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In mammals, resting primordial follicles serve as the ovarian
reserve. The decline in ovarian function with aging is character-
ized by a gradual decrease in both the quantity and quality of
the oocytes residing within the primordial follicles. Many
reports show that mesenchymal stem cells have the ability to
recover ovarian function in premature ovarian insufficiency
(POI) or natural aging animal models; however, the underlying
mechanism remains unclear. In this study, using exosomes
derived from human umbilical cord mesenchymal stem cells
(HucMSC-exos), we found the specific accumulation of
exosomes in primordial oocytes. The stimulating effects of
exosomes on primordial follicles were manifested as the activa-
tion of the oocyte phosphatidylinositol 3-kinase (PI3K)/mTOR
signaling pathway and the acceleration of follicular develop-
ment after kidney capsule transplantation. Further analysis
revealed the stimulatory effects of HucMSC-exos on primordial
follicles were through carrying functional microRNAs, such as
miR-146a-5p or miR-21-5p. In aged female mice, the intrabur-
sal injection of HucMSC-exos demonstrated the recovery of
decreased fertility with increased oocyte production and
improved oocyte quality. Although assisted reproductive tech-
nologies have been widely used to treat infertility, their overall
success rates remain low, especially for women in advanced
maternal age. We propose HucMSC-exos as a new approach
to mitigate the age-related retardation of fertility in women.
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INTRODUCTION
It is generally accepted that in mammals, oocytes cannot renew
themselves postnatally or during the adult life and that the number
of oocytes is already fixed as primordial follicles formed before or
around birth.1 To maintain this “reserve” and provide a steady supply
of fertilizable oocytes during the reproductive lifespan, primordial
follicles must remain quiescent, sometimes for decades, until being
activated for growth via a highly controlled mechanism.2,3 The con-
stant demise of primordial follicles and the continuous recruitment
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of primordial follicles over time depletes the ovarian reserve, leading
to menopause, which occurs in humans at approximately 50 years of
age when less than 1,000 primordial follicles remain in the ovary.4 In
reality, ovarian aging occurs earlier, before menopause. According to
what is known about the human female biological clock, a woman’s
fertility begins to decline significantly in her early 30s, with a steep
decrease beginning after the age of 35.5 The aging process is thought
to be associated with gradual decreases in both the quantity and quality
of the oocytes residingwithin the primordial follicles of the ovarian cor-
tex.6,7 In pathological conditions, premature ovarian insufficiency
(POI) occurs in 1%–4% of women, which is characterized by the
absence of normal ovarian function due to the early depletion of the
primordial follicle pool before the age of 40.8 For such a significant
reduction or even depletion of the ovarian reserve, assisted reproduc-
tion can help only to a limited extent, leaving many couples childless
after prolonged infertility therapy.5 Thus, manipulating these dormant
follicles in the ovarymay represent a paradigm shift for womenwho are
undergoing natural or premature ovarian aging.

During the past few years, mesenchymal stem cells (MSCs) have
attracted great attention due to their large therapeutic potential. As
one type of multipotent stem cell, the MSC can be derived from
adipose tissue, bone, the umbilical cord, the placenta, amniotic fluid,
and the connective tissue of most organs.9 Human umbilical cord
MSCs (HucMSCs), in contrast to other MSC types from other sources,
have become a prominent stem cell type used for allogeneic cell-based
therapy because of their advantages in terms of ethical access, abundant
tissue source, low immunogenicity, and rapid renewal properties.10 To
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Figure 1. Characterization of HucMSC-exos

(A) Western blot analysis of exosome-related markers Alix, Tsg101, and CD9. Plasma protein Gm130 was used as a negative control. Both lanes were loaded with 20 mg of

proteins asmeasured by Qubit 3.0.WCL, whole-cell lysate; Exo, exosome. (B) Representative image of HucMSC-exos observed by transmission electronmicroscope (TEM).

Scale bar, 100 mm. (C) Nanoparticle tracking analysis of size distribution and concentration of HucMSC-exos. The mean protein concentration and mean particle

concentration of the HucMSC-exos were 0.79 mg/mL and 2.7 � 1010 particles/mL, respectively.
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date, HucMSCs have been under investigation in a variety of clinical
therapeutic trials. The application areas include various conditions,
such as neurological deficits, liver diseases, immune system diseases,
diabetes, and acute leukemia.11MSCshave also been proven to be effec-
tive toward recovering ovarian function and improving fertility in POI
or natural aging animal models.12–14 Recently, a successful clinical
pregnancy was reported via the transplantation of collagen/HucMSCs
into the ovaries of POI patients.15 Despite the therapeutic effect
observed, however, the underlying molecular mechanism, especially
how the ovarian reserve is regulated, remains unknown.

In addition to the increased use of MSC transplantation in the clinic,
many studies have reported that MSC proliferation at the site of
engraftment and subsequent differentiation into appropriate cell
types are rare.16 The therapeutic efficacy of engrafted MSCs is also
not dependent on the physical contacts between MSCs and local tis-
sue cells.17 Many researchers think that MSCs function through their
secreted products, more specifically, exosomes (exos).16 Exos are a
type of extracellular vesicle (EV) of endosomal origin that is 40–
150 nm in size, and exos play important roles in intercellular commu-
nication by delivering microRNAs (miRNAs), mRNAs, and proteins
to recipient cells.18 Similar to their cell source, MSC-derived exos help
to maintain tissue homeostasis and enable the recovery of critical
cellular functions by initiating the process of repair and regenera-
tion.19 Thus, instead of stem cell transplantation therapy, MSC-
exos may be a better choice in the clinic because of their advantages
in terms of low immunogenicity, lack of tumorigenicity, high clinical
safety, and low ethical risk.17,20 They have been shown to have
intrinsic therapeutic effects on an increasingly wide spectrum of
diseases via their involvement in various biological processes, such
as wound healing, inflammation, hypertension, cardiovascular dis-
ease, brain injury, and cancers.21 Two recent studies have reported
that MSC-exos can repair chemotherapy-induced ovarian damage
in mouse models. Although the molecular mechanisms are different,
both studies highlight the regulatory effects of exos on the prolifera-
tion and apoptosis of granulosa cells.22,23 Until now, whether MSC-
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derived exos function in regulating the primordial follicle pool
remains unclear, as do the underlying mechanisms.

In this study, we demonstrated the stimulatory effects of HucMSC-
derived exos on primordial follicles through the activation of the
phosphatidylinositol 3-kinase (PI3K)/mTOR signaling pathway in
oocytes. When HucMSC-exos were intrabursally injected into aged
female mice, they showed similar effects on the ovarian reserve,
together with a significant improvement in oocyte quality. Based on
the improvements brought about by HucMSC-exo treatment in terms
of oocyte production and quality in aged mice, we propose that
HucMSC-exos may represent a new approach toward enhancing
decreased fertility in women with a diminished ovarian reserve.

RESULTS
Characterization of HucMSC-exos

EVs were isolated from conditional media of passage 3–7 HucMSCs.
The identity and purity of the nanoparticles were determined by west-
ern blot, TEM (transmission electron microscopy), and nanoparticle
tracking analysis (NTA). Western blotting showed that the EVs were
enriched with exosomal surface markers Alix, Tsg101, and CD9 but
were negative for the expression of Gm130, a cytoplasmic Golgi
complex marker (Figure 1A).24 By TEM, these nanoparticles
exhibited a typical round-cup-like exosome structure that was
approximately 100 nm in size (Figure 1B). The particle size distribu-
tion and particle pictorial diagram of the EVs were also recorded by
NTA, and the particles had a typical modal size of 62.7–146.1 nm
(Figure 1C). Thus, these nanoparticles were actually exos from
HucMSCs (HucMSC-exos).

