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Abstract

Maternal ageing is one of the major causes of reduced ovarian reserve and low

oocyte quality in elderly women. Decreased oocyte quality is the main cause of

age-related infertility. Mitochondria are multifunctional energy stations that

determine the oocyte quality. The mitochondria in aged oocytes display func-

tional impairments with mtDNA damage, which leads to reduced competence and

developmental potential of oocytes. To improve oocyte quality, mitochondrial

supplementation is carried out as a potential therapeutic approach. However, the

selection of suitable cells as the source of mitochondria remains controversial.

We cultivated endometrial mesenchymal stem cells (EnMSCs) from aged mice and

extracted mitochondria from EnMSCs. To improve the quality of oocytes, GV

oocytes were supplemented with mitochondria via microinjection. And MII

oocytes from aged mice were fertilized by intracytoplasmic sperm injection (ICSI),

combining EnMSCs' mitochondrial microinjection. In this study, we found that the

mitochondria derived from EnMSCs could significantly improve the quality of

aged oocytes. Supplementation with EnMSC mitochondria significantly increased

the blastocyst ratio of MII oocytes from aged mice after ICSI. We also found that

the birth rate of mitochondria-injected ageing oocytes was significantly increased

after embryo transplantation. Our study demonstrates that supplementation with

EnMSC-derived mitochondria can improve the quality of oocytes and promote

embryo development in ageing mice, which might provide a prospective strategy

for clinical treatment.
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1 | INTRODUCTION

Maternal ageing is becoming an increasingly relevant issue in many

countries.1 Female fertility tends to decline with age, with features

including reduced ovarian reserve, decreased oocyte quality and

reproductive endocrine changes, which ultimately result in

decreased pregnancy rates, decreased live birth rates and

increased miscarriage rates.2 Decreased quality of oocytes is con-

sidered to be the vital contributor to age-related declines in fertil-

ity, but the problem of maternal age can be effectively abrogated

by oocyte donation. For elder women, it has been reported that

the defects in meiotic and cytoplasmic ability are associated with

oocyte ageing.3,4 After 35 years, female fertility declines signifi-

cantly, and approximately 50%–70% of mature oocytes from

40-year-old women have chromosomal abnormalities.5 Addition-

ally, mitochondrial dysfunction is one of the most notable cyto-

plasmic changes in aged oocytes and causes decreased

cytoplasmic competence.6

For oocytes, mitochondria are the multifunctional powerhouses

and provide energy to support oocyte maturation, including spindle

formation and chromosome segregation.7 It is widely accepted that

paternal mitochondrial DNA (mtDNA) is actively eliminated during

early embryogenesis and that the quality of mitochondria in oocytes is

essential for embryo development.8,9 Mitochondrial DNA contains

37 genes, of which 22 are for transfer RNA 2 are for the large and

small subunits of ribosomal RNA and 13 are for proteins (polypep-

tides). Oocytes have the most mitochondria among all cell types, and

the number of mitochondria can expand from 6000 per primordial

oocyte to 40,000 or more per mature oocyte at the end of metaphase

II (MII).10

Mitochondrial dysfunction accumulates with advancing maternal

age. Mitochondrial dysfunction can include quantitative damage, such

as a decreased mtDNA copy number, or qualitative damage, such as

mtDNA strand breaks, point mutations and oxidative damage. Several

factors can contribute to mitochondrial dysfunction in oocytes. Since

mtDNA is near the electron transport chain and reactive oxygen spe-

cies (ROS), it may be more subject to mutational burden than nuclear

DNA. However, the detailed molecular mechanisms remain to be

explored.11 Mitochondrial dysfunction can lead to oocyte maturation

arrest, defective spindle formation and abnormal chromosome segre-

gation, ultimately resulting in embryonic chromosomal aneu-

ploidy.12,13 In recent years, mitochondrial supplementation has been

proposed as a strategy to improve the quality of aged oocytes. There

are some kinds of cells that are used as sources of mitochondrial sup-

plementation, such as oogonial germline stem cells (OSCs), liver cells,

granulosa cells and cumulus cells. However, the existence of OSCs is

still controversial, and the extraction process is complex.14,15 Supple-

mentation with mitochondria from liver cells does not improve

embryo development, and granulosa or cumulus cells are also affected

by maternal ageing.16,17 Furthermore, the process of mitochondrial

extraction from the above cells is invasive.18 Therefore, choosing a

suitable source of mitochondria is challenging for mitochondrial sup-

plementation therapy.

