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Abstract
Background  Reduced oocyte quality is a key factor in age-related fertility decline, and there are no effective 
treatments available. The secretome of mesenchymal stem cells (MSC-sec) contains various bioactive factors and 
has the potential to improve oocyte quality. This study aimed to investigate the effective component and molecular 
mechanism of MSC-sec involved in improving oocyte quality from aged mice and humans.

Methods  Immunofluorescence and chromosome spread were performed to investigate the effects of secretome 
from human umbilical cord-MSC on spindle assembly and aneuploidy in aged mouse oocytes. Brain-derived 
neurotrophic factor (BDNF) and its neutralization antibody was supplemented in both in vitro and in vivo experiments 
to verify the effective component in MSC-sec. RNA-seq analysis was used to reveal the alterations in maternal mRNA 
degradation in aged mouse oocytes after MSC-sec treatment. In vitro culture of oocytes from aged women was also 
used to verify the effectiveness of BDNF in improving oocyte quality.

Results  MSC-sec treatment significantly increased first polar body emission, improved spindle assembly, promoted 
maternal RNA degradation, and reduced aneuploidy rate in aged mouse oocytes. While the addition of BDNF 
neutralization antibody blocked the effects of MSC-sec, BDNF alone also increased the oocyte quality from aged 
mice. Mechanistically, both MSC-sec and BDNF rescued the quality of aged mouse oocytes by activating the ERK1/2 
signaling pathway to increase the expression of DAZL and BTG4. In situ injection of MSC-sec or BDNF into aged 
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Introduction
Female fertility decreases with age, and this can be attrib-
uted to both reduced oocyte quantity and decreased 
oocyte quality [1]. Increasing evidence shows that the 
decline in oocyte quality is largely due to aneuploidy 
arising during meiosis I [2, 3]. Recently, it was reported 
that insufficient maternal mRNA degradation might also 
reduce the developmental competence in aged human 
and mouse oocytes [4]. Supplementation with various 
antioxidants or metabolites which are reduced in aged 
ovary, have been found to enhance oocyte quality [5–8]. 
However, there is currently no effective clinical approach 
to addressing the decline in oocyte quality caused by 
aging.

Mesenchymal stem cells (MSCs) possess distinct 
advantages that make them promising contenders for 
addressing a range of refractory diseases, including 
premature ovarian insufficiency and ovarian aging [9]. 
Emerging research has demonstrated that MSCs mainly 
act via paracrine mechanisms to improve ovarian func-
tion. The secretome of MSCs (MSC-sec) contains vari-
ous bioactive factors that have the potential to inhibit cell 
apoptosis, stimulate cell proliferation and angiogenesis, 
and alleviate oxidation and fibrosis [10]. We previously 
found that human umbilical cord-MSCs (hUC-MSCs) 
enhanced primordial follicle survival and activation by 
secreting hepatocyte growth factor (HGF) to activate the 
PI3K-AKT signaling pathway [11, 12]. It has also been 
reported that MSC-sec improves human oocyte matu-
ration and development [13]. Nevertheless, the precise 
mechanisms through which MSC-sec improves oocyte 
quality remain poorly understood, and further investiga-
tion is required to identify the active components.

It is well known that the extracellular signal-related 
kinase (ERK1/2) signaling pathway plays a pivotal role 
in governing oocyte meiotic maturation [14], and dis-
ruption of the ERK1/2 activity in mouse oocytes results 
in significant impairment of both spindle assembly and 
maternal mRNA degradation [15]. Furthermore, oocytes 
derived from older mice exhibit decreased ERK1/2 activ-
ity in comparison to oocytes from younger mice [16]. 
Consistent with a previous study [17], we also found that 
MSC-sec is enriched in factors that activate the ERK1/2 
pathway [11]. Therefore, MSC-sec might improve 

aged oocyte quality by activating the ERK1/2 signaling 
pathway.

In this study, we determined the therapeutic effects of 
MSC-sec on aged oocytes and identified Brain-derived 
neurotrophic factor (BDNF) as the effective factor. 
Mechanistically, MSC-sec and its effective factor BDNF 
activated the ERK1/2 pathway to promote spindle assem-
bly and maternal mRNA decay, thus providing the basis 
for the clinical use of BDNF to improve the quality of 
aged oocytes.

Materials and methods
Experimental animals
The 2- and 9-month-old female ICR mice were obtained 
from Beijing Vital River Laboratory Animal Technology 
Co. Ltd. All mice lived in a temperature-controlled facil-
ity with a 12-h light/dark cycle and free food and drink. 
The animal experiments were conducted according to the 
guidelines of Animal Care and Research Committee of 
Shandong University.

