the homing 
rate of the intravenous transplantation of hAD-MSCs to 
treat POI was low9, which may limit the efficiency of 
MSCs for POI treatment, and these results are consistent 
with other studies17,18. Thus, in this study, we explored 
methods to promote MSC homing to ovaries in systemic 
intravenous transplantation for POI treatment.

Figure 8. Tracking of hAD-MSCs in other important organs in rats. Transplanted PKH26-labeled hAD-MSCs were observed at 24 h 
after cell transplantation in the uteruses, spleens, lungs, kidneys, livers, hearts and brains of Sprague-Dawley rats in the hAD-MSCs and 
LIPUS + hAD-MSCs groups under a fluorescent microscope (100×00-MSCs groups under a fluorescent DAPI: 2-(4-amidinophenyl)-6-
indolecarbamidine dihydrochloride; hAD-MSCs: human amnion–derived mesenchymal stem cells; LIPUS: low-intensity pulsed ultrasound.
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Figure 9. Changes in ovarian injuries and function after hAD-MSC and LIPUS-pretreated hAD-MSC transplantation in chemotherapy-
induced POI rats. (A) Histological changes of ovaries were analyzed by hematoxylin and eosin staining in the control, POI, hAD-MSCs, 
LIPUS + hAD-MSCs, hAD-MSCs + AMD3100, and LIPUS + hAD-MSCs + AMD3100 groups (40×0D (B) The morphology of follicles at 
different stages was shown. (C) The number of follicles at different stages was counted and compared at 6 weeks after cell transplantation 
in the six groups (n = 10). (D, E) The estrous cycle of Sprague-Dawley rats, consisting of four sequential stages, proestrus, estrus, 
metestrus, and diestrus, was shown (D) (200×00quential stages, proestrus, estrus, metestrus, and diestrus, was shown (D) (1, 3, and 6 
weeks after hAD-MSC transplantation in the six groups (E) (n = 6). (F–H) Serum levels of (F) AMH, (G) FSH and (H) E2 were tested 
at 0, 3, and 6 weeks after hAD-MSC transplantation in the six groups (n = 6). (I, J) The number of offspring per rats in each group was 
recorded (I) and compared (J) (n = 6). Representative images are shown. The blue arrows indicate nucleated epithelial cells, the green 
arrows indicate cornified epithelium, and the red arrows indicate leukocytes. One-way analysis of variance was used for multiple-group 
comparisons. AMH: anti-Müllerian hormone; FSH: follicle-stimulating hormone; hAD-MSCs: human amnion–derived mesenchymal stem 
cells; LIPUS: low-intensity pulsed ultrasound; POI: premature ovarian insufficiency. *P < 0.05; ** P < 0.01. Scale bars = 100 μ0.
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Primary MSCs that have undergone three or four pas-
sages, which reach high purity, are typically evaluated for 
matching the international Society of Cell Therapy (ISCT) 
criteria for MSCs48. With the increase of MSC passage num-
ber in vitro, telomere length shortens after each cell division 
cycle, which leads to gradual senescence of MSCs and fur-
ther influences the function and survival of MSCs49. hAD-
MSCs have been demonstrated to not only have the features 
of MSCs but also have the great advantages over other stem 
cells5–8. Thus, hAD-MSCs were selected for this study. In 
this study, to identify whether P5 of hAD-MSCs underwent 
senescence, we compared P5 with P3 of hAD-MSCs in cell 
growth and senescence. SA-of hAD-MSCs in cell growth 
and senescence.nescence.tudy, to i43. p16 and p21 are consid-
ered as biomarkers of MSC senescence43. Zhang et al.45 
revealed that Ndufs6 played a critical role in the regulation 
of BM-MSC senescence, and downregulation of Ndufs6 
accelerated BM-MSC senescence. Zhang et al.44 reported 
that Rap1 deficiency enhanced self-renewal and delayed 
senescence in human MSCs. Interestingly, Ding et al.50 found 
that Rap1 was also essential to maintain the paracrine action 
and immunomodulatory function of MSCs. In our study, it 
was found that there was no significant difference in the cell 
growth, expressions of p16, p21, Ndufs6 and Rap1, and 
hAD-MSC senescence rates between P3 and P5 of hAD-
MSCs. The results demonstrate that the hAD-MSCs at P5 
have not yet undergone significant senescence and hypo-
function due to in vitro replication expansion and are able to 
be used for subsequent transplantation therapy.