Studies in the past decade have shown that mitochondria from

mesenchymal stem cells (MSCs) can regenerate and repair damaged

cells or tissues.19 Endometrial mesenchymal stem cells (EnMSCs) are

located in the endometrium and can be extracted from menstrual

blood and used to treat diseases such as intrauterine adhesions.20 In

this study, we demonstrated that purified EnMSCs can be stably cul-

tured with relatively superior mitochondrial function compared to

that of primary endometrial stromal cells (ESCs) in a mouse model.

We also found that the transfer of mitochondria from EnMSCs can

improve oocyte quality and fertility in aged mice. Importantly, these

findings might provide a prospective strategy for clinical treatment,

during which the entire procedure for EnMSC collection would be

noninvasive.

2 | METHODS AND MATERIALS

2.1 | Animals

All mouse experiments were performed in accordance with the princi-

ples approved by the Institutional Animal Care and Use Committee of

the Institute of Zoology, Chinese Academy of Sciences (CAS; SYXK

2021-0063). Eight-month-old ICR mice were acquired from SPF

Beijing Vital River Laboratory Animal Technology Co., Ltd., and then

were further raised to 10 months of age for use in the experiments.

2.2 | Harvest and culture of EnMSCs and
primary ESCs

EnMSCs and primary ESCs were isolated from 10-month-old mice.

First, the uterus was dissected from the fallopian tube on both sides

and washed with phosphate-buffered saline (PBS), and then the adi-

pose tissue and other tissues connected to the uterus were removed.

Second, the uterus was cut into several pieces and digested in PBS

containing 2 mg/ml collagenase I (Worthington, LS004196). The tissue

fragments were digested at 37�C for 60 min at 180 rpm. Third, after

digestion, the samples were filtered through a 70-μm filter and then

centrifuged at 1600 rpm for 8 min. Finally, Complete MesenCult™

Expansion Medium (Stem Cell, 05513) and DMEM/F12 medium with

10% FBS, 100 U/ml penicillin and 100 μg/ml streptomycin were used

to cultivate EnMSCs and primary ESCs at 37�C in a humidified envi-

ronment with 5% CO2.

2.3 | Cell proliferation assay of EnMSCs

The proliferation of cells was evaluated using MTT assays.21 Briefly,

cells were seeded into 24-well plates at a density of 2 � 103 cells per

well for 7 days, and the detection lasted 7 days. At each detection

time point, the cells were cultured in an incubator with 500 μl of MTT

solution (0.5 mg/ml) for 4 h at 37�C. After removing the MTT solution,

the cells were incubated with 750 μl of DMSO on a shaking table at
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75 rpm for 10 min. Then, the OD values at 490 nm were evaluated by

a microplate reader (BioTek PowerWave XRS). The proliferation curve

of EnMSCs was drawn with time (days) on the horizontal axis and OD

values on the vertical axis by using GraphPad Prism version 9.0.0.

2.4 | Flow cytometry

To identify characteristic markers expressed on EnMSCs, the cells

were separated with 0.25% trypsin–EDTA and incubated with anti-

bodies against CD34 (eBioscience, 11034181), CD45 (eBioscience,

11045181), CD29 (Invitrogen, 12029181), CD73 (eBioscience,

12073181) and CD90 (eBioscience, 11090081) for 40 min. After

being washed three times with PBS and centrifugation, the cells

were resuspended in 300 μl of PBS and analysed by flow cytometry

(BD Fortessa). The obtained data were analysed by FlowJo soft-

ware. The expression of different markers was analysed by FlowJo

software after removing cellular debris and adherents by drawing

gates.