Cell culture
hUC-MSCs and human fibroblasts were cultured in 
α-minimum essential medium (Gibco, 523315) or mini-
mum essential medium (Gibco, 11095080) with 5% ultra-
advanced GRO (Helios) and 1% penicillin/streptomycin 
until confluency. All procedures were aseptic. The isola-
tion and characterization of hUC-MSCs were described 
in our previous studies [11, 12].

Preparation of hUC‑MSC‑sec and Fib-sec
hUC-MSCs and fibroblasts between passages 6–9 were 
seeded separately in 75 cm2 cell culture flasks (Corning, 
430641) and cultivated to 90% confluency. After three 
washes with PBS, M16 medium (Sigma, M7292) was 
added for 48 h. Then, the supernatant was collected, cen-
trifuged at 1500 × g for 5 min at room temperature, and 
filtered through a 0.22 μm filter. Then, the secretome of 
hUC-MSCs (hUC-MSC-sec) and fibroblasts (Fib-sec) 
were stored at − 80  °C or used for subsequent experi-
ments. For ovarian in situ injection, hUC-MSC-sec was 
collected using DMEM/F12 (Gibco, C11330500BT) 
media and concentrated 20-fold using ultra-filtration 
centrifuge tubes (Millipore, UFC900308) with a molecu-
lar weight cut-off of 3 KDa at 6000 × g for 40–50 min.

mouse ovaries significantly improved oocyte quality and early embryonic development. Finally, we demonstrated that 
BDNF treatment increased both the fertilization rate and blastocyst formation rate of aged human oocytes.

Conclusion  These findings demonstrate that BDNF secreted by mesenchymal stem cells can improve the quality 
and development potential of oocytes from both aged mice and humans by activating the ERK1/2 signaling pathway, 
suggesting that it has the potential to mitigate age-related declines in oocyte quality.

Keywords  Mesenchymal stem cells, Oocyte quality, BDNF, ERK1/2 pathway, Aneuploidy
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In vitro oocyte maturation
Young and aged mice were injected intraperitone-
ally with 10 IU of pregnant mare serum gonadotropin 
(PMSG, Ningbo Sansheng Biological Technology Com-
pany, 110044564), to stimulate follicle development. 
After 46–48 h, germinal vesicle (GV)-stage oocytes were 
collected and cultivated in mineral oil-covered M16 
medium (Sigma, M7292), or with addition of hUC-MSC-
sec, Fib-sec, hUC-MSC-sec plus BDNF neutralizing anti-
body (BDNFab, HUABIO, ET1606-42,1ug/ml) or BDNF 
(peprotech, 450-02-10, 250 pg/ml). To measure first polar 
body (PB1) extrusion, the culture system was incubated 
at 37 °C with 5% CO2, 5% O2, and 90% N2 for 16–18 h.

Immunofluorescence and confocal microscopy
Immunofluorescence labeling for α-tubulin and DAPI 
staining were used to examine the spindle shape and 
chromosomal distribution in MII-stage mouse oocytes. 
Oocytes were firstly fixed in 4% paraformaldehyde (PFA) 
(Sigma, P-6148) in PBS at room temperature for 30 min 
and then permeabilized with Triton X-100 (0.5%, Sigma, 
T8787) for 30 min. The non-specific binding was blocked 
with 1% bovine serum albumin (BSA, Sigma, B2064) at 
room temperature for 1  h. Next, oocytes were treated 
with anti-α-tubulin FITC antibody (1:500 dilution, Sigma, 
F2168) at room temperature for 2  h. After incubation, 
the oocytes were washed three times with washing buf-
fer (PBS containing 0.01% Triton X-100 and 0.1% Tween-
20) and mounted on glass slides with DAPI-containing 
mounting media (Abcam, ab104139). Using a Dragonfly 
confocal laser-scanning microscope (Andor Technology, 
UK) with a 63× oil objective, a z-axis scanning of stained 
oocytes was performed.

Chromosome spreads
In vitro matured MII oocytes were treated with acidic 
M2 media at room temperature to remove the zona pel-
lucida for aneuploidy detection. The oocytes were placed 
in a drop of 1% PFA, 3 mM dithiothreitol, and 0.15% Tri-
ton X-100 on a glass slide after washing in pre-warmed 
M2 media. After 2 h, the oocytes were kept in a half-open 
moist box until the fixing solution dried. After three 
washes with PBS, fixed chromosomes were blocked with 
25% donkey serum (Sigma, D9663) at room tempera-
ture for 1  h. Subsequently, chromosomes were treated 
overnight at 4℃ with the centromere antigen CREST 
(1:200 dilution, Antibodies Incorporated, 15-234-001) 
and topoisomerase II (TOP2, 1:200 dilution, Abcam, 
ab109524) antibodies. Following three washes with PBS, 
the slides were treated with Alexa Fluor 647-conjugated 
Affinipure donkey anti-human antibody (1:200 dilution, 
Jackson Immuno Research, 709-605-149) and Alexa Fluor 
568-conjugated donkey anti-rabbit antibody (1:500 dilu-
tion, Proteintech, A10042) for 1 h at room temperature. 