Specific Enrichment of HucMSC-exos in Oocytes of Primordial

Follicles

To observe the uptake of exos by tissues cultured in vitro, HucMSC-
exos were first labeled with PKH67 dye and incubated with ovaries
from newborn mice for indicated times (0, 3, 6, 12, and 24 h).
Newborn ovaries at postnatal day (P)2.5 contain mainly primordial



Figure 2. Uptake of HucMSC-exos by Cultured

Newborn Ovaries

Newborn ovaries (P2.5) were incubated with PKH67-

labeled exos for 0, 3, 6, 12, and 24 h. (A) Gradual accu-

mulation of HucMSC-exos in primordial follicles. Ovaries

were collected for frozen sections and nuclei were stained

with Hoechst 33342. Green indicates exos; blue shows

Hoechst 33342. For the control (Ctrl), ovaries were incu-

bated with PBS for 24 h. (B) Fluorescence intensity anal-

ysis of labeled HucMSC-exos. n = 4/group. (C) Internali-

zation of HucMSC-exos after ovaries were cultured for

24 h in the presence (left panel) or absence (right panel) of

5,000 IU of heparin (Hep). (D) Fluorescence intensity

analysis of internalized HucMSC-exos. n = 4/group. Insets

represent magnification of representative primordial folli-

cles marked by white arrows. Dotted circles indicate pri-

mordial follicles. Data are shown as mean ± SEM. ***p <

0.001. Scale bars, 20 mm.
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follicles and are good resources to study the process of follicular acti-
vation.25 As shown in Figures 2A and 2B, with the extending of the
culture time, compared to other cell types in the ovary, PKH67-
labeled exos began to accumulate in the oocytes, and the fluorescence
intensity increased gradually, with the highest level observed at 24 h of
treatment. Exos have been reported to depend on cell-surface heparan
sulfate proteoglycans for their internalization.26 Ovaries were also
treated with heparin (5,000 IU/mL) and exos together, and the results
showed that heparin could effectively block the uptake of exos into
primordial oocytes (Figures 2C and 2D).

HucMSC-exos Promote Follicular Activation and Development

in Newborn Mice

Stimulation of both PI3K andmTOR signaling pathways in oocytes has
been proven to be essential for the activation of primordial follicles.3 To
study the effects of HucMSC-exos on primordial follicles, we incubated
newborn ovaries with different doses of HucMSC-exos for 24 h.
Ovaries without any treatment or ovaries co-cultured with HucMSCs
were used as a negative or positive control, respectively (Figure S1A).
The western blot results showed a strongly increased level of phosphor-
ylated Akt, indicating activation of PI3K signaling, and increased levels
of phosphorylated mTOR and rpS6, indicating activated mTORs
signaling (p-Akt, p-mTOR, p-rpS6) in exo-treated ovaries in a dose-
dependent manner (Figure 3A). Immunostaining of Foxo3a, a down-
stream inhibitory transcriptional factor of the PI3K signaling pathway
that labels activated oocytes by translocation from the oocyte nucleus to
the cytoplasm, also revealed an increased number
of activated primordial follicles (�20%) in the
exo-treated group at 20 mg/mL HucMSC-exos
(Figures 3B and 3C).25 Newborn ovaries were
then treated with HucMSC-exos with/without
the PI3K inhibitor LY294002, the Akt inhibitor
Akt VIII, the mTOR inhibitor rapamycin, or the
exo-uptake inhibitor heparin. We found the
exo-induced activation of PI3K and mTOR sig-
nals could be effectively blocked by heparin and all of the other inhib-
itors (Figure 3D). In another experiment, after finishing the above
treatment, ovaries in each group were transferred into control media
for 96 h to follow ovarian development. As expected, the best follicular
development was observed in exo-treated ovaries, withmore developed
follicles (from primary to secondary follicles) in the center of the ovary.
However, in the inhibitor-treated ovaries, most follicles remained at the
primordial follicle stage and seldom developed into secondary follicles
(Figure 3E). To see the specific stimulation of HucMSC-exos on the
oocyte PI3K/mTOR signaling pathway, we separated primordial oo-
cytes from newborn ovaries and incubated them with HucMSC-exos
with/without the mentioned inhibitors. As shown in Figure S1B,
similar blocking effects were found in inhibitor co-treated groups.
Meanwhile, knockdown experiments were performed on newborn
ovaries with chemically modified mTOR small interfering RNAs
(siRNAs). The result revealed the failure of HucMSC-exos to activate
the PI3K/mTOR signaling pathway in treated ovaries, which was
shown by the decreased phosphorylation ofmTOR, rpS6, andAkt (Fig-
ures S1C and S1D) as compared with the control group. Thus, the re-
sults suggest the specificity of exo treatment on the oocyte PI3K/mTOR
signaling pathway in regulating the activation of primordial follicles.

To further evaluate the effects of HucMSC-exos on follicular growth
and development, paired ovaries were separated and treated with or
without exos for 24 h, followed by transplantation under the kidney
capsules of the same ovariectomized adult recipient.27 We first
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Figure 3. Activation of Primordial Follicles after

HucMSC-exo Treatment

Newborn ovaries were treated for 24 h with HucMSC-exos

at 5, 10, or 20 mg/mL (3� 108, 6� 108, 1.2� 109 particles/

mL, respectively). (A) Dose-dependent activation of the

PI3K-Akt-mTOR signaling pathway in ovaries with

increased expression of p-AKT (Ser473), p-mTOR

(Ser2448), and p-rpS6 (Ser235/236). The expression of

rpS6, mTOR, and b-tubulin were used as internal controls.

(B) Immunostaining of Foxo3a in primordial follicles after

newborn ovaries were incubated with 20 mg/mL HucMSC-

exos for 24 h. The lower panel represents the magnified

images of black frames in the upper panel. (C) Percentage

of activated primordial follicles with nucleus exclusion of

Foxo3a in control and exo-treated ovaries. n = 3/group. (D)

Blockage of the PI3K-Akt-mTOR signaling pathway by its

specific inhibitors LY294002, Akt VIII, and rapamycin and

the exosome internalization inhibitor heparin. LY,

LY294002; AI, Akt VIII; Ra, rapamycin; Hep, heparin. (E)

Histology of ovaries collected at 96 h in each group. After

24 h of treatment, ovaries in each group were further

cultured in control media for 72 h. Arrowhead indicates

primordial follicles, and arrow indicates activated follicles.

Data are shown as mean ± SEM. *p < 0.05. Scale bars,

50 mm.
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collected ovaries after 48 h of transplantation. Although detection of
apoptosis by TUNEL (terminal deoxynucleotidyltransferase-mediated
deoxyuridine triphosphatenick end labeling) assaywas seldomly found
between paired ovaries, PCNA (proliferating cell nuclear antigen)
staining showed increased positive signals in nuclei of oocytes or gran-
ulosa cells in exo-treated ovaries (Figures S1E andS1F). After 14 days of
engraftment, the ovaries were collected; the ovarian volume andweight
after exo treatment were greater than those of the control non-treated
ovaries (Figures 4A and 4B). Histological analysis further revealed
accelerated follicular development, with more large antral follicles
being observed in the exo-treated ovaries (Figure 4C). After counting
follicles by means of serial sections, we found significant decreases in
4 Molecular Therapy Vol. 28 No 4 April 2020
the numbers of primordial follicles and increases
in the numbers of growing follicles at different
developmental stages in the exo-treated ovaries,
in which the percentage of large antral follicles
increased nearly 2-fold relative to the controls
(Figure 4D). Moreover, real-time qPCR results
indicated higher expression of the oocyte develop-
ment-related genes Gdf9 and Bmp15, granulosa
cell-associated genes Amhr2 and Kitl, and gonad
steroid synthesis-related genes Fshr and Star in
the exo-treated ovaries (Figure 4E).28 We also
checked the expression of Cx37, a key gap junction
protein that coordinated communications be-
tween oocyte and cumulous granulosa cells in
follicular development, in collected ovarian sam-
ples.29 As shown in Figure 4F, discrete punctate
spots of Cx37 staining, close to or at the oocyte
membrane, could be clearly observed in exo-
treated ovaries, whereas such typical Cx37 stainings were hardly seen
in control ovaries. Similarly,western blot also showed increased expres-
sions of Cx37 in treated ovaries (Figure 4G).