For detection of mitochondrial membrane potential, the mito-

chondrial probe JC-1 was used according to the manufacturer's

instructions (Beyotime, C2006). The cells were stained with

0.02 mg/ml JC-1 for 20 min at 37�C. Then, flow cytometry analysis

(BD Fortessa) was used to detect the mitochondrial membrane poten-

tial (4Ψm) after washing and resuspending the cells in 400 μl of PBS.

The mean fluorescence intensity of JC-1 monomers (green fluores-

cence) and JC-1 aggregates (red fluorescence) was analysed by

FlowJo software after removing cellular debris and adherents by

drawing gates. The relative red/green fluorescence intensity was used

to evaluate ΔΨm in mitochondria.

For intracellular ROS measurement, a ROS assay kit was used

according to the instructions (Beyotime, S0033S). Then, 10 μM

DCFH-DA was used to incubate the cells at 37�C for 20 min. Follow-

ing washing and centrifugation, the cells were resuspended in PBS,

and flow cytometry (BD Fortessa) was used to analyse fluorescence.

After removing cellular debris and adherents by drawing gates, the

mean fluorescence intensity of DCFH-DA was analysed by FlowJo

software.

2.5 | Osteogenic and adipogenic differentiation

Osteogenic and adipogenic differentiation of MSCs was performed

with kits according to the instructions (Cyagen, MUXMX-90021,

MUXMX-90031). For osteogenic differentiation, cells were plated into

six-well plates and cultured in complete medium until they reached

70% confluency. Then, the complete medium was replaced with a dif-

ferentiation medium, and culture continued for 2 weeks. Alizarin Red

staining was used to identify osteogenic differentiation; osteoblasts

were stained red by the Alizarin Red. Adipogenic staining when the

cells reached approximately 100% confluence. Then, the medium was

replaced with differentiation medium, and culture continued for

3 weeks. Then, the cells were stained with Oil Red O to identify

adipogenic differentiation. The adipocytes were stained red with Oil

Red O under a microscope. For both experiments, the differentiation

media were changed twice per week, and images were captured by an

inverted microscope (Nikon, Eclipse Ti-s).

2.6 | Mitochondria extraction, microinjection and
intracytoplasmic sperm injection

Mitochondria extraction was performed according to a recently

reported protocol.22 Briefly, the cells were resuspended in human

tubal fluid (HTF, Millipore, MR-070-D) at a concentration of 106

per ml and homogenized well. Then, the samples were centrifuged

twice, and the pellets were resuspended in 1 μl of HTF. Mitochon-

dria (7–8 pl) in HTFs were microinjected into each GV oocyte. The

microinjection process was completed within 30 min via a Nikon

operating system. For MII oocytes, 10 pl of mitochondria combined

with intracytoplasmic sperm injection (ICSI) were microinjected

into each oocyte. ICSI was performed as described previously.23

Sperm heads were moved into mitochondria-HTF drops, and then

a processed sperm head was injected into a MII-stage oocyte via

an inverted microscope. After microinjection, the oocytes were

washed in KSOM (Sigma, MR-107-D) and cultured at 37�C in a

CO2 incubator.

2.7 | Detection of mtDNA copy numbers by
quantitative real-time PCR

Quantitative real-time PCR to assess oocyte mtDNA was con-

ducted as previously described.24 The mouse mtDNA-specific

primers B6 forward, AACCTGGCACTGAGTCACCA, and B6

reverse, GGGTCTGAGTGTATATATCATGAAGAGAAT, were used

to prepare external standards for absolute quantification of

mtDNA. To obtain the standard curve, PCR products were ligated

into a T-vector, and the standard curve was generated with seven

10-fold serial dilutions of purified plasmid standard DNA. Briefly,

one oocyte was loaded in a PCR tube with 10 μl of lysis buffer and

incubated at 55�C for 2 h. After incubation at 95�C for 10 min to

heat-inactivate Proteinase K, the samples were used directly for

qPCR analysis. An ABI system and mouse mtDNA-specific primers

were used to conduct qPCR. Linear regression analysis of all stan-

dard curves for samples showed a correlation coefficient higher

than 0.98. All measurements were performed in triplicate.

