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HGF Secreted by Mesenchymal Stromal Cells Promotes Primordial 
Follicle Activation by Increasing the Activity of the PI3K‑AKT Signaling 
Pathway
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Abstract
Primordial follicle activation is fundamental for folliculogenesis and for the maintenance of fertility. An effective therapeutic 
strategy for patients with premature ovarian insufficiency (POI) is to promote the activation of residual primordial follicles. 
The secretome of human umbilical cord mesenchymal stromal cells (hUC-MSC-sec) contains several components that might 
promote the activation of primordial follicles. In the present study, we revealed that treatment with the hUC-MSC-sec sig-
nificantly increased the proportion of activated primordial follicles in mouse ovaries both in vitro and in vivo. The activating 
effects of hUC-MSC-sec on primordial follicles were attributed to the activation of the PI3K-AKT signaling pathway by 
hepatocyte growth factor (HGF). While the effect of the hUC-MSC-sec was attenuated by the neutralizing antibodies against 
HGF, application of exogenous HGF alone also promoted the activation of primordial follicles. Furthermore, we demonstrated 
that HGF promoted the expression of KITL in granulosa cells by binding with the HGF receptor c-Met, thereby increasing 
the activity of the PI3K-AKT signaling pathway to activate primordial follicles. Taken together, our findings demonstrate 
that hUC-MSC-sec promotes primordial follicle activation through the functional component HGF to increase the PI3K-AKT 
signaling activity, highlighting the application of the hUC-MSC-sec or HGF for the treatment of POI patients.

Keywords Mesenchymal stromal cells · Hepatocyte growth factor · Primordial follicle activation · Premature ovarian 
insufficiency

Background

The majority of follicles in the mammalian ovary are qui-
escent, forming the primordial follicle pool, and only a few 
are gradually recruited into the growth phase. [1]. The pro-
cess that awakens the quiescent follicles is called primordial 

follicle activation, and this process continues throughout a 
woman's life and is fundamental for folliculogenesis and 
fertility [2, 3]. The predominant molecular mechanism for 
primordial follicle activation is the PI3K-AKT-FOXO3a 
signaling pathway, and this has been confirmed in multiple 
genetically modified mouse models [4, 5]. In recent years, 
the role of communication between granulosa cells and 
oocytes during primordial follicle activation has also been 
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highlighted, especially the KIT-PI3K signaling in which the 
receptor tyrosine kinase KIT on the oocyte surface acts as 
an intermediary to activate the downstream PI3K signaling 
pathway after binding with KIT ligand (KITL) released by 
granulosa cells [6].

Premature ovarian insufficiency (POI) is defined as the 
decline of ovarian activity before the age of 40 years and is 
characterized by hormone imbalances, menstrual disorders, 
and infertility [7, 8]. For a long time, the only available treat-
ment for infertility of POI patients has been oocyte dona-
tion [7]. However, recent studies have found that even POI 
patients with amenorrhea still have some residual primordial 
follicles in their ovaries, and this provides a new direction 
for the treatment of POI patients by promoting the activation 
of these primordial follicles [9, 10]. Based on this hypoth-
esis, Kawamura et al. pioneered in vitro activation (IVA) of 
primordial follicles by treating human ovarian cortical frag-
ments with PI3K-AKT pathway stimulators in vitro to pro-
mote the activation of dormant follicles [11]. This approach 
has now been applied clinically and has resulted in several 
live births [12]. However, considering the potential carcino-
genicity of PI3K-AKT pathway stimulators and the invasive 
surgery, the prospects for the IVA technology are limited, 
and more effective and safe treatments for patients with POI 
are needed [13].

Due to their unique advantages, mesenchymal stromal 
cells (MSCs) have promising applications in many refractory 
diseases and are considered to be a new approach to treat 
ovarian damage and ovarian aging [14, 15]. It has been dem-
onstrated that MSCs can improve the ovarian niche through 
paracrine effects and thus rescue ovarian function by pro-
moting granulosa cell proliferation, ovarian angiogenesis, 
and oocyte maturation [16]. Human umbilical cord mesen-
chymal stromal cells (hUC-MSCs) are multipotent stem cells 
with high proliferation ability, high secretion capacity, and 
low immunogenicity, and these cells are free from the ethical 
issues [17–19]. Notably, using an ovary-collagen/hUC-MSC 
co-culture system, Ding et al. found that hUC-MSCs could 
promote the phosphorylation of AKT and FOXO3a in mouse 
ovaries in vitro, suggesting that hUC-MSCs might be able 
to promote primordial follicle activation [20]. However, the 
specific functional components and molecular mechanisms 
involved in promoting primordial follicle activation by hUC-
MSCs remain unclear.

In the present study, we found that the hUC-MSC 
secretome (hUC-MSC-sec) could effectively promote the 
activation of primordial follicles both in vitro and in vivo. 
We further demonstrated that hepatocyte growth factor 
(HGF) secreted from hUC-MSCs plays an essential role 
during this process. Mechanistically, HGF promoted the 
release of KITL by combining with the HGF receptor c-Met 
on granulosa cells, thereby increasing the activity of the 
PI3K-AKT signaling in dormant oocytes. Our study clarifies 

the molecular mechanism and functional component of the 
hUC-MSC-sec to activate primordial follicles, and will pro-
vide a new approach for the treatment of POI.

