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Extracellular Vesicles Derived from
Mesenchymal Stem Cells Recover
Fertility of Premature Ovarian
Insufficiency Mice and the Effects on
their Offspring

Conghui Liu1, Huiqun Yin1, Hong Jiang1 , Xin Du1, Cunli Wang1,
Yingchun Liu1, Yu Li1, and Ziling Yang1,2

Abstract
It has been reported that extracellular vesicles (EVs) derived from human umbilical cord mesenchymal stem cells (HUCMSCs)
can promote the proliferative and secretive functions of granulosa cells. In vivo study further demonstrated that EVs derived
from HUCMSCs can not only promote the angiogenesis of ovarian tissue but also restore the function of an ovary of che-
mically induced premature ovarian insufficiency (POI) mice. However, no study investigates the effects of HUCMSCs derived
EVs on fertility recovery of POI mice and evaluating their offspring. This study investigates the effects of HUCMSCs derived
EVs on fertility recovery and the cognitive function of their offspring. A POI model was established by intraperitoneal injection
of cyclophosphamide (CTX) and busulfan (BUS), and randomly divided into EVs-transplantation group (a single injection of 150
mg EVs proteins which suspended in 0.1 ml phosphate buffer saline [PBS] via tail vein), POI group (a single injection of 0.1 ml
PBS via tail vein), and normal control group (a single injection of 0.1 ml PBS via tail vein without intraperitoneal injection of
CTX and BUS). After EVs treatment, not only the ovarian function of POI mice recovered but also the fertility increased with
less time to get pregnant, evaluating by in vitro fertilization and mating test. Cognitive behaviors of the offspring were similar
among the three groups through the Y-maze test and novel object recognition task. An anti-apoptotic effect was identified
through immunohistochemistry, real-time polymerase chain reaction and western blot. These findings indicate that
HUCMSCs derived EVs can improve the fertility of POI mice without adverse effects on the cognitive behavior of their
offspring, highlighting the potential value of EVs to be a cell-free therapy for patients suffering from POI.
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Introduction

Premature ovarian insufficiency (POI), which defined as the

loss of ovarian activity before the age of 40 yr, affects

approximately 1% of women with slightly varies among

different ethnics1,2. It is characterized by menstrual distur-

bance (amenorrhea or oligomenorrhea), infertility, hypoes-

trogenism, and raised gonadotropins, which were associated

with increased risks of osteoporosis, metabolic, and cardio-

vascular disorders2,3. Up to now, there are no effective treat-

ments for women with POI. Although hormone replacement

therapy (HRT) can correct the disordered hormone profiles

of women with POI, it cannot effectively recover the fertility

of them and will increase the risks of developing thrombosis

and breast cancer4,5. At the moment, for the women with POI

who want to get pregnant, ovum donation (OD) with in vitro

fertilization (IVF) may be the only available solution, but
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there will be no biological lineage between the mother and

the child6. In addition, some ethical and legal policies for OD

in some countries and regions will confine its practice7.

Over the last decade, extracellular vesicles (EVs), used to

be regarded as membrane debris with no real biological sig-

nificance, are now emerged as important mediators of cell-

to-cell communication8. It can interact with target cells

through their inherent surface-expressed ligands, deliver its

cargo (proteins, microribonucleic acid [mRNA], and bioac-

tive lipids) to the cytosol of the recipient cell, and then affect

the phenotype and function of target cells9. The potential

therapeutical effects of EVs derived from stem cells on dif-

ferent disease models, including myocardial infarction, cen-

tral nervous system disorders, hepatic failure, and stroke and

graft-versus-host disease, have been investigated by various

researchers and achieving encouraging outcome10–13.

Furthermore, previous studies evaluate the safety of human

umbilical cord mesenchymal stem cells (HUCMSCs)

derived EVs on liver or renal function14, but no study

investigates whether the treatment of EVs to women of

child-bearing age will influence the development of their

offspring. Recently, Yang et al.15 found that EVs derived

from HUCMSCs could locate in ovarian tissue after trans-

plantation and play essential roles in promoting ovarian

angiogenesis and restoring ovarian function of POI mice.