We then isolated germinal vesicle (GV) oocytes or mature metaphase
II (MII) oocytes (in vivo matured [IVO]) from the HucMSC-exo-
treated ovaries for in vitro maturation (IVM) or in vitro fertilization
(IVF), respectively, at 18 days after transplantation to evaluate their
developmental potential. The IVM results showed similar percentages
of oocyte maturation to those from superovulated ovaries without
transplantation (normal control) (Figures 5A and 5D). Immunofluo-
rescence of b-tubulin in mature oocytes from both IVM and IVO also



Figure 4. Acceleration of Follicular Development

after HucMSC-exo Treatment

Paired ovaries were treated with or without HucMSC-

exos for 24 h and transplanted into kidney capsules of the

same recipient by ovariectomy. (A) Ovaries at 14 days

after transplantation. Isolated ovaries from control (Ctrl)

versus HucMSC-exos (Exo) treatment. Scale bar, 1 mm.

(B) Comparison of ovarian weight between control and

exo-treated ovaries (n = 5). (C) Ovarian histology showing

more antral follicles in HucMSC-exo-treated ovaries.

Scale bar, 50 mm. (D) Distribution of different stages of

follicles with or without exposure to HucMSC-exos.

Primo, primordial follicle; Prima. primary follicle; Sec,

secondary follicle; EA, early antral follicle; LA, late antral

follicle. n = 5/group. (E) Relative expression of follicular

growth and development-related genes in ovaries of each

group. The levels of all tested mRNAs in control group

were set to 1. n = 3/group. (F) Immunofluorescence of

Cx37 in ovaries treated with or without HucMSC-exos.

Arrows point to oocytes. Green represents Cx37; blue

represents Hoechst 33342. Scale bar, 20 mm. (G) West-

ern blot of Cx37 expressions in ovaries treated with or

without HucMSC-exos. The expression of b-actin was

used as an internal control. Data are shown as mean ±

SEM. *p < 0.05, **p < 0.01.
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revealed normal spindle distributions and low percentages of oocytes
with aberrant spindles (Figures 5B, 5C, and 5E). After IVF using
donor sperm, mature oocytes from exo-treated ovaries developed
from two-cell embryos to blastocysts after 96 h of culture (Figure 5F),
and comparable embryonic development was observed as in the
normal control group (Figure 5G). Therefore, the internalization of
HucMSC-exos in newborn ovaries can dramatically promote
follicular development without any side effects on oocyte maturation,
fertilization, or early embryonic development.

HucMSC-exo-Specific MicroRNAs Function in Regulating

Follicular Activation of Newborn Mice

As one of the most vital components in MSC-exos, exo-miRNAs have
been reported to mediate intercellular communications and promote
target cellular functions in various tissues.30,31 To elucidate the under-
lining mechanism of HucMSC-exos on primordial follicles, we first
considered reported HucMSC-specific miRNAs as candidates, and
one miRNA, miR-146a-5p, was finally chosen for further analysis
because of its involvement in mediating a series of therapeutic effects
of HucMSCs and its potential regulation on the PI3K signaling
pathway.32,33 Additionally, another HucMSC-enriched miRNA,
miR-21-5p, was used as a positive control whose overexpression in
MSCs has been reported to improve ovarian
structure and function in rats with chemo-
therapy-induced ovarian damage through tar-
geting PTEN (phosphatase and tensin homolog
deleted on chromosome 10), an inhibitor of the
PI3K signaling pathway.34 As shown in Fig-
ure 6A, we found a significant increase of
miRNA-146a-5p and miR-21-5p in HucMSC-
exo-treated ovaries. However, when exos were pretreated with
Antagomir-146a (ExoKd1) or Antagomir-21 (ExoKd2), such an in-
crease was completely blocked, and the addition of miRNA mimics
Agomir-146a and Agomir-21 could restore their expressions to
some extent. Western blot results also showed the failure to activate
the PI3K/mTOR signaling pathway in the ExoKd1 group (Figure 6B).
Paired ovaries under different treatments were then used for kidney
capsule transplantation to evaluate the effects of Antagomirs on pri-
mordial follicle activation and development. As compared with
HucMSC-exo-treated ovaries, the results revealed decreased ovarian
sizes after incubating with exos pretreated with each Antagomir
(Exo versus ExoKd1 and Exo versus ExoKd2; Figure 6C). No syner-
gistic inhibitory effects were observed when two Antagomirs were
used together, suggesting that similar molecular mechanisms existed
in regulating follicular activation (Exo versus Exo containing both
Antagomirs [KdMix], Figure 6C). Moreover, co-treatment with Ago-
mir-146a on ovaries cultured with miR-146a knockdown exos could
increase ovarian size again (ExoKd1 versus ExoKd1+Ago 146, Fig-
ure 6C). Ovaries incubated directly with Antagomir-146a (Anta
146) or Agomir-146a (Ago 146) served as controls, and the results re-
vealed the inhibitory or stimulatory effects on ovarian development
when compared with non-treated ovaries (Figure 6C). Paired ovaries
Molecular Therapy Vol. 28 No 4 April 2020 5
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Figure 5. Evaluation of Oocyte Quality by In Vitro

Maturation (IVM), In Vitro Fertilization (IVF), and Early

Embryonic Development

Newborn ovaries (P2.5) treated with HucMSC-exos were

transplanted into the kidney capsules of recipient mice for

18 days. GV oocytes for IVM were collected by directly

puncturing fully grown follicles under the microscope, and

mature MII oocytes were retrieved after a single injection of

hCG into recipient mice (IVO). (A and B) Morphology of MII

oocytes after IVM (A) and IVO (B). Oocytes from super-

ovulated ovaries of 3-week-old mice were used as normal

controls (Norm). (C) Immunofluorescence of b-tubulin on

spindle of MII oocytes. Green indicates b-tubulin; blue in-

dicates nuclear staining with Hoechst 33342. (D and E)

Percentages of MII oocytes with aberrant spindles after IVM

(D) and IVO (E) treatment. (F) Representative two-cell

embryos and blastocysts after IVO oocytes being fertilized

in vitro (IVF). (G) Efficiency of early embryonic development.

Percentage of IVO mature oocytes in control and exo-

treated group capable of developing into two-cell embryos

and blastocysts. All experiments were performed with at

least three replicates. Data are shown asmean ±SEM. n.s.,

not significant; *p < 0.05. White scale bar, 20 mm; black

scale bar, 50 mm.
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from the Exo versus ExoKd1 group and ExoKd1 versus Exo Kd1+Ago
146 group were then collected for morphological analysis with follicle
counts. The results showed the decreased percentage of growing fol-
licles (secondary, early, and late antral follicles) in ExoKd1-treated
ovaries (Exo versus ExoKd1), and the decrease could be rescued
when Ago 146 was added together (ExoKd1 versus ExoKd1+Ago146)
(Figures 6D and 6E). Taken together, our results suggest the specific
regulation of exo-carrying miRNAs on follicular activation and
development.