Materials and Methods

Animals

Adult male and female C57BL/6 J mice (6 to 8 weeks old) 
were obtained from the Laboratory Animal Center of Shan-
dong University. Female and male mice were mated over-
night in a 2:1 ratio. Postnatal day 1 (PD1) was defined as 
the day after partum. Ovaries of PD5 females were used 
for ovarian in vitro culture. Adult female C57BL/6 J mice 
(PD35) used for ovarian in situ injection were purchased 
from Beijing Vital River Laboratory Animal Technology 
Co. Ltd.

Isolation, Culture, and Characterization 
of hUC‑MSCs

The hUC-MSCs were isolated by our laboratory and human 
tissue samples were handled in accordance with the National 
Regulation of Clinical Sampling in China. Briefly, human 
umbilical cord tissue was obtained and washed by PBS con-
tained 1% penicillin–streptomycin (Hyclone, SV30010). The 
umbilical cord was then dissected into 3–4 cm pieces, and 
all the vessels were mechanically removed. Wharton's jelly 
from the umbilical cord was carefully peeled off and cut 
into 1–3 mm pieces and centrifuged at 400 × g for 5 min in 
PBS. The tissue segments were then cultured in Dulbecco’s 
modified Eagle’s medium (DMEM, GIBCO, 12571–063) 
supplemented with 5% GRO (Helios Ultra GRO, HPCFD-
CRL05) in a 37℃ humidified environment with 5%  CO2. 
The first colony of hUC-MSCs was observed after approxi-
mately 7 days.

The cell surface antigens of hUC-MSCs were analyzed 
by flow cytometry using phycoerythrin (PE)-conjugated 
human monoclonal antibodies against CD90 (eBioscience, 
11–0909-41), CD105 (eBioscience, 12–1057-41), CD73 
(eBioscience, 11–0739-41), CD45 (eBioscience, 11–0459-
41), and HLA-DR (eBioscience, 11–9952-41). Mouse IgG 
isotype (eBioscience, 12–4714-81) was used as the negative 
control.

hUC‑MSC‑sec Preparation

hUC-MSCs between passages 6 and 9 were cultured in 
75  cm2 cell culture flasks (Corning, 430641). After cells 
reached 90% confluency, the medium was replaced by 
DMEM/F12 medium (GIBCO, 11320–033) for an additional 
48 h. Afterwards, the collected supernatant was centrifuged 
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at 1000 × g for 5 min and filtered through a 0.22 μm filter. 
Afterward, ultra-filtration centrifuge tubes (3 KDa, Mil-
lipore, UFC900308) were used to concentrate the medium 
25-fold by centrifugation at 5000 × g for 40–50 min. The 
concentrated hUC-MSC-sec was collected and stored at 
–80 °C or directly used for the subsequent experiments.

Ovary Culture

Female mice were sacrificed by cervical dislocation at PD5. 
Mouse ovaries were separated under aseptic conditions in 
pre-warmed Leibovitz's-15 medium (GIBCO, 11415064) 
containing 10% fetal bovine serum (Biological Industries, 
C04001) and 1% penicillin–streptomycin. Isolated ovaries 
were randomly distributed with each group containing four 
to six ovaries and cultured on cell culture inserts (Milli-
pore, MPICM0RG50) in 6-well culture plates with 1.2 ml 
DMEM/F12 medium (GIBCO, 11,320–033) plus 5% ITS 
(Sigma, I3146), 0.1 mol/l L-ascorbic acid (Sigma, A4403), 
1 mg/ml bovine serum albumin (Sigma, B2064), 1 mg/ml 
Albumax II (Gibco, 11021029), and 1% penicillin–strep-
tomycin. According to the experimental grouping, hUC-
MSC-sec (tenfold concentrated), recombinant human HGF 
(800 ng/ml, Peprotech, 100–39), HGF antibody (1 μg/ml, 
R&D systems, AF-294), c-Met antibody (1 μg/ml, R&D sys-
tems, AF-276), or KITL antibody (1 μg/ml, R&D systems, 
AF-455) were added separately to the normal medium.

Histological Staining and Follicle Counting

After fixing overnight in Bouin's solution (Sigma, 
HT10132), embedding in paraffin, and sectioning serially 
at 5 μm, ovarian sections were stained with hematoxylin 
and eosin. Follicles with a visible nucleus were counted in 
each of five sections of the whole ovary, and thus the final 
number was multiplied by a correction factor of 5. Total 
follicles included primordial follicles and activated follicles. 
Primordial follicles are identified as follicles with a small 
oocyte and one layer of flattened granulosa cells. Activated 
follicles are identified as follicles with one enlarged oocyte 
and a mixture of squamous and cuboidal granulosa cells sur-
rounding it, or with one or several layers of cuboidal granu-
losa cells [2, 21]. The proportion of activated follicles was 
calculated as the number of activated follicles / the number 
of total follicles × 100%.