However, they neither evaluate the fertility of the POI mice

nor the influence on their offspring after EVs transplantation,

which is of great concern for a new treatment for women

with POI who desire to have a child.

This study aimed to evaluate the effects of EVs derived

from HUCMSCs on fertility recovery of POI mice and to

assess the cognitive behavior of their offspring. We hypothe-

sized that EVs could recover the fertility of POI mice and

would not influence the development of their first genera-

tion’s cognition. We use IVF and mating test for POI mice

and Y-maze test and novel object recognition task (NORT)

for their offspring to investigate this hypothesis.

Materials and Methods

Experimental Animals

Five- to six-week-old specific pathogen-free grade CD1

(ICR) female mice and 8–9 wk old male mice were pur-

chased from Anhui Medical University, Hefei, China. All

the mice were fed ad libitum food and water in a 25�C
animal facility on a 12-h light-dark cycle. All experimental

procedures were approved by the Institutional Animal Care

and Use Committee of Anhui Medical University (ID:

LLSC20160337).

Culture of MSCs and Isolation of Extracellular Vesicles

The primary generation of HUCMSCs was offered by Cell

Therapy Center of 105th Hospital of the People’s Liberation

Army (PLA), and cultured in a-minimum essential medium

(a-MEM, Gibco, Gaithersburg, MD, USA) with 10% fetal

bovine serum (FBS) (Sijiqing, Hangzhou, Zhejiang, China)

and 1% penicillin/streptomycin (Gibco) at 37�C in 5% CO2

humidified air. Three to eight passages of HUCMSCs were

cultured to produce EVs. When the density of HUCMSCs

reached 70%–80% confluency, 10% FBS was replaced by

0.5% of bovine serum albumin (BSA) (Sigma-Aldrich, St

Louis, MO, USA) for 24–48 h (Fig. 1A). When HUCMSCs

confluence reached 90% or more, the serum-free culture

medium was collected and stored at �4�C, and then EVs

were isolated within 24 h by differential ultracentrifuga-

tion16. Briefly, the cell supernatants were obtained through

centrifugation at 300 � g for 10 min and 2,000 � g for 20

min to remove cells and debris, cell-free supernatants were

then centrifuged at 100,000 � g (Beckman Coulter Optima

L-100XP ultracentrifuge) for 70 min at 4�C, the sediments

were resuspended in phosphate buffer saline (PBS)

(Hyclone, Logan, UT, USA) and submitted to a second and

third 100,000 � g ultracentrifugation at the same conditions.

EVs associated proteins were determined by the Bradford

method to estimate the amount of EVs17. About 600 ml

serum-free culture medium of mesenchymal stem cells

(MSCs) were used for collecting EVs, and 162.7 + 17.5

mg EVs proteins were isolated in every 106 HUCMSCs

(about 10 ml of MSCs’ serum-free culture medium). West-

ern blot (WB) was applied to identify the protein expressions

of CD9, CD63, TSG101, and CANX in the HUCMSCs and

EVs, and a comparable positive for CD9, CD63, TSG101,

and negative for CANX in EVs were identified when com-

pared with HUCMSCs, indicating the origination of EVs

were from HUCMSCs (Fig. 1B)18. EVs were suspended in

PBS and loaded on copper grids and stained with 1% (w/v)

phosphotungstic acid for morphological observation under

the transmission electron microscope (TEM, FEI, Oregon,

USA) (Fig. 1C,D). Details were described elsewhere15.