2.8 | Oocyte collection and embryo transfer

Ten-month-old mice were used to obtain GV- and MII-stage

oocytes. At 48 h after the injection of PMSG (Ningbo, China) into

oocytes, GV-stage oocytes were retrieved from the ovaries of mice

and moved to M2 medium (Sigma, m7167) containing 0.2 mM

IBMX (Sigma, i5879). After microinjection, the oocytes were
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washed and moved into IVM medium containing TCM-199 (Gibco,

12340030) supplemented with 10% FBS (Gibco, 10099141C),

0.2 mmol/L sodium pyruvate (Sigma, P5280), 2 mmol/L L-glutamine

(Stem Cell, 07100), 10 IU/ml PMSG (Ningbo, China), 10 IU/ml HCG

(Ningbo, China), 1 μg/ml β-oestradiol (Sigma, E2758) and 10 ng/ml

EGF for culture in a 37�C incubator containing 5% CO2. For MII

oocytes, mice were injected with HCG 48 h after PMSG, MII

oocytes were retrieved from fallopian tubes 12 h after HCG

(Ningbo, China) injection, and cumulus cells were digested by hyal-

uronidase (1 mg/mL, Sigma, H3506). The fertilized oocytes were

transferred to the oviducts of surrogate mothers on an ICR

background.

2.9 | Immunofluorescence staining

For primary ESC validation by vimentin/cytokeratin staining, the cells

were fixed with 4% paraformaldehyde (PFA) for 30 min and permeabi-

lized with 0.2% Triton X-100 for 15 min. After blocking with 5%

bovine serum albumin (BSA) for 1 h, the samples were incubated with

primary antibodies overnight at 4�C and then with secondary anti-

bodies for 1 h at room temperature after washing with PBS. Then,

40 ,6-diamidino-2-phenylindole (DAPI, 1:1000, Thermo Fisher Scien-

tific, S36938) was used to stain the samples after three washes, and

images were captured with a Nikon DS-Ri1 CCD camera. The primary

and secondary antibodies are as follows: anti-vimentin (1:250, Abcam,

F IGURE 1 Harvest and
identification of endometrial
mesenchymal stem cells
(EnMSCs). (A) EnMSCs displayed
a typical fibroblast morphology.
Bar = 100 μm. (B) EnMSCs
exhibited a well-proportioned cell
growth curve. (C) Flow cytometry
analysis of EnMSCs. The cells

were negative for CD34 (0.85%)
and CD45 (0.72%) and positive
for CD29 (99.6%), CD73 (99.2%)
and CD90 (98.3%). (D) EnMSCs
differentiated into osteoblasts
and adipocytes. The arrows
indicate osteoblasts and
adipocytes, respectively.
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ab92547), cytokeratin (1:400, Abcam, ab7753), Cy3-conjugated don-

key anti-rabbit IgG (1:300, Jackson ImmunoResearch, 711-165-152)

and TRITC-conjugated donkey anti-mouse IgG (1:150, Jackson Immu-

noResearch, 715-025-150).

To detect the mitochondrial membrane potential (4Ψm) of

oocytes after injection, the oocytes were incubated with JC-1 working

solution for 20 min at 37�C. Then, the oocytes were observed by con-

focal microscopy after washing in M2 medium. Images were captured

with a confocal laser scanning microscope (Zeiss LSM 880). The mean

fluorescence intensity of JC-1 monomers (green fluorescence) and

JC-1 aggregates (red fluorescence) was analysed by ImageJ software

(NIH, Bethesda, MD). The relative red/green fluorescence intensity

was used to evaluate ΔΨm in mitochondria.