Western Blot

Total proteins were extracted from cultured mouse ova-
ries (four included in each group) using the Total Protein 
Extraction Kit (Invent, SD-001/SN-002). After heating at 
100 °C with SDS loading buffer for 10 min, total proteins 
were separated by SDS-PAGE and electrotransferred to 

the PVDF membrane. Membranes were blocked in TBST 
with 5% non-fat milk and then incubated with primary 
antibodies against p-AKT (CST, 9271), AKT (CST, 9272), 
KITL (Santa Cruz Biotechnology, sc-13126), and β-actin 
(Proteintech, 66009–1) at 4 °C overnight. β-Actin was used 
as the internal control. The membranes were subsequently 
incubated with HRP-conjugated secondary antibodies, and 
the protein bands were detected with a ChemiDoc MP Sys-
tem (Bio‐Rad).

Immunofluorescence

In vitro cultured mouse ovaries (n = 6) were fixed in 4% 
PFA overnight, embedded in Frozen Section Medium 
(Thermo Scientific, Neg-50), frozen in liquid nitrogen, 
and serially sectioned at 10 μm. The sections were per-
meabilized and blocked by incubating with 0.3% Triton 
X‐100 and 25% donkey serum for 1  h. Then primary 
antibodies against FOXO3a (Rabbit IgG, CST, 2497) and 
DDX4 (Goat IgG, R&D system, AF2030) were incubated 
with the sections at 4 °C overnight. Afterwards, donkey 
anti-goat secondary antibody conjugated with Alexa 
Fluor 488, donkey anti-rabbit secondary antibody conju-
gated with Alexa Fluor 569 and 5 μg/ml Hoechst 33342 
were incubated for 1 h at room temperature. Images were 
observed and captured under a fluorescence microscope 
(Olympus BX53). Cellular localization of FOXO3a was 
determined by costaining with the oocyte cytoplasmic 
marker DDX4 and the nuclear dye Hochest 33342. The 
proportion of oocytes with cytoplasmic localization of 
FOXO3a (CL-FOXO3a) was calculated as the number of 
oocytes with CL-FOXO3a / number of FOXO3a-positive 
oocytes × 100%.

Immunohistochemistry

Ovaries from PD5 mice were fixed in Bouin’s solution 
overnight, embedded in paraffin, and sectioned serially 
at 5 μm. After deparaffinization and rehydration, the sec-
tions were boiled in EDTA solution (pH 8.0) for 40 min to 
retrieve the antigen. Then the sections were permeabilized 
and blocked by incubating with 0.3% Triton X‐100 and 
10% bovine serum albumin for 1 h. The sections were 
then incubated with c-Met antibody (c-Metab, Santa Cruz 
Biotechnology, sc-8057) at 4 °C overnight. Normal mouse 
IgG (Santa Cruz Biotechnology, sc-2025) was used as a 
negative control. On the second day, all sections were 
incubated with goat anti-mouse secondary antibody and 
stained with DAB (Vectorlabs, SK-4100). The nuclei were 
counterstained with hematoxylin and then observed under 
the microscope.
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KGN Cell Culture

The human granulosa-like tumor cell line KGN (RIKEN 
BioResource Center, Japan) [22] was cultured in DMEM/F12 
medium containing 10% fetal bovine serum and 1% penicil-
lin–streptomycin at 37 °C in a humidified 5%  CO2 incubator. 
According to the experimental grouping, recombinant human 
HGF (800 ng/ml, Peprotech, 100–39) with or without c-Metab 
(1 μg/ml, R&D systems, AF-276) were added to the normal 
medium for 48 h before protein extraction.

Ovarian In Situ Injection

Twenty-four adult female mice (PD35) were randomly 
assigned equally into the following four groups: the control 
group (PBS injection), the hUC-MSC-sec group (30-fold 
concentrated hUC-MSC-sec injection), the hUC-MSC-
sec +  HGFab group (30-fold concentrated hUC-MSC-
sec plus 1 μg/ml  HGFab injection), and the HGF group 

(800 ng/ml HGF injection). Autocrosslinked hyaluronan 
gel (0.3 mg/ml, Bioregen) was added to each group as a 
drug carrier. The mice were anesthetized, and their ovaries 
were gently exposed from incisions through their backs. 
After injecting 8 μl of solution into each ovary in situ with 
a microsyringe, the incisions were sutured. The mice were 
then maintained under standard conditions for 14 days 
prior to sacrifice.

Statistical Analysis

The statistical analyses were performed with SPSS 25.0 
software, and all numerical values are presented as 
mean ± SD. Student’s t-test was used for comparisons 
between two groups, and one-way analysis of variance 
(ANOVA) with LSD multiple comparison analysis was 
used for comparisons of three or more groups. The differ-
ence was considered to be statistically significant when 
P < 0.05.