Establishment of Mouse POI Model and Grouping

Vaginal smears of mice were conducted every morning at

8:00 AM and stained with hematoxylin and eosin, lasting for 2

wk19. Mice that went through at least two consecutive reg-

ular estrous cycles were included in this study. To establish

the model of POI, 200 mg/kg cyclophosphamide (CTX,

Sigma-Aldrich) and 20 mg/kg busulfan (BUS, Sigma-

Aldrich) dissolved in dimethyl sulfoxide were intraperitone-

ally injected at one time. Vaginal smears were applied again

after CTX and BUS injection to evaluate the success of the

POI model for 2 wk, and mice with consecutive irregular

estrous cycles were treated as successful model

establishment.

After successful model establishment, 116 POI mice were

selected and randomized into the EVs group (received a

single injection of 150 mg EVs proteins [suspended in 0.1

ml PBS] via tail vein, n ¼ 58)15 and the POI group (received

a single injection of 0.1 ml PBS via tail vein, n ¼ 58), the

age- and weight-matched female mice received a single

injection of 0.1 ml PBS via tail vein without intraperitoneal
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injection of CTX and BUS were served as a normal control

(NC, n¼ 58). All the treatment was conducted 2 wk after the

injection of CTX and BUS. The protocol of the experiment is

presented in Fig. 2.

Hormones Measurement and Ovarian
Morphologic Observation

Two weeks after the injection of CTX and BUS, six mice

were sacrificed to evaluate the success of POI model estab-

lishment; another 6 mice without the injection of CTX and

BUS were sacrificed as a normal control (NC group). After

EVs treatment, 6 mice in each group (EVs, POI, and NC

groups) were sacrificed weekly until the fourth week after

EVs transplantation to evaluate the recovery of the ovarian

function.

Blood samples (retroorbital puncture) were centrifuged at

1,000 � g for 15 min at 4�C to separate the serum. The

concentrations of estrogen (E2) and follicle-stimulating hor-

mone (FSH) were detected with gonadal hormone enzyme-

linked immunosorbent assay (ELISA) kits (Cusabio, Wuhan,

Hubei, China) according to the manufacturer’s instructions.

Ovaries of each mouse were weighed and fixed with 4%
paraformaldehyde for 6 h, dehydrated through a graded

Fig. 2. Schematic diagram of the experimental protocol. CTX: cyclophosphamide; BUS: busulfan; EVs: extracellular vesicles; IVF: in vitro
fertilization.

Fig. 1. Characterizations of HUCMSCs and EVs. (A) Fibroblast-like morphology of the sixth passage HUCMSCs. (B) The protein expres-
sions of CD9, CD63, TSG101, and CANX in the EVs and HUCMSCs by western blot. (C–D) The transmission electron microscope images
of EVs. HUCMSCs: human umbilical cord mesenchymal stem cells; EVs: extracellular vesicles.
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series of ethanol, vitrified in xylene, embedded in paraffin,

and then 3-mm sections were stained with hematoxylin and

eosin. The ovarian histological examination and follicle

counts (primordia, primary, secondary, and antral follicles)

were carried out under light microscopy (Zeiss, Jena,

Germany).

For the body weight, we labeled 10 mice of each group

and weighed at 0, 3, 7, and 14 days after the injection of CTX

and BUS and weekly until the fourth week after treatment,

all the mice were weighed in the morning.