HucMSC-exos Improve Fertility in Old Female Mice

Because natural ovarian aging is also characterized by minimal
ovarian reserve, we selected mice at 10 months of age and injected
HucMSC-exos into the unilateral ovarian bursa to determine whether
the stimulatory effects on primordial follicles still existed (Figure 7A).
Three weeks later, the paired ovaries were collected for histological
analysis, and the results showed more growing follicles in the exo-
treated lateral ovaries (Figure S2). Follicle counts of continuous
ovarian tissue sections verified the stimulatory effects of HucMSC-
exos on follicular development, with a decreased percentage of pri-
mordial follicles and a significantly increased percentage of large
antral follicles (Figure 7B). We next divided the mice into two groups:
6 Molecular Therapy Vol. 28 No 4 April 2020
the control group was injected with PBS, and the
treated group was injected with exos into the
bursas bilaterally (Figure 7A). Three weeks later,
the mice in the two groups were mated with adult
male mice for 4 months to evaluate the fertility of
these older mice. When the fertility test was com-
plete, the female mice in the two groups were
housed for another 2 weeks to exclude unde-
tected pregnancies, and the non-pregnant mice were used for oocyte
collection through superovulation. As shown in Figure 7C, during the
mating trials, only four mice in the control group (n = 15 in each
group) delivered pups, whereas ninemice in the treated group had de-
liveries. Moreover, although the mice in both groups showed
decreased fertility, the delivered pup number per female in the
HucMSC-exo-treated group was 2-fold that of the control mice
(4.5 versus 2 pups per female) (Figure 7D). Thus, regardless of the
number of mothers with deliveries or the average number of delivered
pups, exo treatment provided solid enhancement of fertility in older
females.

Finally, oocytes were collected from the control- and HucMSC-exo-
treated mice for oocyte quality analysis. As shown in Figures 8A
and 8B, nearly 40% of the ovulated oocytes in control mice had
abnormal spindle morphology, whereas the percentage decreased to
20% in the treated mice. The results suggested that HucMSC-exos
treatment could rescue age-related meiosis abnormalities to some
extent. In mammals, the decline in oocyte quality is related to
abnormalities in mitochondrial functions. Alterations in the oxidative
stress level (reactive oxygen species [ROS]) and mitochondrial mem-
brane potential (DJm) are good indexes to reflect mitochondrial



Figure 6. Effects of Exo-Carrying MicroRNAs on

Follicular Activation and Development

(A) Expression of miR-146a-5p and miR-21-5p in ovaries

after 24 h of different treatments. Crtl, control (PBS); Exo,

HucMSC-exos (20 mg/mL); ExoKd1, exos carrying

Antagomir-146a-5p; ExoKd2, exos carrying Antagomir-

21-5p; ExoKd1+Ago, Agomir-146a-5p; ExoKd2+Ago,

Agomir-21-5p. (B) Ovarian expression of p-Akt (Ser473),

p-mTOR (Ser2448), and p-rpS6 (Ser235/236) after 24 h

of treatments. The expressions of Akt, mTOR, rpS6, and

b-actin were used as internal controls. (C) Comparisons

of ovarian development after various treatment combi-

nations. Paired ovaries (P2.5) were separated for different

treatments with 24-h incubation and then were trans-

planted under kidney capsules of recipient mice for

14 days. Exo KdMix, exos containing both Antagomirs;

Anta 146, Antagomir-146a-5p; Ago 146, Agomir-146a-

5p. Scale bar, 1 mm. (D) Ovarian histology between

paired ovaries. Left, Exo versus ExoKd1; Right, ExoKd1

versus ExoKd1+Ago 146. Scale bar, 50 mm. (E) Distri-

bution of different stages of follicles in paired ovaries with

treatments corresponding to (D). n = 5/group. *p < 0.05,

**p < 0.01, ***p < 0.001.
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functions and have been shown to be related to the decline in oocyte
quality during ovarian aging.35–37 Similar to what was observed pre-
viously, we found stronger ROS staining in oocytes collected from the
control mice, but the ROS levels decreased significantly in the
HucMSC-exo-treated oocytes (Figures 8C and 8D). Additionally,
DJm as measured through a ratio metric analysis of JC-1 staining
also showed a higher DJm in the HucMSC-exo-treated oocytes (Fig-
ures 8E and 8F). Taken together, these results demonstrated the
promotional effects of HucMSC-exos treatment on follicular develop-
ment and oocyte quality in aged female mice.

DISCUSSION
Due in part to developments in the understanding of the paracrine ef-
fects of stem cell therapy, stem cell therapy has been mechanistically
linked to the inherited, specific functions of secreted exos.38 Indeed,
many studies have revealed that MSC-derived exos can function as
potently as parental cells in promoting regeneration and functional
recovery in experimental animal models.39–42 In this study, we
demonstrated the specific stimulatory effects of HucMSC-exos on pri-
mordial follicles in cultured newborn ovaries.
Further study revealed that these effects
occurred through the activation of the PI3K/
mTOR signaling pathway. It has long been
accepted that primordial follicles are under con-
stant inhibitory influences until they are acti-
vated by either decreases in the levels of these
inhibitory factors or increases in stimulatory
factors.43 During the past few decades, studies
involving transgenic mouse models have
demonstrated that a key pathway in oocytes,
namely, the PI3K signaling pathway, plays a
crucial integrative role in regulating the balance between follicle
growth suppression and activation and the maintenance of healthy
quiescence. Oocyte-specific deletions of both Pten, a negative regu-
lator of PI3K, and of Foxo3a, an inhibitory downstream transcrip-
tional factor, lead to the overgrowth of all primordial follicles, which
results in early follicular depletion in young adulthood.44,45 In
contrast to the traditional model that Tsc/mTORC1 signaling is
downstream of PI3K signaling in some cell types, the two signaling
pathways appear to regulate follicular activation in a synergistic and
collaborative way. Although oocyte deletion of Tsc1 (hamartin), the
suppressor gene of mTORC1, is also essential to activate primordial
follicles, the double deletion of Tsc1 and Pten in mice leads to further
synergistic enhancement of oocyte growth compared to single muta-
tions in mice.46 In this study, after 24 h of incubation with HucMSC-
exos, both the PI3K andmTOR signaling pathways were activated in a
dose-dependent manner, as shown by the significantly increased
levels of phosphorylated Akt, mTOR, and rpS6. Moreover, these stim-
ulatory effects were completely blocked by pretreatment with the
PI3K inhibitor LY294002, Akt VIII, and the mTORC1 inhibitor
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Figure 7. Stimulation of Follicular Development in

Old Mice by HucMSC-exos

(A) Timeline of HucMSC-exos treatment. Mice at

10 months of age were intrabursally injected with 20 mL of

HucMSC-exos or the same volume of PBS. For some

mice, one lateral ovary was given HucMSC-exos and the

other one received PBS. Ovaries were collected for

morphology 3 weeks later. Some mice were injected with

HucMSC-exos or PBS bilaterally for a 4-month fertility

test. (B) Distribution of follicles at different developmental

stages in ovaries treated with PBS (Ctrl) or HucMSC-exos

(Exo). Primo, primordial follicle; Prima, primary follicle;

Sec, secondary follicle; EA, early antral follicle; LA, late

antral follicle; CL, corpus luteum. n = 5/group. (C) Number

of mice that gave birth to pups during the test. (D) Com-

parison of the cumulative numbers of pups per female in

the control group (blue) and HucMSC-exo-treated (red)

group. Data are shown as mean ± SEM. *p < 0.05.
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rapamycin. The results suggest that the two signaling pathways are
both involved in the regulation of the effects of exos on primordial fol-
licles. We previously demonstrated the synergistic stimulation of pri-
mordial follicles with the combined usage of PI3K and mTOR activa-
tors.27 In this study, we propose that as an alternative to the
traditional chemical stimulators of the signaling pathway, exos
derived from MSCs may represent a new type of follicular activator
that has the potential for future applications in the clinic.

