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Abstract 

Background The decline in the quantity and quality of mitochondria are closely associated with infertility, particu-
larly in advanced maternal age. Transferring autologous mitochondria into the oocytes of infertile females repre-
sents an innovative and viable strategy for treating infertility, with no concerns regarding ethical considerations. As 
the donor cells of mitochondria, stem cells have biological advantages but research and evidence in this area are 
quite scarce.

Methods To screen out suitable human autologous ooplasmic mitochondrial donor cells, we performed compre-
hensive assessment of mitochondrial physiology, function and metabolic capacity on a varity of autologous adipose, 
marrow, and urine-derived mesenchymal stromal cells (ADSC, BMSC and USC) and ovarian germline granulosa cells 
(GC). Further, to explore the biosafety, effect and mechanism of stem cell-derived mitochondria transfer on human 
early embryo development, randomized in-vitro basic studies were performed in both of the young and aged 
oocytes from infertile females.

Results Compared with other types of mesenchymal stromal cells, USC demonstrated a non-fused spherical mito-
chondrial morphology and low oxidative stress status which resembled the oocyte stage. Moreover, USC mitochon-
drial content, activity and function were all higher than other cell types and less affected by age, and it also exhibited 
a biphasic metabolic pattern similar to the pre-implantation stage of embryonic development. After the biosafety 
identification of the USC mitochondrial genome, early embryos after USC mitochondrial transfer showed improve-
ments in mitochondrial content, activity, and cytoplasmic  Ca2+ levels. Further, aging embryos also showed improve-
ments in embryonic morphological indicators, euploidy rates, and oxidative stress status.

Conclusion Autologous non-invasively derived USC mitochondria transfer may be an effective strategy to improve 
embryonic development and metabolism, especially in infertile females with advanced age or repeated pregnancy 
failure. It provides evidence and possibility for the autologous treatment of infertile females without invasive and ethi-
cal concerns.
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Introduction
In vitro fertilization/Intracytoplasmic sperm injec-
tion (IVF/ICSI) is the mainly used method for infer-
tility therapy, with an international success rate of 
almost 40%. However, for females with advanced age 
or diminished ovarian reserve (DOR), the clinical out-
come of IVF/ICSI treatment is very poor due to their 
poor quality of oocytes and embryos, and currently no 
effective treatment is found. Facing the background of 
global decline in fertility rates and increasing reproduc-
tive age, addressing the issue of infertility in females of 
advanced age or those experiencing repeated IVF/ICSI 
failures has become a prominent concern within the 
field of reproductive medicine[1, 2].

Oocyte aging is closely related to abnormalities in 
mitochondrial content and function [3]. As the energy 
metabolism center of cells, mitochondria provide 
important energy sources for germ cell meiosis, oocyte 
maturation, fertilization and embryonic development 
[4]. Among all human cell types, mutural oocytes 
have the largest number of mitochondria (up to about 
200,000) to ensure energy supply [5]. Aged oocytes 
are frequently accompanied by a series of abnormali-
ties including mitochondrial morphology, mitochon-
drial DNA (mtDNA) copy number, mtDNA mutation 
or deletion and biological dysfunction [3, 6, 7], which 
may further lead to abnormal meiosis in germ cells, 
increased aneuploidy rates, poor embryo quality and 
decline in fertility [8].

The emergence of oocyte cytoplasmic mitochondria 
transfer provides a new approach for solving infertility 
problems caused by advanced age or diseases. As early 
as the late twentieth century, a number of European 
countries tried to improve oocyte quality in the elderly 
by the simultaneous injection of sperm with 1–5% 
oocyte cytoplasm from young healthy donors during 
ICSI, yielding favorable clinical outcomes as reported 
in NEJM [9–12]. Between 1997 and 2001, about 30 chil-
dren were born through this technology. However, due 
to the ethical issues brought about by the third-party 
genetic materials, the technology was banned by the US 
Food and Drug Administration (FDA) for clinical use in 
2002 and subsequently banned by the UK Human Ferti-
lization and Embryology Authority (HFEA) [13].