In Vitro Fertilization and Embryo Culture

In order to keep the quality of the sperm, male mice were

housed with female mice (do not belong to NC, POI, or EVs

groups) for 1 wk, then housed alone for 1 wk before sperm

collection. Six female mice in each group (NC, POI, and

EVs groups) were superovulated via a single intraperitoneal

injection of 10 IU pregnant mare serum gonadotropin

(PMSG, Zhejiang, China) 4 wk after treatment, followed

by injection of 10 IU human chorionic gonadotropin (hCG,

Sansheng, Ningbo, Zhejiang, China) 48 h later. The cumulus

oocyte complexes were collected from the ampulla portion

of the oviduct under stereomicroscope 12–14 h after hCG

administration and placed in IVF culture media (Vitrolife,

Stockholm, Sweden) at 37�C in 5% CO2 air. Meanwhile, the

12–13-wk-old male mice were sacrificed by cervical dislo-

cation; the sperm in epididymides were collected through 5–

7 longitudinal cuts on epididymis with a syringe needle, and

then incubated for at least 1 h at 37�C in 5% CO2 air for

capacitation in IVF culture media. The metaphase II oocytes

were incubated with sperm to facilitate fertilization in IVF

culture media for 5–6 h, and fertilized zygotes were subse-

quently cultured in G1 and G2 culture media (Vitrolife) at

37�C in 5% CO2 air20. The development of the fertilized

zygote was observed and recorded.

Mating Test and Cognitive Behavior Tests of Offspring

Four weeks after treatment, 15 female mice in each group

(NC, POI, and EVs groups) housed with 12–13 wk-old-male

mice for 21 days (two to three female mice and one male

mouse were housed in the same cage). Once the presence of

a copulatory plug was confirmed, the female mouse was

separated. The numbers of neonatal mice per litter in each

group was recorded. In each group, 25 neonatal mice were

labeled and weighed weekly for 6 wk.

When offspring reached 6-wk-old, 12 offspring mice (six

male and six female) were selected randomly for behavioral

evaluation by the Y-maze test and NORT. Y-maze and

NORT tests were indicators to test the immediate working

memory of the rodents, which is based on the spontaneous

tendency of rodents to explore a novel object or surroundings

more often than a familiar one. The apparatus, performance,

and data analysis for Y-maze and NORT are described

elsewhere21,22.

Immunohistochemical Analysis

Cleaved caspase 3 in ovarian tissue was detected using

immunohistochemistry. All sections (3 mm) were stained

using the automated immunostaining system (Ventana

Benchmark XT, Roche, Basel, Switzerland). All the proce-

dures were followed by the system instructions. Briefly, sec-

tions of the ovarian tissue were dewaxed and pretreated with

cell conditioning 1 solution (Roche Diagnostics) for 30 min,

then washed with reaction buffer followed by incubation

with the rabbit anti-cleaved caspase 3 (1:600, Cell Signaling,

China) for 32 min. To detect the location and expression of

cleaved caspase 3, 3,30-Diaminobenzidine tetrahydrochlor-

ide (DAB) kit (Roche Diagnostics) was used. The results

were expressed as the percentages of apoptotic cells in each

section by counting 5 random fields from each sample under

the Olympus BX-51 light microscope (Olympus,

Tokyo, Japan).

Real-Time Quantitative Polymerase Chain Reaction
and Western Blot

Seven mice of each group (NC, POI, and EVs groups) were

sacrificed to collect ovaries for polymerase chain reaction

(PCR) and WB. For PCR, the total ribonucleic acid (RNA)

was extracted from the ovarian tissue of mice with Trizol

reagent (Invitrogen, Carlsbad, CA, USA), and reversely tran-

scribed into complementary deoxyribonucleic acid (cDNA)

using Random 6 mers and Oligo dT Primer (Promega,

Shanghai, China). Primer sequences of Caspase 3, Bcl-2,

and Bax were designed using Primer 5 according to its

cDNA sequences in the National Center for Biotechnology

Information (NCBI) database (Table 1). Real-time quantita-

tive PCR (qPCR) was carried out using SYBR Green Real-

time PCR Master Mix (Promega). The reaction conditions

were as follows: 95�C, 3 min; 95�C, 10 s; and 60�C, 1 min

for 40 cycles. Gene expression level of each sample was

evaluated through threshold cycle (Ct) value, and the expres-

sion of glyceraldehyde 3-phosphate dehydrogenase

(GAPDH) was used as an internal control.