The chromosomes were mounted in DAPI-containing 
medium and examined under a confocal laser-scanning 
microscope (Dragonfly, Andor Technology, UK).

RNA sequencing
To detect maternal mRNA degradation, young, aged, 
and aged + MSC-sec-treated MII-stage oocytes were 
subjected to global RNA-seq analyses. To determine the 
mRNA expression differences between groups, a fold 
change of ≥ 2 was used.

Western blot
GV-stage oocytes from young and old mice were cultured 
in M16 media for 8  h. For total protein extraction, 50 
oocytes from each group were lysed in SDS sample buf-
fer with protease and phosphatase inhibitors and boiled 
for 10  min. Protein was transferred to a polyvinylidene 
fluoride membrane (Millipore, ISEQ00010) after 10–12% 
SDS-PAGE gel (Beyotime, P0012A) electrophoresis. The 
membrane was blocked with 5% non-fat dry milk diluted 
in PBST for 1  h at room temperature, then incubated 
with the primary antibody overnight at 4  °C. After that, 
the membrane was incubated for 1  h at room tempera-
ture with IRDye 680RD (Li-Cor, 926-32211), 800CW 
(Li-Cor, 926-68070), or IgG-HRP goat anti-rabbit anti-
bodies (Beyotime, A0208). Chemiluminescence or LI-
COR Odyssey CLx9140 (LI-COR Bioscience, USA) was 
used to visualize immunoreactive bands. The relation-
ship between BDNF and the ERK1/2 signaling pathway 
was investigated utilizing the MEK1/2 inhibitor U0126 
(5 μm). The antibodies used are listed in Supplementary 
Table 1.

Ovarian in situ injection and in vitro fertilization of mouse 
oocytes
Twenty 9-month-old female mice subjected to ovarian 
injection were randomly assigned to four groups: hUC-
MSC-Sec  (15-fold concentrated), hUC-MSC-sec + BDN-
Fab (1  µg/ml), BDNF (3.75 ng/ml), and PBS control. 
Autocrosslinked hyaluronan gel (0.3  mg/ml, Bioregen, 
6952181200332) as a medication carrier was used in each 
group according to our previous study [11]. After anes-
thesia with tribromoethanol (Sigma, T48402-5G) injec-
tions, the mice were operated to expose ovaries gently 
through dorsal incisions. After injection of 10  µl solu-
tion with the chemicals into each ovary using a micro-
syringe, the surgical wounds were closed. The mice were 
housed under controlled conditions for 7 days before 
superovulation.

At 48 h after PMSG injection, 10 IU Chorionic Gonad-
otrophin for Injection (hCG) (Ningbo Sansheng Bio-
logical Technology Company, 110041282) was injected 
intraperitoneally to induce superovulation. After 16  h, 
the cumulus-oocyte complexes were collected from 
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oviductal ampullae, which were denudated for the 
PB1 extrusion rate or fertilized with sperm from adult 
ICR male mice in G-IVF medium (Vitrolife, 10136). To 
observe embryonic development, the zygotes were cul-
tivated in small drops of G1 medium (Vitrolife, 10128) 
covered in mineral oil under the same circumstances as 
in vitro oocyte maturation.

Enzyme-linked immunoassay (ELISA)
BDNF protein levels in MSC-sec and Fib-sec were quan-
tified using a commercial ELISA kit (Cusabio, CSB-
E04501h) following the manufacturer’s instructions. The 
96-well plates were analyzed using a microplate reader at 
450 nm in accordance with the manufacturer’s protocol, 
and sample concentrations were quantified by compari-
son with standard concentration curves.