Clinically, a significant reduction in the pool of primordial follicles is
known as “diminished ovarian reserve” (DOR), which affects up to
10% of couples pursuing assisted reproduction.47 In aging ovaries,
DOR occurs as a normal part of human physiology, whereas in
women with POI, the early exhaustion of ovarian follicles is evident
together with amenorrhea, hypoestrogenism, and elevated gonado-
tropin levels before 40 years of age. Because of the arrest of sponta-
neous ovulation at an early age, the chances of POI patients
conceiving are very low, and oocyte donation is normally recommen-
ded as the most efficient infertility treatment. Notably, residual
dormant follicles are commonly found in POI ovaries. However, these
follicles are difficult to grow via physiological processes. Our earlier
studies have demonstrated the abilities of PI3K and mTOR stimula-
tors to activate dormant murine and human primordial follicles
in vitro.27,48 The approach, which is named in vitro activation
(IVA), enables POI patients to conceive using their own eggs after
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the ovarian cortex is activated in vitro and
transplanted back into the body.49 Until now,
several successful pregnancies and live births
after IVA treatment have been reported with
the vitrified and fresh ovarian tissues of POI
patients.50,51 However, all of these cases were
younger patients, and treatment success was
determined by means of residual follicle
numbers and the duration from POI diagnosis.
It is well known that oocyte quality decreases
with increasing maternal age, which is associated with an increased
risk for miscarriage, aneuploidy in offspring, and even infertility.5

Although IVA has the potential to promote follicle growth and in-
crease oocyte numbers for POI treatment, it does not correct the
age-related decline in egg quality.52 However, our current study
clearly demonstrated the rescue effects of HucMSC-exos treatment
on the age-related retardation of oocyte production and oocyte qual-
ity. The restoration of mitochondrial functions was manifested as a
significant decrease in ROS levels and a higher DJm in HucMSC-
exo-treated oocytes. MSCs have been shown to attenuate cigarette
smokemedium-induced mitochondrial ROS andDJm loss in airway
cells by mitochondrial transfer and paracrine regulation.53 MSCs
from the umbilical cord were also found to reverse D-galactose-
induced hepatic mitochondrial dysfunction via paracrine regulation
of the Nrf2/HO-1 pathway.54 Herein, in contrast to previous studies,
our study provides new evidence that exo transfer may represent
another way for MSCs to regulate mitochondrial functions in target
cells.55 Our results also suggest that exos derived from MSCs may
be better IVA stimulators than traditional IVA chemicals, especially
for women with age-related DOR.

Previously, the age-related decline in oocyte quality was thought to be
due to the selection of the highest quality oocytes during the early
reproductive years, leaving lower quality oocytes for the reproductive
years of advanced age.2 However, an increasing number of reports



Figure 8. Evaluation of Oocyte Quality after HucMSC-exos Treatment

In Vivo

Oocytes were collected from old mice by superovulation after a fertility test. (A)

Representative morphology of MII oocytes with normal (Norm) or aberrant (Abn)

spindles in PBS (Ctrl)- or HucMSC-Exo (Exo)-treated group. Green indicates

b-tubulin; blue indicates nuclear staining with Hoechst 33342. (B) Percentage of

aberrant oocytes in the two groups. n = 4 mice/group. (C and D) ROS fluorescence

staining (green) (C) and relative fluorescence intensity ratio (D) in MII oocytes from

control and HucMSC-exo-treated groups. Each group included 10 oocytes for

analysis. (E) Oocyte mitochondrial membrane potential (DJm) shown by JC-1

staining between the two groups. Red indicates higher DJm; green indicates lower

DJm. (F) The ratio of red/green fluorescence intensity reflects the increase in oocyte

mitochondrial activity in HucMSC-exo-treatedmice. *p < 0.05, **p < 0.01 compared

with controls. Scale bars, 20 mm.
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have revealed that the aging process itself exerts an unfavorable
influence on the oocytes of dormant follicles before being selected in
the ovulatory cohort.6 The paracrine regulation of granulosa cell func-
tions after treatment with MSCs or MSC-derived exos has been pro-
posed in chemotherapy-induced POI animals.12,22,23,56 The uptake of
exos in equine or bovine granulosa cells was observed using both
in vitro and in vivo methods.57,58 However, until now, no one had
determinedwhether the oocyte could internalize exos or the underlying
mechanism. After culturing newborn ovaries with HucMSC-exos
in vitro, we were surprised to find the specific enrichment of external
exos in the oocytes of the primordial follicles. The primordial oocytes
have always been thought to respond to signals only from contacts
with surrounding pregranulosa cells.59 Although we could not exclude
the possibility that exo treatment improves granulosa cell functions and
the ovarian microenvironment, our data at least revealed specific
regulatory effects of HucMSC-exos on dormant oocytes and oocyte
quality. Future studies will focus on whether oocytes with a zona
pellucida in the developing follicles can also take up external exos.
The mechanism of how exos are specifically enriched in primordial
oocytes will be another interesting topic to be elucidated.

In summary, we demonstrated a new mechanism by which MSCs
regulate the activation of dormant primordial follicles through the
specific enrichment of secreted exos in oocytes. The increased recruit-
ment of primordial follicles was related to the stimulatory effects of
the exos on the oocyte PI3K andmTOR signaling pathways that func-
tioned through the exo-carrying miRNAs, such as miR-146a-5p or
miR-21-5p. The intrabursal injection of HucMSC-exos into old
mice further demonstrated their rescuing effects on the age-related
decrease in fertility, as shown by not only the increase in oocyte
production but also the improvement in oocyte quality. However,
exos from different sources of MSCs may comprise variable cargos,
including inflammatory mediators, tropic factors, signaling mole-
cules, mRNAs, miRNAs, and long non-coding RNAs (lncRNAs),60

and it is worth determining whether exos from other MSC sources
have similar effects on dormant oocytes. These types of studies will
be beneficial toward identifying key exo-regulators that may function
in oocytes. Because of the increasingly thorough studies of the
superiority of MSC-derived exos as pharmaceutical entities with
regard to efficacy, safety, and practicability, MSC-derived exos may
be applied in the clinic as a surrogate IVA protocol, especially for
women with age-related DOR.

MATERIALS AND METHODS
Experimental Animals

Mice were obtained from Vital River Laboratories (Beijing, China)
and housed in the animal facility at Nanjing Medical University.
Mice were maintained under a 12-h light/12-h dark cycle at 22�C
with free access to food and water. All animal protocols were
approved by the Committee on the Ethics of Animal Experiments
at Nanjing Medical University. Ovaries of P2.5 ICR females were
used for in vitro culture and transplanted into kidney capsules of
the same strain of female mice at 8–10 weeks of age. Control oocytes
for IVF were collected from P23 ICR female mice by superovulation,
and adult male B6D2F1mice (10–14 weeks old) were chosen as sperm
donors. Female ICR mice at 10 months of age were used for intrabur-
sal injection of HucMSC-exos, and the mating experiment was done
with the same strain of adult male mice (8–10 weeks old).