For WB, proteins of ovary tissues of the mice were homo-

genized in Trizol reagent (Invitrogen) and were separated on

12% sodium dodecyl sulfate polyacrylamide gel electro-

phoresis (SDS-PAGE) gels, and then transferred to Milli-

pore® polyvinyldifluoridine (PVDF) membranes. The

PVDF membranes were blocked with 5% nonfat milk solu-

tion and incubated with rabbit antibodies against Caspase 3

(1: 5000, Abcam, Cambridge, MA, USA), Bcl-2 (1: 5000,

Abcam), Bax (1: 5000, Abcam), and GAPDH (1: 5000,

Abcam). The coloration bands were visualized on X-ray

films with ECL reagents (Pierce, Colorado, USA). The band

of GAPDH was used as an internal standard, and the relative

intensity of bands was quantified by digital densitometry

(Image J software, Bethesda, USA).
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Statistical Analysis

Continuous variables were compared by unpaired Student’s

t-test or analysis of variance (ANOVA) with Tukey’s mul-

tiple comparisons test among the two and three groups. Cate-

gorical variables were compared by chi-square tests. The

Log-rank (Mantel-Cox) test was used to compare the suc-

cessful mating rate. A two-tailed P-value of less than 0.05

was considered statistically significant. All analyses were

performed with SPSS version 17.0 (SPSS Inc., Chicago,

IL, USA).

Results

Evaluation of the POI Model

Two weeks after CTX and BUS injection, the body weight of

the mice in the POI group decreased persistently and reached

statistical difference at the 17th day compared with the mice

in the NC group (Fig. 3A). Furthermore, the serum concen-

trations of E2 lower, and FSH greater significantly for mice

in the POI group compared with mice in the NC group (Fig.

3B,C). The numbers of primordial, primary, secondary, and

antral follicles for mice in the POI group were significantly

fewer compared with mice in the NC group under ovarian

histological examination (Fig. 3D,E). Moreover, the ovarian

weight also decreased significantly after CTX and BUS

injection compared with the mice without injection (Fig.

3F,G).

EVs Transplantation Improves the Ovarian Function of
POI Mice

After EVs transplantation, the body weight of mice in the

EVs group increasing persistently and reached the statistical

difference 2 wk later compared with mice in the POI group,

but it did not reach the level of mice in the NC group (Fig.

4A). The concentrations of serum E2 in the EVs group

increased significantly 2 wk after EVs transplantation and

was similar with mice in the NC group 4 wk after treatment

(Fig. 4B). The concentrations of serum FSH for mice in the

EVs group dropped 1 wk after EVs transplantation, and

fluctuated afterward, but still lower than mice in the POI

group (Fig. 4C). Furthermore, a significantly increase in the

numbers of primordial, secondary, and antral follicles were

found 4 wk after EVs transplantation (Fig. 4D,E), and the

ovarian weight of the mice in the EVs group was heavier

significantly than those in the POI group since 1 wk after

EVs transplantation (Fig. 4F).

EVs Transplantation Improves the Number of Oocytes
and Embryos of POI Mice

Four weeks after EVs transplantation, the total numbers of

oocytes retrieved, fertilized zygotes, cleaved embryos, and

blastocysts of mice in the EVs group were significantly ele-

vated than those in the POI group (Fig. 5A). As shown in

Table 2, the rates of fertilization, cleavage, and blastulation

in the NC, POI, and EVs group were similar.

EVs Transplantation Improves the Natural Fertility of
POI Mice and the Effects on Offspring

During the 21-day mating test, 4, 11, and 15 female mice in

the POI, EVs, and NC group gave birth, respectively.

Furthermore, the female mice in the EVs group presented

less time to get pregnant with a greater number of neonatal

mice than mice in the POI group but did not reached the level

of mice in the NC group (Fig. 5B,C). The body weight of

their offspring in the three groups increased gradually after

birth and showed no significant difference 2 wk after birth

(Fig. 5D).

As shown in Fig. 3E,F, no significant differences were

identified in the discrimination ratios of the Y-maze test

(time spent in the novel arm object)/(time spent in the novel

and other arms) and NORT (time spent exploring the novel

Table 1. Primers Used for qPCR Validation.