Human oocyte culture with BDNF and embryo 
development
Immature (GV or germinal vesicle breakdown (GVBD)) 
human oocytes were donated by patients undergoing 
intracytoplasmic sperm injection (ICSI) treatments. 
These discarded oocytes from 42 IVF patients aged 35–44 
were randomly divided into two groups. One group 
received 0.25 ng/ml BDNF treatment, while the other 
did not, under conditions of 6% CO2, 5% O2 at 37 °C for 
24  h during in vitro maturation (IVM). Supplementary 
Table 2 shows basic information of the patients. G-IVF 
PLUS medium (IVM medium) with 0.29 mmol/L sodium 
pyruvate (Sigma, S8636) was equilibrated overnight. 
On oocyte pick-up day, the medium was supplemented 
with 0.75 IU/mL recombinant follicle-stimulating hor-
mone (Merck Serono, S20160040), 10–11 mol/L melato-
nin (Sigma, M5250), 10 ng/mL epidermal growth factor 
(STEMCELL Technologies, 78136.2), and 0.75 IU/mL 
luteinizing hormone (Merck Serono, S20181004). Next, 
MII-stage oocytes were counted, using the first polar 
body emission as a nuclear maturation marker. ICSI 
was then utilized to inseminate MII oocytes under an 
inverted microscope (Nikon, Japan). The zygotes were 
sequentially grown in G1 PLUS (Vitrolife, 10128) and G2 
PLUS medium (Vitrolife, 10132) at the above conditions. 
Photomicrography was used to record the embryo devel-
opment. Gardner’s criteria were used to assess blasto-
cyst stage at 16–18 h and 5–6 days after fertilization. The 
Institutional Review Board of Reproductive Medicine of 
Shandong University approved the study, and all partici-
pants gave written informed consent.

Statistical analyses
The data were analyzed using SPSS 26.0 software and 
reported as mean ± standard deviation (SD). Student’s 
t-test, Chi-square test or one-way ANOVA followed by 
Tukey’s test was used to determine statistical significance 

between two groups when appropriate. The differ-
ence was considered to be statistically significant when 
P < 0.05.

Results
MSC-sec improved the quality of oocytes from aged mice
We initially examined in vitro maturation of oocytes 
from young (2 months) and reproductively aged (9 
months) female mice. hUC-MSC-sec or Fib-sec was 
added into the culture medium of aged oocytes. Fib-sec 
treatment was used as a control due to the significant dif-
ferences observed in the contents between hUC-MSC-
sec and Fib-sec in our previous study [11]. The rate of 
emission of PB1 was found to be lower in aged oocytes 
compared to young oocytes, and it was significantly 
increased when adding hUC-MSC-sec to IVM medium 
at a 1:1 ratio. However, there was no significant change 
when supplementing with Fib-sec (Fig. 1A-B). Therefore, 
the Fib-sec treatment group was removed in the follow-
ing experiments. Elongated spindles, pole absence, and 
chromosomal misalignment were identified as spindle 
abnormalities in aged oocytes. Treatment with hUC-
MSC-sec greatly reduced spindle abnormalities (Fig. 1C-
D). Furthermore, aneuploidy was greater in older oocytes 
than young ones, however hUC-MSC-sec supplemen-
tation attenuated this trend (Fig.  1E-F). These findings 
imply that MSC-sec therapy improves the quality of aged 
mouse oocytes.

BDNF mediated the function of MSC-sec in improving 
oocyte quality
Next, we explored the effective factor in hUC-MSC-sec 
that improved aged oocyte quality. MSC-sec contains a 
variety of cytokines, chemokines, and growth factors 
[18], and cytokines enriched in hUC-MSC-sec compared 
with Fib-sec were analyzed by a cytokine array in our 
previous study [11]. Specifically, 47 cytokines related to 
the ERK1/2 pathway exhibited a fold change equal to or 
exceeding 2 in hUC-MSC-sec (Supplementary Table 3). 
Four cytokines – HGF, G-CSF, BDNF, ICAM-1 – were 
chosen based on their high content and significantly dif-
ferential expression between hUC-MSC-sec and Fib-sec. 
While HGF, G-CSF, and ICAM-1 promoted oocyte matu-
ration by exerting their effects on cumulus cells [19–21], 
brain-derived neurotrophic factor (BDNF) was consid-
ered to be the most potential effective component. BDNF 
is a neurotrophic factor secreted by granulosa and cumu-
lus cells in the ovary, and its expression is decreased in 
follicles derived from elderly females [22, 23]. Meanwhile, 
the BDNF receptor TrkB is predominantly expressed 
in oocytes within the ovary [24], and the interaction 
between BDNF and TrkB triggers the activation of the 
ERK1/2 pathway [25]. Furthermore, we demonstrated by 
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Fig. 1  MSC-sec improved the quality of oocytes from aged mice. A Bright-field images of young oocytes, aged oocytes, MSC-sec–treated aged oocytes, 
and Fib-sec–treated aged oocytes. Scale bars: 200 μm. B Maturation rates after in vitro culture. The emission rate of PB1 was found to be significantly 
higher in MSC-sec–treated aged oocytes in comparison with aged oocytes, but it could not be increased by Fib-sec. C Characteristic pictures of MII oo-
cytes with DNA (blue) and labeled spindles (green). Scale bars: 20 μm. D Proportions of oocytes exhibiting abnormal spindles. The abnormal spindle inci-
dence was decreased in MSC-sec–treated aged oocytes relative to aged oocytes. E Characteristic chromosomal spread pictures of young oocytes, aged 
oocytes, and aged oocytes treated with MSC-sec were analyzed for the presence of topoisomerase II (TOP2) and the centromere antigen CREST, which 
indicate the chromosome arms and centromeres, respectively. The upper left corner displays the number of paired sister chromatids. Scale bars: 10 μm. F 
Aneuploidy rates of MII oocytes. The aneuploidy incidence was decreased in MSC-sec–treated aged oocytes relative to aged oocytes. Data information: 
Statistical analysis was performed using one-way ANOVA followed by Tukey’s test, with data presented as the mean ± SD in B, D, and F. Each point in B, D, 
and F, distinguished by unique colors and shapes, represents results from three independent experiments. Significance levels were indicated as follows: 
NS (no significance), *P < 0.05, **P < 0.01
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ELISA assay that the BDNF level in MSC-sec was signifi-
cantly higher than that in Fib-sec (Fig. 2A).