Isolation and Culture of HucMSCs

Fresh umbilical cords were collected from informed, consenting
mothers at the Sir Run Run Hospital of Nanjing Medical University.
The experimental protocol was approved by the Ethics Committee of
Nanjing Medical University. HucMSCs were isolated as previously
described.61 Briefly, tissues were washed with PBS (0.01 M
[pH 7.4], HyClone, USA) containing 100 U/mL penicillin and
100 mg/mL streptomycin (Biofil, China) and cut into small pieces
(1 mm3). Tissues were plated in dishes and cultured in DMEM/
F-12 (HyClone, USA) containing 10% fetal bovine serum (FBS;
Gibco, USA) and 1% penicillin and streptomycin at 37�C and 5%
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CO2. Culture medium was changed every 2 days until cells grew from
cord tissues with 70%–80% adherence. The adherent cells were
passaged with 0.25% trypsin-0.02% EDTA (Gibco, USA), and passage
3–7 MSCs were used to isolate exos. The phenotype profile of
HucMSCs was evaluated through flow cytometry analysis by using
antibodies against various markers, including positive markers
CD44, CD73, CD90, and CD105 and negative markers CD11b,
CD19, CD34, CD45, and human leukocyte antigen (HLA)-DR/DQ.
All details of antibodies are shown in Table S1. MSC differentiation
analyses were performed with passage 5 HucMSCs in HucMSC oste-
ogenic (HUXUC-90021, Cyagen, USA), adipogenic (HUXUC-90031,
Cyagen, USA), or chondrogenic differentiation medium (HUXUC-
9004, Cyagen, USA) and differentiated cells were identified by alizarin
red, oil red O, and Alcian blue.
Isolation and Characterization of HucMSC-exos

HucMSC-exos were isolated as previously described.62 In brief, when
cells reached 60%–70% confluence, culture mediumwas removed and
washed with PBS three times. Cells were then cultured with exo-
depleted conditioned medium for 48 h. Dead cells, cell debris, and
large EVs were removed by a series of centrifugation at 500 � g
(5814R, Eppendorf, Germany) for 10 min, 2,000 � g for 20 min,
and 12,000� g for 30 min. After filtration through a 0.22-mm syringe
filter (SLGP033RB, Millipore, USA), the supernatants were ultracen-
trifuged (L-100XP, Beckman Coulter, USA) at 120,000 � g for 2 h by
using a SW32Ti rotor to isolate exos. The pellets were then suspended
in PBS and washed by ultracentrifugation at 120,000� g for another 2
h. The produced exos were diluted in 150 mL of PBS. Particle size and
concentrations were measured by NTA (Particle Metrix, Germany).
All procedures were performed at 4�C.
TEM

Exo pellets obtained by ultracentrifugation were suspended and fixed
in 100 mL of 2.5% glutaraldehyde overnight at 4�C. The fixed
HucMSC-exos were dropped onto a carbon-coated copper grid and
stained with 2% uranyl acetate for 2 min. After washing with ultra-
pure water, the grid was examined using a transmission electron
microscope (Tecnai G2 Spirit BioTWIN, FEI, USA).
Uptake of HucMSC-exos by the Cultured Newborn Ovaries

Exo pellets obtained by ultracentrifugation were suspended with
PKH67 green fluorescent labeling dye (Sigma, USA) at room temper-
ature as instructed by themanufacturer, and then blocked by 1% BSA/
PBS solution. Another 2 h of ultracentrifugation at 120,000 � g was
applied to remove the un-conjugated dye. Labeled exos were then
added into medium and incubated with P2.5 ovaries at different
time intervals (3, 6, 12, and 24 h). 5,000 IU/mL heparin sodium
(Sigma, USA) was used to prevent false-positive results. After treat-
ment, ovaries were collected and fixed in 4% formaldehyde for frozen
sections. After staining nuclei with 0.01 mg/mL Hoechst 33342
(Invitrogen, USA), the slides were observed and relative fluorescence
intensity (PKH67, green) was calculated by using a confocal laser
scanning microscope (LSM800, Zeiss, Germany).
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In Vitro Ovarian Organ Culture and Ovarian Transplantation

P2.5 newborn ovaries were harvested and cultured on inserts
(PICM01250, Millipore, USA) with 0.4 mL of culture medium added
in the bottom of each well. The culture medium was minimum essen-
tial medium (MEM)-alpha supplemented with 0.23 mM pyruvic acid,
50 mg/L streptomycin sulfate, 75 mg/L penicillin G, 0.03 U/mL
follicle-stimulating hormone (FSH), and 3 mg/mL BSA. Ovaries
were randomly distributed to the control and treated groups, with
each group containing three to four ovaries. Ovaries co-cultured
with HucMSCs were used as positive controls. To see the time-depen-
dent accumulation of HucMSC-exos, ovaries were cultured with
PKH67-labeled exos for 3, 6, 12, and 24 h. To see the dose-dependent
effects of HucMSC-exos, ovaries were treated for 24 h with HucMSC-
exos that ranged from 5 to 20 mg/mL (3� 108, 6� 108, and 1.2� 109

particles/mL, respectively). To determine the effects of inhibitors,
ovaries were incubated with 20 mg/mL HucMSC-exos for 24 h with
PI3K inhibitor LY294002 (20 mM), Akt inhibitor Akt VIII (5 mM,
MCE, USA), mTOR inhibitor rapamycin (250 nM, Sigma, USA),
and exo-internalization inhibitor heparin sodium (5,000 U/mL,
Sigma, USA). In another experiment, after finishing the treatment,
ovaries (n = 3–4) in each group were transferred to fresh control me-
dium for another 96 h to evaluate follicular development. All control
groups were added with equal volumes of PBS into the media. For the
siRNA experiments, ovaries were pretreated with chemically modi-
fied mTOR siRNAs (50-chol + 20 OMe) and control (50-chol + 20

OMe + Cy3) siRNAs for 60 h. Ovaries were then transferred into con-
trol media and treated with or without HucMSC-exos for another
24 h to check the activation of the PI3K/mTOR signaling pathway.
The mTOR siRNAs were synthesized by Ruibo Biotechnology
(Guangzhou, China), and the oligonucleotide sequences were as fol-
lows: 50-GAACTCGCTGATCCAGATG-30 and 50-GCGGATGGCT
CCTGACTAT-30.

For ovarian transplantation, paired ovaries were separated with
one that served as a control and the other one being treated
with 20 mg/mL HucMSC-exos for 24 h. After the treatment, paired
ovaries were randomly inserted under either side of the kidney
capsule of the same host. The hosts were ovariectomized and
treated with 2 IU of FSH every 2 days. Some animals were sacri-
ficed at 48 h or 4 days after transplantation to assess follicular
development, some animals were sacrificed at 18 days to collect
GV oocytes for IVM, and some animals were injected with 5 IU
hCG (human chorionic gonadotrophin, Sansheng Biological
Technology, China) at 18 days to collect MII mature oocytes
12 h later for IVF.

Isolation of Primordial Oocytes from Newborn Ovaries

Ovaries were harvested by carefully removing oviducts and ovarian
bursa in calcium- and magnesium-free Hanks’ balanced salt solution
(HBSS, Invitrogen, USA) and then transferred to HBSS containing
0.25% trypsin, 1 mM ethylenediaminetetraacetic acid (EDTA),
and 0.01%DNase I and incubated at 37�C for 8 min with gentle agita-
tion. After removing the supernatant, ovaries were immediately
washed twice with HBSS and transferred into DMEM/F-12 media
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(Invitrogen, USA) supplemented with 0.05% collagenase IV (Sigma,
USA) for 10 min with frequent pipetting until the tissues were
completely dispersed. The mixture of cells and oocytes was then
washed twice and cultured in a 6-cm tissue culture dish for 4 h to
allow the somatic cells to attach to the plastic. The culture media
containing unattached oocytes were then centrifuged for oocyte
collection. The oocytes were resuspended in fresh DMEM/F-12media
supplemented with 3 mg/mL BSA (Sigma, USA), 100 U/mL peni-
cillin, and 100 mg/mL streptomycin and starved for 12 h before treat-
ment with HucMSC-exos with or without different PI3K or mTOR
inhibitors. Oocytes in each group were collected for further analysis
after 24 h of treatment.

IVM and IVF

For IVM studies, GV oocytes were harvested from grafted ovaries and
cultured in M2 medium (Sigma, USA) under mineral oil (Sigma,
USA) at 37�C in 5% CO2. After 16 h of incubation, the MII mature
oocytes/GV oocytes ratio was evaluated and MII oocytes were
collected for morphology and immunofluorescence. For IVO studies,
recipient mice at 18 days of transplantation were given a single injec-
tion of 5 IU of hCG and grafted ovaries were collected 14 h later into
M2 medium containing 0.1% hyaluronidase (H3506, Sigma, USA).
MII oocytes were directly obtained by mechanically puncturing
with fine needles. Control GV and MII oocytes were collected from
P25 ICRmice after superovulation with pregnant mare serum gonad-
otropin (PMSG) and hCG injections.