Although the cellular mechanisms that direct the homing 
of MSCs are only partially understood, studies have found 
that some specific chemokine receptors are typically associ-
ated with MSC migration and homing19,24,25. A number of 
studies have demonstrated that locally elevated chemokine 
concentration in tissue, acting via its specific chemokine 
receptor on MSCs, is critical for MSCs homing to injured 
tissue, including bone marrow, infarcted myocardium, trau-
matic brain, and injured liver and lymphoid organs26,27,32,51,52. 
In our study, we firstly proved that hAD-MSCs expressed 
these chemokine receptors, including CCR1, CCR2, CCR3, 
CCR4, CCR5, CCR7, CCR9, CCR10, CXCR1, CXCR2, 
CXCR4, CXCR5, CXCR6, and CX3CR1. Thus, we specu-
lated whether there were methods to promote the expression 
of these chemokine receptors, which might promote MSC 
migration and homing.

LIPUS is a form of mechanical vibration energy transmis-
sion with low-intensity and low thermal effect, with minimal 
or no adverse effects on cells53. The acoustic pressure wave 
generated by LIPUS is able to transmit into and/or through 
living cells, and leads to a series of biochemical events at the 
cellular level33,34. In our study, we demonstrate that LIPUS 
can promote the viability and proliferation of hAD-MSCs, 
and does not increase the apoptosis of hAD-MSCs.

Bandow et al.54 found that LIPUS can induce the expres-
sion of chemokines in osteoblasts, which benefited cell 

migration. Wei et al.24 found that LIPUS can upregulate 
CXCR4 expression in BM-MSCs and promote BM-MSC 
migration to fracture site. Xiao et al.39 found that the expres-
sion of CCR2 and CXCR4 was elevated by LIPUS stimula-
tion in bone marrow stromal cells (BMSCs) and LIPUS was 
able to activate and improve migration of BMSCs. In this 
study, we also demonstrate that LIPUS can promote the 
expression of chemokine receptors in hAD-MSCs, especially 
the expression of CXCR4.

Some studies have found that chemokines, released from 
tissue, and chemokine receptors, expressed on MSCs, may 
partly mediate MSC actively homing to specific sites and 
subsequent retention in tissue19. SDF-1, a CXC chemokine 
family member, secreted by certain tissue and cells after 
injury, has been demonstrated to attract MSCs via its recep-
tor, CXCR4, found on the cell surface of MSCs, and mobi-
lize stem cells into injured tissue55–60. Expression of SDF-1, 
which is low under basal conditions, increases in inflamma-
tion, infarction, and tumor and injury tissue61–65. Previous 
researches showed that SDF-1 expression up-regulation after 
myocardial infarction mainly enhanced retention of trans-
planted MSCs in the injured myocardium66,67. Kitaori et al.68 
found that SDF-1 level was elevated in the fracture site, 
which recruited MSCs homing to the site of injured bone and 
promoted bone repair. In our study, we found the signifi-
cantly elevated expression of SDF-1 in ovaries in POI rats 
induced by chemotherapy, which is consistent with other 
studies65. Some studies24,69 found that MSCs expressed 
CXCR4 and SDF-1/CXCR4 axis was critical for the recruit-
ment of MSCs to the injured tissue. Wei et al.24 found that 
SDF-1/CXCR4 axis played a very important role in the 
LIPUS-promoted BM-MSC migration to fracture site. Thus, 
we speculated that the upregulated SDF-1 levels in ovaries of 
POI rats might regulate the migration and homing of trans-
planted hAD-MSCs, which express CXCR4, from the sys-
temic circulation to ovaries, and LIPUS can promote CXCR4 
expression in hAD-MSCs, which might increase the homing 
of infused LIPUS-pretreated hAD-MSCs to POI ovaries 
through SDF-1/CXCR4 axis.

To confirm our speculation, we firstly explored the effects 
of SDF-1 on hAD-MSC migration and the effects of LIPUS 
on hAD-MSC migration induced by SDF-1 in vitro. We 
found that SDF-1 can induce hAD-MSC migration and 
LIPUS treatment can promote hAD-MSC migration induced 
by SDF-1 through SDF-1/CXCR4 axis in vitro. Cell migra-
tion is an important part of cell homing13,14. These results 
indicate that pretreating hAD-MSCs with LIPUS might 
increase the number of hAD-MSCs homing to the ovaries 
with elevated SDF-1 levels in rats with chemotherapy-
induced POI and the subsequent confirmation experiments 
were done. We demonstrate that ovaries of chemotherapy-
induced POI rats are able to attract hAD-MSCs and LIPUS-
pretreated hAD-MSCs, and the direct interaction of CXCR4 
on hAD-MSCs with SDF-1 in ovaries plays an important 
role in the homing of hAD-MSCs to POI ovaries. Pretreating 
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hAD-MSCs with LIPUS can increase the number of hAD-
MSCs homing to the ovaries of POI rats to some extent. 
However, the difference was not significant.