Fig. 1  The hUC-MSC-sec promoted primordial follicle activation 
in vitro. A. After 12 days of in vitro culture, the histological analy-
sis of hematoxylin and eosin staining showed more activated follicles 
in hUC-MSC-sec-treated ovaries than controls. The arrowheads indi-
cate primordial follicles, and the arrows indicate activated follicles. 
B. Quantification of ovarian follicles showed no obvious difference in 

the total number of follicles between hUC-MSC-sec-treated ovaries 
(5510 ± 832.2) and controls (5723 ± 825.3). C. Ovarian follicle counts 
revealed a significantly increased proportion of activated follicles in 
hUC-MSC-sec-treated ovaries (52.4 ± 5.3%) compared to controls 
(25.5 ± 2.3%). Data are shown as the mean ± SD, n = 6. ***P < 0.001. 
Scale bars, 100 μm
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Results

The hUC‑MSC‑sec Promoted Primordial Follicle 
Activation In Vitro

The hUC-MSCs used in this study were characterized by 
flow cytometry. The results showed that the cells with the 
expression of CD90, CD73, and CD105 were 100%, 100%, 
and 99.8%, respectively. In contrast, the cells with the 
expression of negative markers CD45 and HLA-DR were 
both lower than 1% (Fig. S1).

It is known that mouse ovary at PD3 only contains pri-
mordial follicles which are activated thereafter, and few 
well-developed primary follicles appear in ovarian medulla 
at PD7 [1, 23]. Therefore, the period between PD3 and PD7 
with the dominance of primordial follicles is considered as 
the appropriate time to study primordial follicle activation 
in mice. The whole ovary culture of neonatal mice, which 
preserves the normal interaction between oocytes and ovar-
ian somatic cells, has been widely used for the study of pri-
mordial follicle activation [21, 24]. In this study, to evaluate 
the effect of the hUC-MSC-sec, ovaries from PD5 mice 

Fig. 2  The hUC-MSC-sec activated the PI3K-AKT signaling path-
way. A. There was a time-dependent increase in p-AKT level in 
hUC-MSC-sec-treated ovaries after 1, 2, and 4 days of in vitro cul-
ture compared to controls. β-Actin was used as the internal control. 
B. The localization of FOXO3a (red fluorescence) in oocyte cyto-
plasm (DDX4, green fluorescence) was increased in MSC-sec-treated 
ovaries after 4  days of culture compared to controls. Nuclei were 

counterstained with Hoechst 33342 (blue fluorescence). The arrow-
heads indicate nuclear localization of FOXO3a, and the arrows indi-
cate the cytoplasmic localization of FOXO3a. C. The proportion of 
cytoplasmic localization of FOXO3a (CL-FOXO3a) was signifi-
cantly increased in MSC-sec-treated ovaries (43.0 ± 4.7%) compared 
to controls (31.8 ± 4.6%). Data are shown as the mean ± SD, n = 6. 
***P < 0.001. Scale bars, 100 μm
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were cultured in vitro with or without the hUC-MSC-sec. 
After 12 days, a notable increase in ovarian size and more 
activated follicles were observed in hUC-MSC-sec-treated 
ovaries (Fig. 1A). While the total number of follicles in 
MSC-sec-treated ovaries was not obviously different from 
the control group (Fig. 1B), the proportion of activated fol-
licles was significantly increased (Fig. 1C), suggesting that 
hUC-MSC-sec treatment promotes the activation of primor-
dial follicles.

The hUC‑MSC‑sec Increased the Activation 
of the PI3K‑AKT Signaling Pathway

To determine whether the hUC-MSC-sec could promote 
the activation of the PI3K-AKT pathway, ovaries from PD5 
mice were cultured for 6 h, 1 day, 2 days, or 4 days. West-
ern blot analysis showed that at 6 h the phosphorylation 
of Akt was significantly increased in both the hUC-MSC-
sec and control groups compared with 0 h, which might 
reflect the transient activation of the PI3K-AKT pathway 
due to the surgical procedure itself [25]. The phosphoryla-
tion of AKT was gradually increased in the hUC-MSC-
sec-treated ovaries compared with the controls from the 
first day onwards without any significant changes in total 
AKT (Fig. 2A).

We next determined the localization of FOXO3a by 
immunofluorescence staining in ovaries that had been 
cultured for 4 days. FOXO3a is downstream of the PI3K-
AKT pathway and localizes in the nucleus of oocytes to 
maintain primordial follicles in a quiescent state. After 
activation of the PI3K-AKT signaling pathway, FOXO3a 
is phosphorylated and then translocates from the nucleus 
into the cytoplasm, thus relieving its inhibitory effect 
and resulting in primordial follicle activation [26]. The 
results showed an increased proportion of oocytes with 

cytoplasmic localization of FOXO3a in hUC-MSC-sec-
treated ovaries compared to the controls (Fig. 2B and C). 
These results demonstrated that hUC-MSC-sec treatment 
effectively promoted the activation of the PI3K-AKT-
FOXO3a signaling pathway.