To determine the role of BDNF, BDNFab was intro-
duced to the hUC-MSC-sec. BDNFab significantly 

inhibited PB1 emission when compared to the hUC-
MSC-sec group after 16–18 h of culture (Supplementary 
Fig.  1A-B). The rate of abnormal spindles in the hUC-
MSC-sec with BDNFab group was significantly higher 

Fig. 2  BDNF mediated the effect of MSC-sec on improving oocyte quality. A The concentration of BDNF was significantly higher in MSC-sec than that 
in Fib-sec by ELISA. B Bright-field images of aged oocytes and BDNF-treated aged oocytes. Scale bars: 200 μm. C Rates of maturation following in-vitro 
culture. BDNF alone increased the PB1 emission rate. D Characteristic pictures of MII oocytes with DNA (blue) and labeled spindles (green). Scale bars: 
20 μm. E Proportions of oocytes exhibiting abnormal spindles. The abnormal spindle incidence was decreased in BDNF-treated aged oocytes relative to 
untreated aged oocytes. F Representative chromosome spread images of aged oocytes and BDNF-treated aged oocytes with labeled TOP2 and CREST 
indicating the chromosome arms and centromeres, respectively. Scale bars: 10 μm. G The aneuploidy incidence was decreased in BDNF-treated aged 
oocytes relative to aged oocytes. Data information: The data are presented as the mean ± SD in B, D, and F, in which each point, distinguished by unique 
colors and shapes, represents results from three independent experiments. *P < 0.05, **P < 0.01 by Student’s t-test
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than that in the hUC-MSC-sec group (Supplementary 
Fig. 1C-D). In addition, we used exogenous BDNF alone 
to further determine its function. The BDNF concentra-
tion used (250 pg/ml) was similar to its concentration in 
follicular fluid from in-vitro fertilization (IVF) patients 
(~ 240 pg/ml) [26]. BDNF treatment increased the PB1 
emission rate and reduced abnormal spindles and aneu-
ploidy in aged oocytes (Fig. 2B-G). In contrast, the addi-
tion of K252a, which is an inhibitor of the BDNF receptor 
TrkB, to hUC-MSC-sec significantly blocked its effects 
(Supplementary Fig.  2), and this was in line with the 
results in the hUC-MSC-sec with BDNFab group (Supple-
mentary Fig.  1). Collectively, these results suggest that 
BDNF is the main effective factor of hUC-MSC-sec for 
improving the quality of aged oocytes.

MSC-sec promoted maternal mRNA decay
To detect the degradation of maternal mRNA, we per-
formed RNA-seq and found that there were 303 tran-
scripts with increased expression in aged oocytes (fold 
change ≥ 2) but with decreased expression after MSC-
sec treatment (fold change ≤ 0.5) (Supplementary Table 
4, Supplementary Fig.  3A). After overlapping with the 
results from the abnormal degradation of maternal 
mRNAs from the GV to MII-stage after knockout of 
the Btg4 gene [27], a total of 32 transcripts were found 
(Supplementary Table 5, Supplementary Fig.  3B). These 
data suggest that MSC-sec can facilitate maternal mRNA 
decay.