In this study, we found that LIPUS can promote CXCR4 
expression in hAD-MSCs and further promote hAD-MSC 
migration induced by SDF-1 through SDF-1/CXCR4 axis in 
vitro. However, the efficacy of LIPUS in promoting the hom-
ing of hAD-MSCs to chemotherapy-induced POI ovaries in 
vivo was not satisfactory. Some factors and limitations of this 
study might be responsible for the results. First, the efficacy 
of LIPUS may be actually not significant. Second, PKH26 
Red Fluorescent Cell Linker Kit used to track and locate the 
transplanted hAD-MSCs in rats is probably less sensitive 
than the near-infrared (NIR) dye carbocyanine 1,1-diocta-
decyl-3,3,3,3 tetramethylindotricarbocyanine iodide (DiR)70 
or Luciferase71 for in vivo imaging, which might influence 
the observation and quantification of the distribution of 
hAD-MSCs in ovaries and other organs of POI rats. Third, 
the technique19 used to quantify the number of hAD-MSCs 
might have deviation, which is not able to accurately calcu-
late the number of hAD-MSCs in the whole ovaries and 
other organs limited by current technology. Fourth, the ISATA 
and ET of LIPUS selected in this study are possibly not the 
most appropriate parameters to promote hAD-MSC homing 
to POI ovaries, which might influence the efficacy of LIPUS 
treatment. All of these problems will be improved in our 
follow-up research. In addition, although hAD-MSCs may 
be a promising seed cell for regenerative medicine, studies 
have found that there are scalability and interdonor variabil-
ity associated with primary donor-derived MSC produc-
tion72,73, which might also influence the results of our 
experiments. Thus, in our future study, hAD-MSCs should 
be manufactured under Good Manufacturing Practice (GMP) 
conditions and a rigorous quality control system of hAD-
MSCs must be established to reduce the influence of those 
problems74. Moreover, some studies found that induced plu-
ripotent stem cell (iPSC)–derived MSCs might overcome the 
disadvantages of primary donor-derived MSCs mentioned 
above72,73, which might provide a new direction to explore 
for the improvement of the experiments.

Although pretreating hAD-MSCs with LIPUS only 
increased the number of hAD-MSCs homing to the ovaries 
of POI rats to some extent, our previous studies have demon-
strated that compared with hAD-MSC transplantation, 
LIPUS-pretreated hAD-MSC transplantation is more advan-
tageous for reducing inflammation, improving the local 
microenvironment, and inhibiting granulosa cell apoptosis 
induced by chemotherapy in ovaries of POI rats40, which 
might be partly due to the increased number of hAD-MSCs 
homing to POI ovaries promoted by LIPUS treatment. On 
the contrary, the results in this study further demonstrated 
that both hAD-MSC and LIPUS-pretreated hAD-MSC trans-
plantation reduced ovarian injuries and improved ovarian 
function in rats with POI, and the CXCR4 antagonist reduced 

the number of hAD-MSCs and LIPUS-pretreated hAD-
MSCs homing to the POI ovaries, and thus lessened their 
efficacy in POI treatment. Therefore, exploration of methods 
to promote MSC homing is necessary. Enhancing MSC hom-
ing to specific tissue is more likely to achieve a therapeutic 
effect required for disease and might provide better outcomes 
for patients.10,12

Conclusion

LIPUS can promote the expression of chemokine receptors 
in hAD-MSCs. The LIPUS can promote CXCR4 expression 
in hAD-MSCs and further promote hAD-MSC migration 
induced by SDF-1 through SDF-1/CXCR4 axis in vitro. 
Chemokine receptor, CXCR4, expressed in hAD-MSCs, 
may play an important role in the migration and homing of 
systemically transplanted hAD-MSCs and LIPUS-pretreated 
hAD-MSCs to chemotherapy-induced POI ovaries in rats. 
Pretreating hAD-MSCs with LIPUS can increase the number 
of hAD-MSCs homing to the ovaries of POI rats to some 
extent. However, the difference is not significant and further 
investigation is still needed. Pretreating MSCs with LIPUS 
before transplantation might provide a novel, convenient, 
and safe technique to explore for improving the homing of 
systemically transplanted MSCs to target tissue.
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