HGF Secreted from hUC‑MSCs Promoted 
the Activation of the PI3K‑AKT Pathway

After confirming the effects of the hUC-MSC-sec on pri-
mordial follicle activation, we focused on exploring the 
functional component that mediates this effect. The hUC-
MSC-sec contains a variety of soluble factors and extra-
cellular vesicles [27], and proteomic analysis has shown 
that the soluble factors secreted by MSCs contain angio-
genic factors, growth factors, chemokines, cytokines, etc. 
[28, 29]. By using a cytokine array, our previous study 
showed that HGF was the top one with much more con-
tent in MSC-sec than that in the secretome of fibroblasts 
and was identified as the effective component to promote 
primordial follicle survival by activating the PI3K-AKT 
pathway [30]. Similarly, Jia et al. also found a high con-
tent of HGF in hUC-MSC-sec by using human cytokine 
antibody array [31]. It is speculated that HGF might be a 
functional component of the hUC-MSC-sec that promotes 
the activation of primordial follicles [32]. To determine 
the role of HGF in the hUC-MSC-sec, a neutralizing anti-
body against HGF  (HGFab) was added to the hUC-MSC-
sec, and this reduced the levels of phosphorylated Akt 
as well as the proportion of oocytes with cytoplasmic 
localization of FOXO3a compared to the hUC-MSC-sec 
group (Fig. 3A-C). Consistent with these findings, we 
also used exogenous HGF alone and found similar results 
as for hUC-MSC-sec, i.e. the application of HGF also 
promoted the activation of the PI3K-AKT-FOXO3a sign-
aling pathway (Fig. 3A-C). Taken together, these results 
revealed that HGF is one of the functional components 
of the hUC-MSC-sec that promotes primordial follicle 
activation.

The hUC‑MSC‑sec Promoted the Activation 
of the PI3K‑AKT Pathway Through c‑Met 
on Granulosa Cells

To further investigate the mechanism through which the 
hUC-MSC-sec activates primordial follicles, we exam-
ined the expression and localization of the HGF recep-
tor, c-Met, in the ovary. Immunohistochemistry analysis 
showed that it was predominantly expressed on granulosa 
cells both in primordial and activated follicles in PD5 
ovaries (Fig. 4A).

Fig. 3  HGF secreted from hUC-MSCs promoted the activation of 
the PI3K-AKT pathway. A. Western blot showing the expression of 
p-AKT in mouse ovaries after 4  days of in  vitro culture. The abil-
ity of the hUC-MSC-sec to increase the phosphorylation of AKT 
was greatly inhibited by the addition of  HGFab. The expression of 
p-AKT was significantly increased in the HGF-treated group com-
pared to controls. B. Immunofluorescence analysis showing the loca-
tion of FOXO3a in mouse ovaries after 4 days of culture. The ability 
of the hUC-MSC-sec to promote FOXO3a cytoplasmic translocation 
was inhibited by the addition of  HGFab. The arrowheads indicate the 
nuclear localization of FOXO3a, and the arrows indicate the cytoplas-
mic localization of FOXO3a. C. The proportion of CL-FOXO3a was 
significantly decreased in hUC-MSC-sec plus  HGFab-treated ovaries 
(32.8 ± 4.6%) compared to the hUC-MSC-sec group (47.3 ± 7.7%). 
The proportion of CL-FOXO3a was significantly increased in HGF-
treated ovaries (50.9 ± 3.1%), which was similar to the hUC-MSC-
sec group, compared to controls (32.8 ± 3.5%). Data are shown as the 
mean ± SD, n = 6. **P < 0.01, and ***P < 0.001. Scale bars, 100 μm

◂

1 3

Stem Cell Reviews and Reports  (2022) 18:1834–18501840



1 3

Stem Cell Reviews and Reports  (2022) 18:1834–1850 1841



To further determine whether the hUC-MSC-sec acts 
through binding to the c-Met receptor, c-Metab was added 
to the hUC-MSC-sec to block receptor-ligand interactions. 
The results showed that both the phosphorylation of Akt 
and the proportion of oocytes with cytoplasmic localization 
of FOXO3a were greatly decreased compared to the hUC-
MSC-sec group (Fig. 4B-D). In addition, the effect of HGF 
to increase the proportion of activated oocytes with cyto-
plasmic localization of FOXO3a was blocked by c-Metab 
(Fig. S2). These results suggest that c-Met localized on 
granulosa cells is the specific receptor for HGF to promote 
the activation of the PI3K-AKT pathway.

HGF Promoted the Activation of the PI3K‑AKT 
Pathway by Increasing KITL Expression

It has been reported that HGF promotes KITL secretion 
in mouse granulosa cells [33, 34]. To further explore the 
molecular changes that occur in the granulosa cells after 
HGF binding to the c-Met receptor, we first measured the 
expression of KITL in ovaries cultured with hUC-MSC-
sec for 1 day, 2 days, or 4 days. Western blot analysis 
showed a significant increase in KITL expression after 
2 days and 4 days (Fig. 5A). Next, the cultured ovaries 
were incubated with HGF for 4 days, and the expression 
of KITL was increased. However, after adding c-Metab 
along with HGF, the promotion of KITL expression by 
HGF was blocked (Fig. 5B). We also obtained similar 
results in cultured KGN cells, which are a human gran-
ulosa-like tumor cell line (Fig. 5C), further confirming 
that HGF increases KITL expression in granulosa cells 
by binding to c-Met.