MSC-sec and BDNF activated the ERK1/2 signaling pathway
To determine the potential of hUC-MSC-sec to acti-
vate the ERK1/2 pathway, which regulates both spin-
dle assembly and maternal mRNA degradation [15], 
the expression of phosphorylated ERK1/2 (p-ERK1/2) 
was detected in oocytes. After 8  h of in vitro culture, 
p-ERK1/2 was lower in the aged oocytes when compared 
to the young oocytes, but it was elevated upon supple-
mentation with hUC-MSC-sec (Fig.  3A-B). We then 
measured the expression of DAZL and BTG4, which are 
downstream target genes of the ERK1/2 pathway and 
regulate the assembly of the meiotic spindle and mater-
nal mRNA degradation, respectively [15]. As expected, 
we detected a reduction in the expression of these genes 
in aged oocytes compared to young ones, but an increase 
after treatment with hUC-MSC-sec (Fig. 3C-F). We next 
demonstrated that BDNF alone also activated the ERK1/2 
signaling pathway (Fig. 3G-H). Furthermore, the MEK1/2 
inhibitor U0126 was found to block the increase in DAZL 
and BTG4 expression induced by BDNF (Fig. 3I-L). These 
results suggest that BDNF improves oocyte quality by 
activating the ERK1/2 signaling pathway.

Both MSC-sec and BDNF intraovarian injection enhanced 
the quality and development potential of aged mouse 
oocytes
To determine the impact of MSC-sec and BDNF on 
oocyte quality in vivo, injections of MSC-sec, MSC-
sec + BDNFab, or BDNF were administered into aged 
mouse ovaries. The results showed that PB1 emission 
rates were higher in the MSC-sec group and BDNF group 
in comparison to the control group, but the rate of PB1 
emission was decreased in the MSC-sec with BDNFab 
group (Fig. 4A, B). The results of the immunofluorescent 
staining showed a decrease in the proportion of abnor-
mal spindles in oocytes following the administration 
of MSC-sec or BDNF compared to the control group 
(Fig. 4C, D). The neutralization of BDNF in the MSC-sec 
using BDNFab resulted in a significantly higher propor-
tion of abnormal spindles (Fig.  4D), thereby confirming 
the function of BDNF in hUC-MSC-sec in improving 
aged oocyte quality.

In vitro fertilization was performed to determine the 
fertilization rate and subsequent development potential 
of the aged oocytes. The results showed that there was a 
substantial enhancement in 2 pronuclei (2PN), two-cell 
embryos and blastocyst formation rates in the MSC-sec 
and BDNF experimental groups as compared to the con-
trol group (Fig.  4E, F, G and H). In MSC-sec treatment 
group, the rates of 2PN, two-cell embryos and blastocyst 
formation were increased (97.57%, 97.57% and 81.97%, 
respectively) compared to the control group (74.37%, 
72.53% and 64.83%). The BDNF group also had high 
rates of 2PN, two-cell embryos and blastocyst formation 
at 93.9%, 92.73% and 82.27%, respectively. Furthermore, 
the MSC-sec with BDNFab group exhibited lower rates of 
2PN, two-cell embryos and blastocyst formation (78.33%, 
77.47% and 67.47%, respectively) when compared to the 
MSC-sec group (97.57%, 97.57% and 81.97%). These 
findings showed that the BDNF present in MSC-sec has 
a noteworthy impact on the embryonic development 
potential of aged mouse oocytes.

BDNF increased both the fertilization and blastocyst 
formation rates of aged human oocytes
Based on the potential of BDNF to enhance the oocyte 
quality of aged mouse, we subsequently evaluated the 
effects of BDNF on the maturation and development 
competence of aged human oocytes in vitro. Although 
supplementation of BDNF during IVM of human oocytes 
did not lead to a significant rise in the maturation rate, 
the combined analysis of oocytes at the stages of GV and 
GVBD revealed a noteworthy increase in fertilization and 
blastocyst formation rates (Fig. 5A-C). In the case of GV-
stage oocytes, the BDNF group exhibited higher rates 
of maturation and embryonic development in compari-
son to the control group, although the disparity did not 
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achieve statistical significance (Supplementary Table 6). 
Similarly, GVBD-stage oocytes also showed significantly 
higher fertilization rates in the BDNF group than in the 
control group (Supplementary Table 6). The observation 
of only two high-quality blastocysts in cultured embryos 
treated with BDNF, attributed to the limited sample size, 
also indicates the potential of BDNF to improve the qual-
ity of aged oocytes and early embryonic development in 
humans.