Therefore, autologous mitochondrial transfer has 
recently attracted widespread attention. This technol-
ogy aims to solve the infertility problem results from 
advanced age or poor oocyte quality, by extracting 

mitochondria from autologous cells and co injecting 
them with single sperm into oocytes during ICSI.

However, studies on this field are relatively scarce, 
and basic study regarding mitochondrial donor cells 
is currently lacking. Ongoing clinical investigations 
are conducted directly on human subjects, without a 
foundational comprehension of autologous cell mito-
chondria. Presently, the most used autologous cells for 
mitochondrial transfer are ovarian stem cells (OSC). 
Reports regarding its clinical outcomes are inconsist-
ent, including reports of effectiveness in some basic and 
clinical trials [14–17], while a randomized controlled 
pilot study yielded no improvement findings [18]. There 
are doubts about the authenticity of OSC in the adult 
[19, 20]. Notably, the acquisition of OSC necessitates a 
surgical procedure involving the removal of substantial 
portions of ovarian cortex (approximately 3 × 6   mm3), 
potentially inflicting secondary harm upon patients 
already grappling with compromised ovarian function 
[18]. Consequently, we believe that currently, the most 
crucial step is the initial selection of suitable mitochon-
drial donor cells.

It has been reported in the literature that stem cells 
including pluripotent stem cells (e.g., ESCs) and adult 
stem cells (e.g., MSCs). are highly dependent on glyco-
lytic metabolism to maintain stem cell characteristics 
and self-renewal capacity [21], which is similar to the 
metabolic pattern of oocytes. This metabolic pattern 
can reduce mitochondrial production of reactive oxy-
gen species (ROS) and reduce cellular exposure to oxi-
dative stress [22], which are critical for oocyte and stem 
cell self-renewal, offspring production, and cell fate 
determination. Besides, due to the strong self-renewal, 
multi-directional differentiation potential, easy access, 
and low immunogenicity [23], mesenchymal stromal 
cells (MSC) are widely used in cell therapeutics, such as 
adipose and bone marrow-derived mesenchymal stro-
mal cells (ADSC and BMSC). Numerous studies have 
confirmed that mitochondrial transfer from stem cells 
to damaged cells plays an important role in stem cell 
therapy, especially MSC [24]. Therefore, we consider 
MSCs are potential superior autologous mitochondrial 
donor cells.

Urine-derived mesenchymal stromal cells (USC) are 
one type of MSCs derived from kidney epithelium with 
strong self-renew and multi-directional differentiation 
potential [25]. Nature protocol reported the first gen-
eration of USC from urine samples in 2012 [26]. Since 
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it can be isolated from urine, it possesses the advan-
tages of being easily non-invasively accessed and largely 
amplified. Many studies consider it as the ideal seed 
cells for cell therapy and tissue engineering, especially 
in the urogenital tract (UGT) [27–31].

Our research aims to screen out suitable human autol-
ogous oocyte cytoplasmic mitochondrial donor cells by 
comprehensive assessment of mitochondrial physiology, 
function and metabolic capacity on a varity of autologous 
MSCs (including BMSC, ADSC, USC) and ovarian ger-
mline GC, as well as to explore the biosafety, effect and 
mechanism of its mitochondria transfer on human early 
embryo development.

Results
Comparation of mitochondrial morphology, quantity, 
and function among primary autologous cells
The isolation and culture process of primary USC, GC, 
BMSC and ADSC was shown in Additional file 3: Fig. S1. 
After identifying the GC-specific surface marker (Addi-
tional file 3: Fig. S2), the in vitro differentiation capacity 
of USC (Additional file  3: Fig. S3), and the surface-spe-
cific markers of MSCs (Additional file 3: Fig. S4), experi-
mental studies were conducted on these four types of 
primary cells.