For spindle and chromosome staining, the steps before blocking

were approximately the same as those for vimentin staining. After

blocking with 5% BSA, the cells were incubated with a fluorescein

F IGURE 2 Endometrial mesenchymal stem cells (EnMSCs) displayed higher mitochondrial membrane potential (ΔΨm) and lower reactive
oxygen species (ROS) than primary endometrial stromal cells (ESCs). (A) Identification of ESCs by immunofluorescence staining. Primary ESCs
were positive for vimentin expression and negative for cytokeratin expression. Bar = 200 μm. (B) Flow cytometry analysis was carried out to
detect the 4Ψm in primary ESCs and EnMSCs by JC-1 staining. (C) Red/green fluorescence intensity was calculated in both kinds of cells, and
EnMSCs had a higher4Ψm than primary ESCs. (D) ROS levels were measured by DCFH-DA fluorescence in both cell lines via flow cytometry.
(E) A reduced ROS fluorescence intensity was found in primary ESCs. In (C) and (E), the data are the mean ± SEM of three replicates. One asterisk
(*) indicates statistically significant differences at p < 0.05, and two asterisks (**) indicate statically significant differences at p < 0.01.
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isothiocyanate-conjugated a-tubulin antibody (1:600) for 2 h at room

temperature. The oocytes were washed three times and stained with

DAPI. A confocal scanning microscope (Zeiss LSM 880) was used to

examine the samples. Then, spindle morphology and arrangement of

chromosomes were assessed in both groups.

Chromosome spreads were created as previously described.25

Briefly, the oocytes were moved into Tyrode's solution (Sigma,

T1788) to remove the zona pellucida. The oocytes were then moved

onto slides containing a drop of chromosome spread solution. After

drying and blocking with 1% BSA, the samples were incubated with

primary antibodies overnight at 4�C and then with secondary anti-

bodies for 1 h at room temperature. After three washes, the slides

were stained with DAPI and then captured with a confocal scanning

microscope (Zeiss LSM 880). The primary and secondary antibodies

were as follows: anti-centromere (1:50, Antibodies Incorporated,

15-234) and Cy™5-conjugated donkey anti-human IgG (1:200,

Jackson ImmunoResearch, 709-175-149).

2.10 | Statistical analysis

Experiments were biologically repeated three times, and the data are

presented as the mean ± SEM. ImageJ software (NIH, Bethesda, MD)

was used to analyse the fluorescence intensity. To ensure the

reliability of the fluorescence intensity statistics, the images for the

two groups were obtained with the same settings by the confocal

microscope. For quantitative statistics, an unpaired-samples t-test

was carried out by using GraphPad Prism version 9.0.0, and p < 0.05

was considered to indicate significance.

3 | RESULTS

3.1 | In vitro culture and characterization of mouse
EnMSCs

EnMSCs were isolated from 10-month-old mice and cultured in vitro

(Figure 1A,B). The identity of derived EnMSCs was verified by flow

cytometry using specific cell surface markers. We found that cultured

EnMSCs were positive for CD29 (99.6%), CD73 (99.2%) and CD90

(98.3%) but did not express CD34 (0.85%) or CD45 (0.72%), which

fulfiled the International Society for Cellular Therapy criteria26

(Figure 1C). We also found that the derived EnMSCs could differenti-

ate into osteoblasts and adipocytes under in vitro conditions

(Figure 1D). These results indicated that we successfully derived

MSCs from mouse endometria.

3.2 | Superior mitochondrial membrane potential
and reduced ROS levels in EnMSCs

To examine the mitochondrial function of EnMSCs isolated from aged

mice, we chose primary ESCs as the controls. Primary ESCs were iso-

lated from aged mice and characterized by immunofluorescence analysis.

Primary ESCs expressed the classic fibroblast cell marker vimentin

and were negative for cytokeratin (Figures 2A and S1).