For IVF studies, donor sperm was collected from B6D2F1 male
mice into human tubal fluid (HTF) media (MR-070-D, Millipore,
USA) and incubated under oil for 1 h at 37�C in 5% CO2 for capac-
itation. MII oocytes were then placed into 250 mL of media with
sperm (2–3 � 105/mL) for 6–8 h. After fertilization, zygotes with
clear pronuclei were transferred into fresh HTF media overnight
until the two-cell embryonic stage. Two-cell embryos were then
cultured in small droplets of KSOM media (MR-020P-5F, Millipore,
USA) to blastocyst stage. Embryonic development was evaluated as
the ratio of two-cell embryos to zygotes and the ratio of blastocysts
to zygotes.

Intrabursal Injection and Fertility Test

After mice were anesthetized with tribromoethanol (Avertin;
240 mg/kg, Sigma, USA), two small incisions were made on the peri-
toneum to externalize the ovaries. A total volume of 20 mL of solution
containing 10 mg of HucMSC-exos or PBS was prepared and injected
through the fat pad into the ovarian bursa using a 31G insulin needle.
For some animals, one lateral ovarian bursa was given exos and the
other lateral bursa received PBS as control. Ovaries were collected
3 weeks later to evaluate follicular development. To perform fertility
test experiments, HucMSC-exos or PBS were injected into bilateral
ovarian bursas and were mated with the same strain of fertile males
3 weeks later. The mating trials lasted for 4 months. The number of
offspring delivered per female was recorded once a week to plot a
reproductive curve. At the end of the test, MII oocytes were obtained
from mice in both groups with superovulation.
Immunoblotting Analysis

Ovarian proteins were extracted by radioimmunoprecipitation assay
(RIPA) lysis buffer (P0013B, Beyotime Institute of Biotechnology)
containing protease inhibitor cocktails (M221, Amresco). HucMSC-
exos were dissolved in PBS and proteins were directly denatured
with 5� loading buffer. A total of 10 or 30 mg of proteins in each
sample was loaded and separated by electrophoresis (165-8000,
Bio-Rad, USA). After electronic transfer (170-3930, Bio-Rad, USA),
the polyvinylidene fluoride (PVDF) membranes (88250, Thermo
Fisher Scientific, USA) were blocked in 20 mL of 5% milk for at least
1 h and then incubated overnight at 4�C with specific antibodies. Pri-
mary antibodies with respective dilutions (diluted to 1 mL) are listed
in Table S1. After washing with Tris-buffered saline with Tween 20
(TBST) (5 mL) three times, the horseradish peroxidase (HRP)-conju-
gated relative secondary antibodies were then used to detect proteins
through enhanced chemiluminescence (RPN2232, GE Healthcare,
USA) on the Tanon 5200 analysis system.

Quantitative Real-Time PCR

Total RNAs of oocytes or ovaries were isolated by TRIzol reagent (In-
vitrogen, USA) according to the manufacturer’s protocol. RNA con-
centrations were measured by a spectrophotometer (NanoDrop
2000c, Thermo Scientific, USA). 500 ng of RNA/reaction per sample
was reverse transcribed using a FastQuant RT kit (Tiangen Biotech,
China) to create cDNA. Quantitative real-time PCR was then per-
formed using SYBR Green mix (Applied Biological Materials, Can-
ada) on an ABI StepOnePlus platform (Thermo Scientific, USA).
Quantification of various mRNAs was performed by using the actin
amplification signal as the internal control. All of the primer
sequences used are listed in Table S2. The specificity of the PCR prod-
ucts was assessed by melting curve analyses, and amplicon size was
determined by electrophoresis in 2% agarose gels.

For ovarian miRNA detection, total RNA was first purified using an
RNeasy micro kit (QIAGEN, Germany) and then for poly(A) tailing
with a miDETECT A Track miRNA qRT-PCR start kit (RiboBio,
Guangzhou, China). In brief, 1 mg of total RNA and 1 mL of poly(A)
polymerase were heated at 37�C for 1 h. cDNA was synthesized at
42℃ for 1 h and then incubated at 72℃ for 10 min according to
the kit's instruction. Quantitative real-time PCR was performed to
quantify miRNAs with miDETECT A Track miRNA qRT-PCR
primer sets (one RT primer and a pair of qPCR primers for each
set) specific for miR-21-5p and miR-146a-5p designed by RiboBio
(Guangzhou, China). All expression levels of miRNAs were normal-
ized to U6.

Immunohistochemistry

Ovaries were collected and fixed in 10% buffered formalin for paraffin
embedding and sectioning. To detect the expression and transloca-
tion of Foxo3a, 5-mm sections were deparaffinized, rehydrated, and
endogenous peroxidase activity was blocked by incubation in 3%
hydrogen peroxide in methanol for 15 min. The sections were then
boiled in 0.01 M citrate buffer to retrieve the antigen. After blocking
by goat serum (ZSGB-Bio, China) for 1 h, primary antibodies were
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incubated overnight at 4�C, and diaminobenzidine (DAB) reagent
was used for coloration on the second day. Non-immune immuno-
globulin G (IgG) was applied as a negative control.

Follicle Counting

In vitro-cultured ovaries and ovaries from operated mice and intra-
bursally injected mice were collected and fixed in 10% buffered
formalin overnight for serial sections (5 mm) and hematoxylin and
eosin staining. To evaluate follicular development in operated and
intrabursally injected mice, all follicles were counted at every fifth sec-
tion using the fractionator and nucleator principles.63 To evaluate the
activation of primordial follicles, two serial sections from the largest
cross-section through the center of each ovary were chosen for
Foxo3a staining, and those primordial follicles with plasma translo-
cate staining were counted as activated follicles.64 All sections were
counted by two independent individuals for comparison.

Immunofluorescence

MII oocytes from IVM, IVO, and superovulated mice were collected
and the cumulus cells were removed by M2 medium containing 0.1%
hyaluronidase. Oocytes were fixed in 4% paraformaldehyde for
30 min and then permeabilized with 0.5% Triton X-100 (Sigma-
Aldrich, USA) for 20 min at room temperature. After blocking in
1% BSA/PBS solution for 1 h, oocytes were incubated with anti-
b-tubulin antibody overnight at 4�C. After washing in 1% BSA/
PBS, oocytes were incubated with Alexa Fluor 488 goat anti-rabbit
secondary antibody (Invitrogen, Carlsbad, CA, USA) for 40 min at
room temperature. The nuclei were then counterstained with
0.01 mg/mL Hoechst 33342 (Invitrogen, USA) for 15 min. All
oocytes were put on the slides and observed by confocal microscopy
(LSM700, Zeiss, Germany).