Gene Forward primer Reverse primer

Caspase 3 TGGGACTGATGAGGAGATGGC AGGGACTGGATGAACCACGAC
Bcl-2 GGAGGATTGTGGCCTTCTTTG GCAGATGCCGGTTCAGGTAC
Bax TGCTACAGGGTTTCATCCAGG AGTTCATCTCCAATTCGCCG

qPCR: quantitative polymerase chain reaction.

Table 2. In Vitro Fertilization Outcomes of Three Groups.

NC group (n ¼ 6) POI group (n ¼ 6) EVs group (n ¼ 6) P

Oocytes retrieved, mean (SD) 23.5 (3.0) 2.3 (2.9) 14.8 (2.6) <0.001
Fertilization rate, % (n) 92.2 (130) 71.4 (10) 88.8 (79) 0.702
Cleavage rate, % (n) 92.3 (120) 70.0 (7) 90.0 (71) 0.375
Blastulation rate, % (n) 21.7 (26) 14.3 (1) 15.5 (11) 0.239

NC: normal control; POI: premature ovarian insufficiency; EVs: extracellular vesicles.
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object)/(time spent exploring two objects) among the three

groups.

Anti-Apoptotic Effects of EVs

The result of immunohistochemistry indicated that cleaved

caspase 3 positive cells in the EVs group was significantly

lower than those in the POI group (35.11% vs. 44.84%) (Fig.

6A–C). The mRNA levels of Caspase 3 and Bax in the EVs

group were significantly lower than those in the POI group,

while the ratio of Bcl-2 to Bax (Bcl-2/Bax) in the EVs group

was higher than those in the POI group (Fig. 6D–G). WB

assay also demonstrated that the protein expressions of Bax

in EVs group decreased significantly (Fig. 6K), but no dif-

ferences were found in the protein expressions of caspase 3

and Bcl-2 among the three groups (Fig. 6H–J).

Discussion

The present study suggested that EVs derived from

HUCMSCs can not only restore ovarian function by

improving hormone profiles and the number of ovarian fol-

licles, but also restore fertility by increasing the number of

oocytes retrieved, shortening the time to get pregnant, and

increasing the number of newborns. Furthermore, the cogni-

tive behavior of the first generation was not damaged by the

treatment of EVs for their mothers. This is the first study

using IVF and mating test to examine the fertility of POI

mice and evaluate their offspring after the treatment of

HUCMSCs derived EVs.

A previous study demonstrated that co-culture EVs

derived from HUCMSCs with granulosa cells (GCs) could

proliferate GCs and enhance the secretion of E2
23. After

using cisplatin to induce GCs damage, Sun et al.24 found a

higher percentage of living cells in EVs co-culture group

compared with cisplatin only group (80.1% vs. 71.4%, P <

0.05). In vivo study of POI mice further suggested that

HUCMSCs derived EVs can recover the disturbed estrous

cycle, increase the body weight, and the number of ovarian

follicles of POI mice15, but they did not monitor the change

of hormone profile regularly. In our study, although a greater

Fig. 3. Evaluation of the POI model. (A) The body weight of mice in the NC and POI groups (n¼ 10, *P < 0.05). (B) The concentrations of E2

in the NC and POI groups (n¼ 6). (C) The concentrations of FSH in the NC and POI groups (n¼ 6). (D) Histopathologic images of ovaries in
the NC group (a) and POI groups (b). (E) The number of follicles at different development stages. Data represent means + SEM, n ¼ 6;
*P < 0.05. (F) Representative photograph of ovaries in the NC and POI group. (G) The weight of ovaries in the NC and POI groups (n ¼ 6).
NC: normal control; POI: premature ovarian insufficiency; FSH: follicle-stimulating hormone.
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number of ovarian follicles and better hormones profiles

were identified for mice in the EVs group compared with

those in the POI group, the concentrations of serum FSH

kept on fluctuating throughout the study period, which

indicates that serum FSH concentrations might not be

validated enough to evaluate the recovery of ovarian

function of POI mice.