Next, we added  KITLab in the presence of HGF to ver-
ify that the activation of the PI3K-AKT-FOXO3a pathway 

was due to the increase in KITL expression. Both phos-
phorylated Akt levels and the proportion of oocytes with 
FOXO3a cytoplasmic localization were significantly 
inhibited by the addition of  KITLab compared to the HGF 
group (Fig. 5D-F). These results suggest that HGF, the 
functional component secreted by hUC-MSCs, promotes 
the expression of KITL to increase the activity of the 
PI3K-AKT signaling.

HGF Promoted the Activation of Primordial Follicles 
via KITL

To further verify the activation of primordial follicles, 
HGF was added to cultured ovaries with or without 
 KITLab. After 12 days, while there was a large propor-
tion of activated follicles in the HGF-treated group 
compared to the control group (Fig. 6A-C), the pro-
portion of activated follicles was markedly decreased 
in ovaries treated with HGF and  KITLab compared 
to ovaries treated with HGF alone (Fig. 6C). These 
results confirmed that, similar to the hUC-MSC-sec, 
HGF promotes primordial follicle activation in vitro 
via KITL.

Ovarian Injection with the hUC‑MSC‑sec Promoted 
Primordial Follicle Activation In Vivo

Finally, in order to confirm the effects of hUC-MSC-sec 
and HGF on primordial follicle activation in vivo, we 
injected hUC-MSC-sec or HGF into adult mouse ovaries. 
To prolong the residence time after injection, we used 
autocrosslinked hyaluronan gel as the drug carrier [35]. 
The hUC-MSC-sec, HGF, or PBS was mixed separately 
with the autocrosslinked hyaluronan and injected into the 
ovaries of adult female mice. Histological observations 
showed an increased proportion of growing follicles after 
2 weeks of hUC-MSC-sec or HGF injection compared to 
the control group (Fig. 7A-C), indicating that both the 
hUC-MSC-sec and HGF can promote primordial folli-
cle activation in vivo. In addition, neutralization of HGF 
in the hUC-MSC-sec with  HGFab led to significantly 
lower proportion of growing follicles (Fig.  7C), thus 
verifying that HGF is the functional component of the 
hUC-MSC-sec.

Discussion

Primordial follicles follow three main fates, including 
activation and entrance into the growing follicle pool, 
maintenance of the quiescent state, or dying directly 

Fig. 4  The hUC-MSC-sec promoted the activation of the PI3K-AKT 
pathway through c-Met on the granulosa cells. A. Immunostaining 
showing that c-Met is expressed on granulosa cells in both primordial 
and activated follicles. Normal mouse IgG was used in place of the 
primary antibody for the negative control. B. Western blot showing 
the expression of p-AKT in mouse ovaries after 4 days of in vitro cul-
ture. The ability of the MSC-sec to increase the phosphorylation of 
AKT was greatly inhibited by the addition of c-Metab. C. Immunoflu-
orescence analysis showing the location of FOXO3a in mouse ovaries 
after 4 days of in vitro culture. The ability of the hUC-MSC-sec to 
promote translocation of FOXO3a from the nucleus to the cytoplasm 
was inhibited by the addition of c-Metab. The arrowheads indicate the 
nuclear localization of FOXO3a, and the arrows indicate the cytoplas-
mic localization of FOXO3a. D. The proportion of CL-FOXO3a was 
significantly decreased in hUC-MSC-sec plus c-Metab-treated ovaries 
(30.8 ± 2.5%), which was similar to controls (32.7 ± 5.3%), compared 
to the hUC-MSC-sec group (55.2 ± 4.4%). Data are shown as the 
mean ± SD, n = 6. ***P < 0.001. Scale bars in A, 20 μm; Scale bars 
in C, 100 μm
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from the quiescent state [36]. The proper balance 
between primordial follicle quiescence and activation 
is essential for the maintenance of fertility. While over-
activation of primordial follicles leads to premature 
depletion of the ovarian reserve, inactivation of primor-
dial follicles adversely affects the establishment of the 
growing follicle pool [37]. Therefore, artificial methods 
of primordial follicle activation would be valuable for 
fertility interventions. Notably, the clinical application 
of IVA approach has shown that the activation of the 
PI3K-AKT signaling pathway is effective to promote fol-
licle growth [11, 12]. The PI3K-AKT signaling pathway 
has received the most attention among the molecular 
mechanisms that govern primordial follicle activation 
[6]. Under physiological conditions, FOXO3a, which is 
a substrate of Akt, inhibits primordial follicle activa-
tion and maintains follicular quiescence. Deletion of 
the FOXO3a gene causes global follicular activation, 
early follicle depletion, and infertility [26, 38]. After 
FOXO3a phosphorylation, it translocates from nucleus 
to cytoplasm, which can be considered as an indicator 
of primordial follicle activation [26].