Discussion
Although aging affects nearly every aspect of female 
reproduction, reduced oocyte quality is considered to be 
a major contributor of reproductive decline [16]. How-
ever, there are no effective treatment modalities that 
specifically target the decline in oocyte quality associ-
ated with aging. There is a growing body of evidence 
suggesting that stem cell-based therapy has the potential 
to mitigate ovarian damage and ameliorate age-related 

Fig. 3  Both MSC-sec and BDNF activated the ERK1/2 pathway in aged oocytes. A, C, E Western blot demonstrating the expression of p-ERK1/2, DAZL, and 
BTG4 in aged oocytes cultured in vitro. When comparing the MSC-sec-treated group to the aged group, there was a significant increase in the expression 
of p-ERK1/2, DAZL, and BTG4. B, D, F Immunoblot densitometry graphs to quantitatively compare p-ERK1/2, DAZL, and BTG4. G, I, K In aged oocytes, 
BDNF upregulated the expression of p-ERK1/2, DAZL, and BTG4. U0126, an inhibitor of MEK1/2 that inhibits the ERK1/2 signaling pathway, blocked the in-
crease in DAZL and BTG4 expression caused by BDNF treatment. H, J, L Immunoblot densitometry graphs to quantitatively compare p-ERK1/2, DAZL, and 
BTG4. Data information: The data are presented as the mean ± SD in B, D, F, H, J, and L. Tukey’s test was used to assess differences between two groups 
after one-way ANOVA or Student’s t-tests were performed. *P < 0.05, **P < 0.01. Three replicate experiments’ results are shown
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fertility decline in female mammals [28–30]. To avoid the 
safety concerns of stem cell therapy, cell-free therapies 
using the secretome or extracellular vesicles (EVs) from 
stem cells can also improve ovarian function in various 

animal models [31, 32]. However, previous studies have 
mainly only focused on the ability of MSC-sec to enhance 
somatic cell attributes and improve the microenviron-
ment of the ovary [10]. The present study primarily 

Fig. 4  Both MSC-sec and BDNF intraovarian injection enhanced the quality of aged mouse oocytes. A Bright-field images of aged oocytes, MSC-sec–
treated aged oocytes, MSC-sec-BDNFab–treated aged oocytes, and BDNF-treated aged oocytes. Scale bars: 200 μm. B Maturation rates after intraovarian 
injection and in vivo culture. When compared to aged oocytes, the PB1 extrusion rate was considerably higher in aged oocytes treated with MSC-sec and 
BDNF, but not in aged oocytes treated with MSC-sec-BDNFab. C Characteristic pictures of MII oocytes with DNA (blue) and labeled spindles (green). Scale 
bars: 20 μm. D The percentage of oocytes with abnormal spindles. The abnormal spindle incidence was decreased in MSC-sec-treated and BDNF-treated 
aged oocytes relative to aged oocytes, but increased in MSC-sec-BDNFab–treated aged oocytes. E Bright-field pictures of early embryonic development 
in each group. Scale bars: 200 μm. F, G, H The rates of 2PN, two-cell and blastocysts following intraovarian injection and in vivo culture followed by IVF. 
When compared to aged oocytes, the rates of 2PN, two-cell and blastocysts were considerably higher in aged oocytes treated with MSC-sec or BDNF, but 
they decreased in aged oocytes treated with MSC-sec-BDNFab. Data information: The data are presented as the mean ± SD in B, D, F, G and H, in which 
each point, distinguished by unique colors and shapes, represents results from three independent experiments. Tukey’s test was used to assess differ-
ences after one-way ANOVA. *P < 0.05, **P < 0.01
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examined the involvement and underlying mechanism 
of hUC-MSC-sec to improve aged oocyte quality in both 
nuclear and cytoplasmic maturation. Our results showed 
that hUC-MSC-sec enhanced the quality of aged oocytes 
through the increase of PB1 emission, the reduction of 
abnormal spindle assembly and aneuploidy, as well as 
through the induction of maternal mRNA degradation, 
thus providing a potential novel therapeutic approach for 
the age-related decline in oocyte quality.

Because the components of the MSC-sec are rather 
complex, it is crucial to determine the crucial effec-
tive factor or factors. In this study, we identified BDNF 
as the effective factor of hUC-MSC-sec that enhances 

the quality of aged oocytes, thereby improving embryo 
development potential. The addition of BDNFab or K252a 
to the hUC-MSC-sec led to a notable reduction in PB1 
emission and a marked increase in abnormal spindle 
assembly. BDNF, a neurotrophic factor that has been 
extensively investigated [33, 34], is an ovarian factor 
produced by granulosa cells within the ovary [22]. Its 
receptor TrkB is mainly expressed on oocytes within the 
ovary [24], and the binding of BDNF to TrkB can acti-
vate the ERK1/2 pathway [25]. Considerable evidence 
supports the involvement of BDNF in the development 
of ovarian follicles [35]. Furthermore, BDNF expression 
is notably lower in follicles derived from elderly females 