There is growing evidence that EVs plays an essential

role in oocyte and sperm maturation, fertilization, prevention

of polyspermy, and embryo implantation25. Several in vitro

studies have demonstrated that EVs derived from MSCs can

be used as a culture supplement to improve embryo quality

and recover the embryo developmental competence26–29. In

this study, we found HUCMSCs derived EVs can increase

the numbers of oocytes retrieved, fertilized zygotes, cleaved

embryos, and blastocysts of mice in the EVs group compared

with mice in the POI group. This finding was supported by

Marinaro et al.30 who demonstrated that the expanded blas-

tocyst rate of aged female mice (aged 24 wk old) could be

increased when EVs from human endometrial MSCs (range

from 10 mg/ml to 80 mg/ml) were added to the culture

medium. Their further study suggested that not only devel-

opmental competence, but also the quality of the embryos

could be enhanced by EVs transplantation29. Inconsistent

with their study, there were no significant differences in the

rates of fertilization, cleavage, and blastulation among the

three groups in our study, suggesting that HUCMSCs-EVs

might not improve the quality of embryos. However, it is

important to note that the oocytes retrieved in our study were

from young female mice (aged 11–12 wks) which have a

better developmental competence than age advanced mice

used in the previous studies, and the effects of EVs in vivo

and in vitro as well as different breed of mice may result in

this different conclusion. In addition, the results of the

Fig. 4. EVs treatment improves the ovarian function of POI mice. (A) Body weight in 3 groups during the experimental period (n ¼ 10,
*P < 0.05 vs. NC; #P < 0.05 vs. POI). (B) E2 concentrations in the NC, POI and EVs groups during the experimental period (n¼ 6, *P < 0.05 vs.
NC; #P< 0.05 vs. POI). (C) FSH concentrations in the NC, POI and EVs groups during the experimental period (n ¼ 6, *P < 0.05 vs. NC;
#P < 0.05 vs. POI). (D) Histopathologic images of ovarian tissue 28 days after interventions in the NC (a), POI (b), and EVs (c) groups. (E) The
follicles of different development stages in three groups (n ¼ 6). (F) Ovarian weight in three groups during the experimental period (n ¼ 6,
*P < 0.05 vs. NC; #P < 0.05 vs. POI). NC: normal control; POI: premature ovarian insufficiency; EVs: extracellular vesicles; FSH: follicle-
stimulating hormone.
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Fig. 6. Anti-apoptotic effect of EVs. (A–C) The cleaved caspase 3 positive cells in ovarian tissue of the NC (A), POI (B), and EVs (C) group
(n ¼ 6). The mRNA expressions of caspase 3 (D), Bcl-2 (E), Bax (F), and Bcl-2/Bax (G) in ovarian tissue of three groups 28 days after
interventions. Data represent means + SEM; n ¼ 7, *P < 0.05 vs. NC. (H) Western blotting detected protein expressions of caspase 3 (I),
Bcl-2 (J) and Bax (K) in ovarian tissue of three groups 28 days after interventions. Data represent means + SEM; n ¼ 7, *P < 0.05 vs. NC;
#P < 0.05 vs. POI. NC: normal control; POI: premature ovarian insufficiency; EVs: extracellular vesicles; mRNA: microribonucleic acid.