Mitochondrial membrane potential (4Ψm) and the intracellular ROS

levels of the ESCs and EnMSCs were measured by flow cytometry to

evaluate mitochondrial function. The ΔΨm was assessed by JC-1 stain-

ing. JC-1 forms a polymer and produces red fluorescence when ΔΨm is

high, and JC-1 produces green fluorescence as a monomer when ΔΨm

decreases. The relative red/green fluorescence intensity was used to

evaluate ΔΨm in mitochondria. We found that ΔΨm in EnMSCs was

much higher than that in primary ESCs (2.49 ± 0.03 vs. 2.89 ± 0.09,

p < 0.05) (Figure 2B,C). ROS are produced by oxidative stress, cause

DNA damage and promote apoptosis. DCFH-DA is an ideal fluorescent

probe widely used to detect ROS levels. We found that the fluorescence

intensity of DCFH-DA in EnMSCs was significantly lower than that in

primary ESCs (2341 ± 41.14 vs. 1010 ± 30.18, p < 0.01) (Figure 2D,E).

3.3 | EnMSC mitochondria improved the
maturation rates and quality of oocytes from
aged mice

To examine the effects of EnMSC mitochondria on the quality of

aged oocytes, GV oocytes from aged mice were injected with

F IGURE 3 Increased maturation rates and mtDNA copy numbers in
oocytes of aged mice after endometrial mesenchymal stem cell (EnMSC)
mitochondrial transfer. GV oocytes from aged mice were injected with
EnMSC mitochondria in human tubal fluid (HTF) in the experimental
group (mito-group) and with HTF in the control group (ctrl-group).
(A) Typical images of MII oocytes in the two groups after microinjection.
Bar = 200 μm. (B) The group microinjected with mitochondria had
higher maturation rates of MII oocytes than the control group. (C) The
mtDNA copy numbers of oocytes in the mito-group increased
significantly after EnMSC mitochondrial supplementation compared to
the numbers in the control group. In (B) and (C), the data are the mean
± SEM; n shows the number of oocytes, and asterisks (****) indicate
statistically significant differences (p < 0.0001).
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EnMSC mitochondria in HTF, and control aged oocytes were

injected with HTF. After in vitro maturation, the percentage of

oocytes at the MII stage (22.75% ± 0.67% vs. 35.65% ± 1.75%,

p < 0.0001) (Figure 3B) and the mtDNA copy number (2.6

� 104 ± 2.0 � 103 vs. 4.7 � 104 ± 2.7 � 103, p < 0.0001) (Figure 3C)

were significantly increased in aged oocytes with mitochondrial sup-

plementation. These results indicated that mitochondrial injection

could promote oocyte maturation.

Abnormal spindle assembly and defects in meiosis are also fea-

tures of aged oocytes. Hence, the spindle morphology and karyotype

of aged oocytes were examined by confocal scanning microscopy. As

shown in Figure 4, disintegrated spindle poles, irregularly arranged

chromosomes and high rates of aneuploidy were observed in

control oocytes. The spindle morphology was significantly improved

(35.37% ± 3.46% vs. 58.89% ± 4.84%, p < 0.05) (Figure 4A,B), and the

rate of aneuploidy was significantly reduced (61.67.89% ± 7.27%

vs. 35.12% ± 5.29%, p < 0.05) (Figure 4C,D) in oocytes injected with

mitochondria. Furthermore, we evaluated the mitochondrial mem-

brane potential (4Ψm) by JC-1 staining. We found that the membrane

potential in ageing oocytes after microinjection was significantly

increased compared with that in control oocytes (0.32 ± 0.04 vs. 1.22

± 0.13, p < 0.0001) (Figure 4E,F).

3.4 | EnMSC mitochondrial transfer promoted
preimplantation embryo development and increased
birth rates after embryo transplantation

To further assess, the effects of mitochondrial supplementation on

embryo development, EnMSC mitochondria microinjection combining

with ICSI were carried out into MII oocytes, and control oocytes were

injected with HTF. After 4 days of in vitro culture, the numbers of

F IGURE 4 The quality of
oocytes from aged mice was
improved by endometrial
mesenchymal stem cell (EnMSC)
mitochondrial transfer.
(A) Representative pictures of the
spindles and chromosomes in the
two groups. (B) Increased normal
spindle rates were observed in