Exosomal miRNA Interference

Antagonists of miRNAs, Antagomir-146a-5p and Antagomir-21-5p
(micrOFF miRNA Antagomir; RiboBio, Guangzhou, China), were
transfected into HucMSC-exos by Lipofectamine 2000 (Invitrogen,
Waltham, MA, USA) according to the instructions of the manufac-
turer. Briefly, the exo pellets isolated from 200 mL of conditioned me-
dia were resuspended with 100 mL of PBS containing 100 nM
Antagomir plus 2 mL of Lipofectamine 2000 and incubated at 37�C
for 4 h. After washing with PBS, Antagomir-containing exos were pel-
leted by ultracentrifugation at 120,000 � g for 2 h. Finally, 150 mL of
PBS was added to resuspend the pellet, and same concentrations of
HucMSC-exos and Antagomir-containing exos (20 mg/mL) were
used for ovarian treatment. In some cases, Antagomirs or miRNA
mimics, Agomir-146a-5p and Agomir-21-5p (micrON miRNA ago-
mir; RiboBio, Guangzhou, China), were also incubated with cultured
ovaries as controls. To better elucidate the specificity of HucMSCs
carrying exos, we used paired ovaries and separated the pair for
different treatments: Exo versus ExoKd1 (Exo containing Antago-
mir-146a-5p); Exo versus ExoKd2 (Exo containing Antagomir-21-
5p); Exo versus Exo KdMix; ExoKd1 versus ExoKd1+Ago 146
(Agomir-146-5p); Ctrl versus Anta 146 (Antagomir-146a-5p); and
Crtl versus Ago 146 (Agomir-146a-5p).
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ROS and DJm Measurement

To determine the ROS content and DJm in oocytes, the procedure
was conducted according to the instructions with the ROS kit
(50101ES01, Yeasen, China) and the JC-1 DJm assay kit
(40706ES60, Yeasen, China). Briefly, the collected MII oocytes were
washed with M2 medium several times and then transferred into
M2 medium containing staining solution and incubated at 37�C in
the dark for 30min. After that, oocytes were washed withM2medium
to remove the excess staining solution. All of the live oocytes were
observed, and relative fluorescence intensity was calculated by
confocal microscopy (LSM700, Zeiss, Germany).

Statistical Analysis

GraphPad Prism 6.0 and SPSS 20.0 were used to perform the
chi-square test, or one-way ANOVA and a Mann-Whitney U test
to evaluate differences between groups. Data are shown as mean ±

SEM. p < 0.05 was considered to be statistically significant.
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1 Supplementary Figure Legend 

2 Figure S1. Specific effects of HucMSC-exos on follicular activation and 

3 development. (A) Western blot showing the expressions of p-Akt (Ser473), p-mTOR 

4 (Ser2448), p-rpS6 (Ser235/236) in ovaries treated with or without HucMSC-exos for 

5 24 h. Ovaries co-cultured with HucMSC were used as positive control. The 

6 expressions of Akt, mTOR, rpS6, and β-actin were used as internal controls. Ctrl, 

7 PBS; Exo, HucMSC-exos 20 µg/mL; MSC, HucMSC. (B) Western blot of the 

8 expression of p-Akt (Ser473), p-mTOR (Ser2448), p-rpS6 (Ser235/236) in isolated 

9 primordial oocytes treated with HucMSC-exos with/without Akt inhibitor, Akt VIII 

10 (AI) and mTOR inhibitor, rapamycin (Ra) for 24 h. (C and D) Blocking effects of 

11 mTOR knockdown on HucMSC-exos induced activation of PI3K/mTOR signaling 

12 pathway. Newborn ovaries were pretreated with mTOR siRNAs for 60 h, following 

13 with 24 h of treatment with or without HucMSC-exos. RT-PCR showing the effective 

14 knockdown of mTOR mRNAs (C); Western blot showing the decreased expression of 

15 p-Akt (Ser473), mTOR and p-mTOR (Ser2448), p-rpS6 (Ser235/236) in treated 

16 newborn ovaries (D). The expressions of Akt, rpS6, and β-actin were used as internal 

17 controls. siNC, control siRNA; siNC+E, control siRNA+HucMSC-exos; siM, mTOR 

18 siRNAs; siM+E, mTOR siRNAs+HucMSC-exos. (E) TUNEL assay of apoptosis in 

19 ovaries treated with or without HucMSC-exos. Paired ovaries were separated and 

20 treated with or without HucMSC-exos for 24 h and transplanted under kidney 

21 capsules of the same recipient mice. Ovaries were collected 48 h after transplantation. 

22 Green, TUNEL positive cells; Blue, nuclear staining with Hoechst 33342. Bar=20 

23 μm. (F) Ovarian PCNA staining in nuclei of oocytes and granulosa cells. Bar=50 μm. 

24 Figure S2. Histology of follicular development between paired ovaries treated 

25 with or without HucMSC-exos. Mice at 10 month of age were intra-bursa injected 

26 with 20 μL HucMSC-exos in one lateral ovary and same volume of PBS in the other 

27 lateral ovary. Paired ovaries were collected 3 weeks later for morphological analysis. 

28 Representative three pairs of ovaries were shown. In each group, right panels are 

29 magnifications of left panels. Bar=50μm. 
30







Supplementary Table S1 

Antibody Company Catalog Number Dilution 

PE-conjugatedCD11b Antibody BD 561689 1 test/10^6 cells 

FITC-conjugatedCD19 Antibody BD 560994 1 test/10^6 cells 

FITC-conjugatedCD34 Antibody BD 560942 1 test/10^6 cells 

FITC-conjugatedCD44 Antibody BD 560977 1 test/10^6 cells 

FITC-conjugatedCD45 Antibody BD 560976 1 test/10^6 cells 

PE-conjugatedCD73 Antibody BD 561014 1 test/10^6 cells 

PE-conjugatedCD90 Antibody BD 561970 1 test/10^6 cells 

APC-conjugatedCD105 Antibody BD 562408 1 test/10^6 cells 

FITC-conjugatedHLA-DR/DQ Antibody BD 555563 1 test/10^6 cells 

β-Actin Antibody CST 3700 WB 1:2000 

GAPDH Antibody CST 5174 WB 1:2000 

Alix Antibody Proteintech 12422-1-AP WB 1:1000 

Tsg101 Antibody Abclonal A2216 WB 1:1000 

CD9 Antibody Proteintech 20597-1-AP WB 1:1000 

Gm130 Antibody BD 610822 WB 1:1000 

rpS6 Antibody CST 2217 WB 1:1000 

p-rpS6（S235/236）Antibody CST 2211 WB 1:1000 

mTOR Antibody CST 2983 WB 1:1000 

p-mTOR Antibody CST 5536 WB 1:1000 

AKT Antibody CST 2920 WB 1:1000 

p-AKT Antibody CST 4060 WB 1:1000 

Foxo3a Antibody CST 12829 IHC 1:200 

PCNA Antibody CST 13110 IHC 1:1000 

Cx37 Antibody Abcam Ab181701 
IF 1:200 

WB 1:1000 

 

 

 

 

 

 

 

 

 



Supplementary Table S2 Real-time PCR Primers 

Gene Forward primer Reverse primer 

Actin 5’-CCGTAAAGACCTCTATGCC-3′ 5′-CTCAGTAACAGTCCGCCTA-3′ 

Gdf9 5′-TCTTAGTAGCCTTAGCTCTCAGG-3′ 5′-TGTCAGTCCCATCTACAGGCA-3′ 

Zp3 5′-CATCTCAAAGTCGCGCCAG-3′ 5′-GCCTGCGGTTTCGAGAAAC-3′ 

Bmp15 5′-TCCTTGCTGACGACCCTACAT-3′ 5′-TACCTCAGGGGATAGCCTTGG-3′ 

Amhr 5′-GCAGCACAAGTATCCCCAAAC-3′ 5′-GTCTCGGCATCCTTGCATCTC-3′ 

Kit 5′-CTCCCCCAACAGTGTATTCAC-3′ 5′-TAGCCCGAAATCGCAAATCTT-3′ 

Kitl 5′-GAATCTCCGAAGAGGCCAGAA-3′ 5′-GCTGCAACAGGGGGTAACAT-3′ 

Fshr 5′-CCTTGCTCCTGGTCTCCTTG-3′ 5′-CTCGGTCACCTTGCTATCTTG-3′ 

Star 5′-ATGTTCCTCGCTACGTTCAAG-3′ 5′-CCCAGTGCTCTCCAGTTGAG-3′ 
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