In the present study, we found that the hUC-MSC-sec 
can effectively promote primordial follicle activation via 
the PI3K-AKT-FOXO3a pathway. Over the last decade, 
the application of MSC-based therapy in ovarian aging 
and injury has been widely studied and has undergone 
vigorous development [16, 18]. Although MSC transplan-
tation is considered to be safe, the heterogeneity between 
cells of different origins, the low survival rate of cells 

post-transplantation, and the risk of embolization should 
not be underestimated [39, 40]. Compared with the direct 
transplantation of live cells, the application of the MSC-
sec has superior safety and manageability [41]. Evidence 
is mounting that MSCs mostly exert their therapeutic 
effects through paracrine functions, and secretome-based 
cell-free therapy has also shown a great potential [15, 16]. 
The MSC-sec has been demonstrated in numerous ani-
mal experiments to improve the cellular characteristics 
and microenvironment of the ovary by preventing apop-
tosis, promoting cell proliferation, inducing angiogenesis, 
mediating immunomodulation, and preventing oxidation 
and fibrosis [16]. Because the advantageous effects of the 
MSC-sec on damaged ovaries are multifaceted, we focused 
on determining the role and mechanism of the hUC-MSC-
sec in primordial follicle activation under physiological 
conditions. Using the hUC-MSC-sec as an in vivo activa-
tor of primordial follicles would provide multiple benefits 
for POI patients.

By adding  HGFab to the hUC-MSC-sec, we found that 
both activation of the PI3K-AKT pathway and the pro-
portion of activated follicles were dramatically reduced, 
thus demonstrating the essential role for HGF secreted 
by hUC-MSCs in mediating the activation of primordial 
follicles. HGF, which is secreted by stromal cells from 
a variety of tissues, is a multifunctional growth factor 
that mediates various biological actions, such as cell pro-
liferation, angiogenesis, and anti-apoptosis [32]. Within 
the ovary, HGF is mainly produced by theca cells and 
regulates the development of ovarian follicles, including 
the proliferation and growth of granulosa cells and steroi-
dogenesis [42]. HGF is more abundant in follicular fluid 
(24.2 ± 1.2 ng/ml) than in serum (0.28 ± 0.04 ng/ml) [43]. 
According to the HGF/c-Met signaling system in ovarian 
follicles, the action of HGF is dependent on binding to the 
receptor tyrosine kinase c-Met, which is mainly localized 
on granulosa cells in the ovary [44, 45]. In this study, we 
also confirmed that c-Met is expressed on granulosa cells 
of both primordial and activated follicles. The c-Metab 
was added to the hUC-MSC-sec or together with HGF 
to block interactions between HGF and c-Met, thus dem-
onstrating that c-Met is the specific receptor for HGF to 
activate the PI3K-AKT pathway. These results support the 
important role of HGF secreted by hUC-MSCs in mediat-
ing primordial follicle activation. In addition, the present 
study showed that the PI3K-AKT pathway and primor-
dial follicle activation can be effectively promoted by the 
application of HGF alone.

The interactive signaling between granulosa cells and 
oocytes is essential for folliculogenesis [46, 47]. In the 
early stage, KITL-KIT signaling plays a critical role in 
follicle growth as a communication between granulosa 

Fig. 5  HGF promoted the activation of the PI3K-AKT pathway by 
increasing KITL expression. A. There was a time-dependent increase 
in KITL expression in hUC-MSC-sec-treated ovaries after 1, 2, and 
4 days of in vitro culture compared to controls. β-actin was used as 
the internal control. B. Western blot showed that the expression of 
KITL was increased in HGF-treated mouse ovaries compared to con-
trols, and the effect of HGF was blocked by the addition of c-Metab. 
C. Western blot showed that the expression of KITL was increased 
in HGF-treated KGN cells compared to controls, and the effect of 
HGF was blocked by the addition of c-Metab. D. Western blot show-
ing the expression of p-AKT in mouse ovaries after 4 days of in vitro 
culture. The ability of HGF to increase the phosphorylation of AKT 
was greatly inhibited by the addition of  KITLab. E. Immunofluores-
cence analysis showing the location of FOXO3a in mouse ovaries 
after 4 days in vitro culture. The ability of HGF to promote FOXO3a 
cytoplasmic translocation was inhibited by the addition of  KITLab. 
The arrowhead indicates the nuclear localization of FOXO3a, and 
the arrow indicates the cytoplasmic localization of FOXO3a. F. The 
proportion of CL-FOXO3a was significantly decreased in ovaries 
with HGF and  KITLab (37.9 ± 5.2%) compared to the HGF group 
(54.8 ± 5.7%), but it was still increased compared with controls 
(31.1 ± 4.2%). Data are shown as the mean ± SD, n = 6. *P < 0.05, and 
***P < 0.001. Scale bars, 100 μm
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cells and oocytes [48]. After secretion by granulosa cells, 
KITL acts on the receptor tyrosine kinase KIT on the 
oocyte surface, to activate the PI3K-AKT pathway, which 

in turn mediates follicle activation [6]. In vitro experi-
ments have demonstrated that the addition of HGF to iso-
lated granulosa cells promotes the expression of KITL, 