MII oocytes from aged mice after
mitochondrial supplementation.
Bar = 20 μm. (C) Images of
chromosome spreads are shown.
Bar = 10 μm. (D) Decreased
aneuploidy rates were found in
MII oocytes after mitochondrial
transfer. (E) The mitochondrial
membrane potential (4Ψm)
values of the two groups were
assessed by JC-1 staining in MII
oocytes after mitochondrial
supplementation. JC-1 monomers
with green fluorescence revealed
a low4Ψm, while JC-1
aggregates with red fluorescence
revealed a high 4Ψm.
Bar = 50 μm. (F) Increased 4Ψm
was observed in MII oocytes
from aged mice after
mitochondrial supplementation.
The data are the mean ± SEM.
In C, D and F, the numbers of
oocytes are denoted by n. One
asterisk (*) represents statistically
significant differences at
p < 0.05, and four asterisks (****)
represent statistically significant
differences at p < 0.0001.
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embryos that developed to the blastocyst stage significantly increased

after mitochondrial injection (42.44% ± 8.02% vs. 67.72% ± 3.68%,

p < 0.05) (Figure 5A,B, Table S1).

To test whether mitochondrial supplementation could improve

in vivo embryo development in aged mice, embryo transplantation

was performed after mitochondrial microinjection combined with ICSI.

The results showed that the birth rate of oocytes with mitochondrial

supplementation was significantly higher than that of the control

oocytes (11.23% ± 2.48% vs. 23.95% ± 1.29%, p < 0.05) (Figure 5CD

and Table S2).

4 | DISCUSSION

Mitochondrial supplementation has been proposed as a promising

therapeutic strategy to improve the competence and postfertiliza-

tion development of aged oocytes. Early studies showed that

healthy offspring were produced by cytoplasmic transfer from

healthy oocytes into dysplastic oocytes. However, this approach

resulted in potential late-stage physical health problems due to

mtDNA heteroplasmy.27,28 To overcome this problem, OSCs and

granulosa cells have been used as sources of mitochondria. How-

ever, the existence of OSCs is still controversial,29 and the copy

number of mtDNA is difficult to calculate. Furthermore, the quan-

tity and quality of extractable mitochondria from OSCs have made

the technology somewhat questionable.14,15 It has been reported

that supplementation with mitochondria obtained from granulosa

or cumulus cells can promote embryo development.30 Neverthe-

less, autologous granulosa cells are also affected by ageing, which

increases the occurrence of mtDNA mutations and mitochondrial

damage.16 In contrast, mitochondria derived from liver cells and

mouse embryonic fibroblasts are unable to promote the develop-

ment of mouse embryos. This failure is probably due to the cell-

specific nature of mitochondria. The mitochondria of somatic cells

in other tissues do not function in oocytes because they are highly

differentiated.17,31

MSC-based mitochondrial transfer has been used in regenera-

tive medicine research in recent years, such as research on the treat-

ment of respiratory system, kidney, cardiac and brain injury.32–36

There are several advantages of using MSCs as the sources of mito-

chondria for oocyte replenishment. First, compared with those of

OSCs, the harvest and cultivation of mouse MSCs are more conve-

nient and stable. Second, the morphology and metabolism of mito-

chondria in stem cells have been reported to be similar to those of

mitochondria in MII oocytes.37,38 Third, in this study, we found that

EnMSCs have higher 4Ψm and lower ROS levels than primary ESCs,

which indicates that the mitochondrial function of EnMSCs is less

susceptible to the effects of maternal ageing than that of somatic

cells such as granulosa cells. Autologous adipose tissue-derived stem

cells (ADSCs) have also been used as sources of mitochondria for

oocyte supplementation. Our previous study found that mitochon-

dria of autologous ADSCs can increase the quality of aged oocytes,

F IGURE 5 Embryogenesis was promoted and fertility was recovered in aged mice through endometrial mesenchymal stem cell (EnMSC)
mitochondrial transfer. (A) Images of embryos cultured to different stages in the two groups. (B) Early embryogenesis was recorded. The group of
aged mice subjected to mitochondrial transfer showed greater blastocyst rates than the control group. (C) Images of pups born after fallopian
tube transplantation in the two groups. (D) The numbers of pups were calculated, and the results indicated that the live birth rate was increased
in the mito-group. The data are the mean ± SEM of three replicates; n shows the number of oocytes; and asterisk (*) indicates statistically
significant differences (p < 0.05).
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the rate of blastocyst formation (15% vs. 30%) and the rate of live