Fig. 5  Aged human oocytes treated with BDNF had higher rates of fertilization and blastocyst development. A, B Images of oocytes and embryos at the 
MII, 2PN, 8-cell, morula, and blastocyst stages that were cultivated in vitro. Scale bar: 100 μm. C MII, 2PN, blastocyst, and high-quality blastocyst rates were 
quantitatively analyzed when BDNF was present. Data information: In (C) the 2PN and blastocyst rates were significantly different. *P < 0.05, **P < 0.01 by 
chi-squared test
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in comparison to those from younger females, suggesting 
that it may be associated with poor oocyte quality [23]. 
While it has been reported that BDNF enhanced PB1 
emission or promoted oocyte development into preim-
plantation embryos in mice, cows, and buffalos [36–38], 
other studies have yielded negative results [37, 39]. The 
differences in these results may be due to inappropriate 
concentrations of BDNF [39, 40]. The concentrations of 
BDNF used in in vitro cultures have varied in different 
studies, including 3–10 ng/ml in mouse and rat oocytes 
[41, 42], 10 ng/ml in human oocytes [39, 43], and higher 
concentrations in buffalos [38]. In the present study, we 
found that a relatively low BDNF concentration (250 pg/
ml), which is similar to its concentrations in human fol-
licle fluid [26], was sufficient to improve aged oocyte 
maturation and embryonic development potential. 
Our results showed that BDNF treatment significantly 
improved the PB1 emission rate, reduced the aneuploidy 
rate, and promoted maternal mRNA degradation in aged 
mouse oocytes in vitro. The impact of BDNF on the mat-
uration of oocytes, assembly of spindles, and competence 
of embryo development was further confirmed through 
in vivo experiments. These results underscore the crucial 
role of BDNF secreted by hUC-MSCs in improving aged 
oocyte quality.

Although it is well known that stem cells can improve 
ovarian function, there is limited knowledge about the 
mechanism through which MSCs enhance oocyte qual-
ity [44, 45]. It is widely recognized that the ERK1/2 

signaling pathway plays a critical role in oocyte matura-
tion by regulating spindle assembly and maternal mRNA 
degradation through its downstream genes Dazl and 
Btg4, respectively [15]. Our study demonstrated that both 
hUC-MSC-sec and BDNF activated the phosphorylation 
of ERK1/2 to improve aged oocyte quality during matu-
ration. Accordingly, as the important downstream targets 
of the ERK1/2 signaling pathway, both DAZL and BTG4 
were increased after hUC-MSC-sec or BDNF treatment. 
Furthermore, inhibition of the ERK1/2 signaling pathway 
blocked the impacts of BDNF on increasing DAZL and 
BTG4 expression in oocytes. These findings suggest that 
BDNF secreted by MSCs improves oocyte quality by acti-
vating the ERK1/2 signaling pathway (Fig. 6).

The oocyte maturation process is the foundation for 
embryonic development and clinical outcomes [46], 
and a number of studies have shown that IVM produces 
oocytes with lower quality and poorer development 
potential than those matured in vivo [47, 48]. In the cur-
rent study, we further determined the effects of BDNF on 
the maturation and embryo development competence of 
oocytes derived from middle-aged women. Our findings 
revealed that BDNF treatment significantly improved 
the fertilization rate and blastocyst formation, under-
scoring the potential for BDNF as a therapeutic reagent 
for enhancing IVM of oocytes from aged patients with 
reproductive dysfunction. Clinical trials with BDNF-
related drugs have shown significant advancements 
in subjects with hearing loss [49]. However, further 

Fig. 6  Molecular mechanisms through which hUC-MSC-sec improves aged oocyte quality. MSC-sec and its functional component BDNF improves the 
quality of aged oocytes by activating the ERK1/2 pathway to promote spindle assembly and maternal mRNA decay
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mechanistic investigations and safety evaluations of 
BDNF for improving oocyte quality are still necessary 
before it can be applied in the clinic.

Conclusion
In summary, our findings show that the administration 
of hUC-MSC-sec can mitigate the oocyte quality decline 
associated with aging by improving spindle assembly and 
promoting maternal mRNA degradation through activa-
tion of the ERK1/2 signaling pathway. Furthermore, its 
functional component BDNF alone also improved oocyte 
quality in aged mice through activation of the ERK1/2 
signaling pathway. Consequently, this process promotes 
oocyte maturation and early embryonic development in 
aged mouse oocytes. Furthermore, our investigation on 
human oocytes suggests that BDNF has the potential 
to counteract age-related declines in oocyte quality and 
enhance the efficacy of assisted reproductive technolo-
gies in older female patients. However, it is imperative 
that any clinical intervention utilizing BDNF must first 
undergo sufficient safety evaluations and be closely mon-
itored for any unforeseen effects on pregnancy.
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