Fig. 5. EVs transplantation improves the outcomes of in vitro fertilization and natural fertility of POI mice with no adverse effects on their
offspring. (A) The numbers of oocytes retrieved, fertilized zygotes, cleaved embryos, and blastocysts in the NC, POI, and EVs groups (n¼ 6).
(B) The time to get pregnancy in three groups evaluated by Log-rank (Mantel-Cox) test (P < 0.05 vs. POI, n¼ 15). (C) The average numbers
of offspring in the NC, POI, and EVs groups (*P < 0.05 vs. NC; #P < 0.05 vs. POI). (D) The body weight of offspring in three groups (n ¼ 25).
(E, F) The Y-maze test and NORT results of offspring in three groups (n ¼ 12). NC: normal control; POI: premature ovarian insufficiency;
EVs: extracellular vesicles; NORT: novel object recognition task.
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mating test (natural fertility) in our study indicated that EVs

transplantation could shorten the time to get pregnant for

POI mice and increase the number of their newborns, enhan-

cing the conclusion that EVs can restore the fertility of POI

mice.

Although transplantation of EVs derived from MSCs is

an attractive agent for cell-free therapy, safety concerns

restrain its clinical application. Sun et al.14 administrated

HUCMSCs derived EVs to rabbits, guinea pigs, and rats,

and found no adverse effects on liver or renal function.

Another toxicology study indicated that EVs derived from

MSCs were safer than those from bovine milk31. Recently,

a review demonstrated that EVs transplantation was safe in

mammals with the advantage of avoiding some inherent

side effects of stem cell transplantation, such as malignant

stem cell transformation32. However, no study investigated

the impact of EVs treatment for the female on their off-

spring. In this study, we found that the body weight of the

offspring mice were similar to those without EVs treatment

to the mothers. The immediate working memory and rec-

ognition memory tested by Y-maze test and NORT of the

offspring were similar in each group, suggesting that EVs

treatment for female mice will not cause cognitive deficits

of the offspring.

The mechanisms of EVs on restoring ovarian function

and fertility remain unclear. Except for angiogenesis func-

tion of EVs for ovarian tissue through upregulating the

expression of the vascular endothelial growth factor,

insulin-like growth factor and angiogenin15, anti-apoptotic

effect of EVs on GCs may also contribute to their ability to

protect the fertility of POI mice. The study of Xiao et al.33

demonstrated that amniotic fluid stem cells derived EVs can

prevent ovarian follicular atresia in CTX induced POI mice

via the delivery of mRNAs in which both miR-146a and

miR-10a were highly enriched and their potential target

genes were critical to apoptosis. In this study, we found a

higher percentage of cleaved caspase 3 positive cells in ovar-

ian tissue of the mice in the POI group compared with those

in the EVs group. Moreover, the mRNA expression of

apoptosis-related genes (caspase 3 and Bax) in EVs group

down-regulated significantly, indicating an antiapoptotic

effect of EVs transplantation, which might be a potential

mechanism related to recovery of ovarian function and fer-

tility. Although WB assay also showed that the protein

expressions of Bax in EVs group decreased significantly

compared with the POI group, no difference was found in

the protein expressions of caspase 3 among the three groups,

which may attribute to posttranscriptional or posttransla-

tional modifications or protein degradation or the different

sensitivity between WB and qPCR.

There are several limitations to the study. Firstly, we do

not distinguish larger vesicles (microvesicles) and small

vesicles (exosomes) from EVs, so it cannot be sure which

one plays a more critical role in restoring the fertility of POI

mice. Secondly, the sample of this study used for IVF is

limited; some results remain to be verified in future study

with a large sample size. Thirdly, the model of POI mice in

this study was established by the intraperitoneal injection of

CTX/BUS which means the effect of the EVs could be spe-

cific to the chemically induced POI. Finally, we only use

cognitive behavior tests to evaluate offspring, which is not

enough. More comprehensive systematic behavior tests with

an extended duration of follow-up are needed for further

evaluation of the safety of HUCMSCs derived EVs on off-

spring before it is applied to the clinic.

Conclusion

The present study demonstrated that EVs derived from

HUCMSCs can recover the fertility of POI mice and have

no adverse influences on the cognitive behavior of their off-

spring, which may be severed as a prospective cell-free ther-

apy for patients suffering from POI.
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