Fig. 6  HGF promotes the activation of primordial follicles via KITL. 
A. After 12 days of in vitro culture, the histological staining showed 
more activated follicles in HGF-treated ovaries than controls. The 
number of activated follicles was decreased in the HGF plus  KITLab 
group compared to the HGF group. The arrowheads indicate primor-
dial follicles, and the arrows indicate activated follicles. B. Quanti-
fication of ovarian follicles showed no obvious differences in the 
total follicle count among the control group (7588 ± 1408), the HGF-

treated group (7533 ± 945), and the HGF plus  KITLab-treated group 
(6472 ± 866.4). C. Quantification of ovarian follicles showed a sig-
nificantly increased proportion of activated follicles in HGF-treated 
ovaries (61.6 ± 5.0%) compared to controls (46.0 ± 4.5%) and a sig-
nificantly decreased proportion in HGF plus  KITLab-treated ovaries 
(48.1 ± 6.2%) compared to HGF-treated ovaries. Data are shown 
as the mean ± SD, n = 6. **P < 0.01, and ***P < 0.001. Scale bars, 
50 μm
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and it is possible that endogenous HGF promotes KITL 
release to activate primordial follicles [33, 34]. In this 
study, we found that KITL expression was increased when 
adding the hUC-MSC-sec or HGF to cultured ovaries or 
granulosa cells. We also added  KITLab to the HGF-treated 
group and found that both the activation of the PI3K-
AKT pathway and the proportion of activated follicles 
were decreased, indicating that the increased expression 
of KITL is indispensable in this process. Based on the 
previous and present findings, we conclude that HGF 
secreted by MSCs promotes the expression of KITL by 
binding to c-Met on granulosa cells, thereby increasing 
the activity of the PI3K-AKT signaling pathway in dor-
mant oocytes and promoting the activation of primordial 
follicles (Fig. 8).

While it has been demonstrated that the effective com-
ponent HGF plays an essential role in MSC-sec-mediated 
primordial follicle activation, there may be other com-
ponents that mediate the function of MSCs. Yang et al. 
cultured newborn ovaries with exosomes secreted from 
hUC-MSCs and demonstrated that miRNAs carried by 
exosomes, such as miR-146a-5p and miR-21-5p, medi-
ated the activation of primordial follicles [49]. Moreover, 
we previously demonstrated that epidermal growth fac-
tor (EGF), which is also abundant in the MSC-sec [28, 
50], could promote the activation of primordial follicles 
both in vivo and in vitro by increasing the CDC42-PI3K 
signaling activity [21, 51]. Therefore, the benefits of the 
MSC-sec for ovaries might be a combination of many 
components working together.

Fig. 7  Ovarian injection of the hUC-MSC-sec promotes primordial 
follicle activation in  vivo. A. After 14  days of in  situ injection into 
adult female mice ovaries, the histological staining showed more 
growing follicles in the hUC-MSC-sec and HGF groups than in the 
control group, and fewer growing follicles in the hUC-MSC-sec plus 
 HGFab group than in the hUC-MSC-sec group. The arrowheads indi-
cate primordial follicles, and the arrows indicate growing follicles. B. 
Quantification of ovarian follicles showed no obvious differences in 
the total number of follicles among the control group (1833 ± 228.6), 

the hUC-MSC-sec group (1980 ± 239.6), the hUC-MSC-sec plus 
 HGFab group (1730 ± 202.2), and the HGF group (2082 ± 266.7). c. 
Quantification of ovarian follicles showed a significantly increased 
proportion of activated follicles in the hUC-MSC-sec (64.8 ± 4.8%) 
and HGF groups (63.7 ± 2.6%) compared to the control group 
(51.9 ± 6.3%), and a significantly decreased proportion in the hUC-
MSC-sec plus  HGFab group (50.5 ± 4.3%) compared to the hUC-
MSC-sec group. Data are shown as the mean ± SD, n = 6. **P < 0.01, 
and ***P < 0.001. Scale bars, 50 μm
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Conclusions

In summary, we demonstrate that the hUC-MSC-sec can 
effectively promote primordial follicle activation both 
in vitro and in vivo, and we show that HGF secreted from 
hUC-MSCs promotes the expression of KITL in granulosa 
cells, thereby enhancing the activation of the PI3K-AKT 
signaling pathway in dormant oocytes. Our study clarifies 
the potential molecular mechanism for hUC-MSC-sec to 

activate primordial follicles, providing a theoretical basis 
for the clinical application of the hUC-MSC-sec or HGF for 
the treatment of POI patients.

Abbreviations CL-FOXO3a: Cytoplasmic localization of FOXO3a; 
EGF: Epidermal growth factor; HGF: Hepatocyte growth factor; hUC-
MSCs: Human umbilical cord mesenchymal stromal cells; hUC-MSC-
sec: Human umbilical cord mesenchymal stromal cells’ secretome; 
IVA: In vitro activation; KITL: Kit ligand; POI: Premature ovarian 
insufficiency

Fig. 8  Molecular mechanisms through which the hUC-MSC-sec pro-
motes primordial follicle activation. HGF secreted from MSCs pro-
motes the expression of KITL, thereby enhancing the activity of the 

PI3K-AKT signaling pathway in dormant oocytes and thus activating 
primordial follicles
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