births (2% vs. 15.7%).22

The concept of endometrial stem cells was first proposed in

1978.39 It has been reported that endometrial stem cells have a strong

regenerative capacity and play important roles in the periodic prolifer-

ation and exfoliation of the endometrium. Human EnMSCs were first

identified as clonogenic stromal cells isolated from both functional

and basalis endometrium.40 Subsequent studies have demonstrated

that these stromal cells express classic MSC markers and possess the

potential to differentiate into multiple cell types.41,42 Endometrial

stem cells of mice have been found by a label-retaining cell (LRC)

approach to include epithelial LRCs and stromal LRCs.43 In this study,

we established an approach for extracting and culturing EnMSCs from

aged mice by modifying previously reported methods.44 We also dem-

onstrated that EnMSCs from aged mice displayed higher mitochon-

drial membrane potential and lower ROS levels than primary ESCs.

More importantly, supplementation with EnMSC-derived mitochon-

dria by microinjection significantly improved the quality of aged

oocytes. In addition, we found that the rate of aneuploidy significantly

decreased in aged oocytes after mitochondrial supplementation, sug-

gesting that mitochondria are also involved in the meiosis of oocytes.

Furthermore, our results showed that mitochondrial supplementation

promoted embryo development and increased the live birth rate. It

has been reported that the mtDNA of embryos begins to replicate

until the blastocyst stage in most mammals. The oocyte mitochondrial

pool, which represents 30% of oocytes, plays a crucial role in embryo

development.9 Thus, mitochondria in oocytes must provide the preim-

plantation embryos with enough energy to promote embryo develop-

ment. Therefore, we speculate that mitochondrial supplementation in

oocytes can promote early embryo development since it increases the

amount of ATP in the oocytes.

As mentioned above, the collection of somatic cells or adipose-

derived MSCs as sources of mitochondrial supplementation is an

invasive process. It has been reported that human menstrual blood

mesenchymal stem cells show good therapeutic potential in the field

of regenerative medicine for procedures such as cardiac repair, liver

repair and premature ovarian failure treatment.45 For clinical treat-

ment, the cells can be obtained from the patient's own menstrual

blood as the source of mitochondrial supplementation. A noninvasive

procedure for cell extraction ensures safety, and the strategy can

eliminate mtDNA heteroplasmy.

Moreover, many other strategies have been carried out to

improve oocyte quality in addition to mitochondrial supplementa-

tion. Theaflavin 3,3'-digallate (TF3) administered via gavage

increases the mitochondrial membrane potential of oocytes and

decreases the abnormal spindle rate of oocytes in aged mice.46 In

one study, nine-month-old mice were injected subcutaneously

with coenzyme Q10 to restore oocyte mitochondrial function

and fertility during reproductive ageing.12 Astaxanthin has been

used in in vitro culture to ameliorate the quality of postovulatory

ageing pig oocytes.47 It has been reported that ovarian

function can be improved by injecting human amniotic MSCs into

the ovaries of naturally aged mice.48 All of the above studies

treated MII oocytes, which means that the oocytes had completed

the first meiotic division. In contrast, our study aimed to add mito-

chondria to GV oocytes that had not completed the first meiotic

division.

In summary, our study demonstrates that the mitochondria of

EnMSCs improve oocyte quality, embryo development and fertility in

aged mice. Based on an evaluation of the safety, efficacy and stability

of mitochondrial sources for clinical treatment, the findings of this

work might provide a valuable strategy for patients with declining

oocyte quality due to ageing.
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