For mitochondrial morphology (Fig. 1A, B), we found 
that USC and GC demonstrated obviously round-like 
mitochondria with relative immature cristae, which 
were similar to oocyte stage. However, BMSC and ADSC 
mitochondria had more dynamically connected tubular 
structures, which were sausage-like, elongated in shape 
with relative mature cristae at the cross sections. All pri-
mary cells from the old adults showed strikingly impaired 
cristae structure and more swollen mitochondria with 
decreased matrix density (Fig.  1A and C, indicated by 
arrows), suggesting that advanced age may significantly 
impair normal cristae structure. Among all types of aged 
primary cells, GC showed the most severe impaired 
mitochondrial cristae (vs. USC, P < 0.01; Fig.  1C), while 
USC showed the least severe damage (vs. BMSC and 
ADSC, Ps < 0.05; Fig. 1C).

The results of mtDNA quantification showed that, no 
significant differences were found among different types 

of primary cells in the young population. Compared 
with young adults, mtDNA copy number of the elderly 
demonstrated a downward trend, among which GC 
and BMSC reached significance (GC, P < 0.01; BMSC, 
P < 0.05; Fig.  1D), but USC still kept at a relative higher 
level of mtDNA content in the elderly (vs. GC and BMSC, 
Ps < 0.05; Fig. 1D).

MMP was used to indicate mitochondrial activity, as 
shown in Fig.  1E, we found that MMP of young USC 
was significantly higher than GC (P < 0.01; Fig.  1F). The 
MMP of the elderly was significantly decreased in all cell 
types (Ps < 0.05; Fig. 1F), but USC still showed a relatively 
higher MMP than GC and BMSC (Ps < 0.01; Fig. 1F).

ROS reflects the level of cytoplasmic oxidative stress. 
The ROS level of GC was found to be higher than that 
of MSCs in young adults (Ps < 0.01; Fig.  1G). In the 
elderly, the ROS levels were significantly increased in all 
cell types (Ps < 0.05; Fig.  1G), but GC and BMSC dem-
onstrated relative higher levels than USC and ADSC 
(Ps < 0.05; Fig. 1G).

Together, these results demonstrated that, USC mito-
chondria resembled oocytes morphologically, and that its 
mitochondrial content and activity were relatively high 
and less affected by age than other primary cell types. 
Besides, its cytosolic oxidative stress is kept at a relatively 
low level which may be attributed to its immature mito-
chondrial state, similar to oocytes.

Comparation of metabolic pattern among primary 
autologous cells
We further assessed the metabolic capacity of differ-
ent types of primary cells. As shown in Fig.  2A, most 
of the glycolytic genes (GLUT1, PFK, GAPDH, LDHA) 
were highly expressed in MSCs, most notably in USC. 
Compared with the young group, the expression levels 
of glycolytic genes of the elderly were significantly up-
regulated in all cell types. The extracellular acidification 
rate (ECAR) detected by Seahorse showed that the glyco-
lytic level and capacity were stronger in USC and ADSC 
(Fig. 2C–D). Compared with the young group, the elderly 
showed a trend of increase in glycolysis which was con-
sistent with gene expression results, and GC reached sig-
nificance in glycolysis level (P < 0.05; Fig. 2C).

Fig. 1 USC mitochondria resemble oocyte morphologically with higher quantities, MMP and lower ROS less affected by age. A Mitochondrial 
morphology of different types of human primary GC and MSCs under transmission electron microscopy (TEM). Arrows indicate mitochondria 
with abnormal cristae. Scale bars, 500 nm. B Percentage of round, sausage-like, elongated shape mitochondria among different cell types. C 
Percentage of mitochondria with normal cristae among different cell types. D Absolute quantification of mtDNA copy number by RT-PCR. E 
Mitochondrial membrane potential (MMP, indicated by TMRM) and cytosolic reactive oxygen species (ROS, indicated by DCF) were observed 
under 3D confocal microscope. Scale bars, 10 μm. F The relative abundance of average MMP fluorescence intensity was quantified. G The relative 
abundance of average ROS fluorescence intensity was quantified. Data are shown as means ± SEM. Each scatter represents an independent 
biological individual. One-way ANOVA, LSD test. *P < 0.05, **P < 0.01

(See figure on next page.)
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Fig. 1 (See legend on previous page.)
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As shown in Fig. 2E, the highest expression levels of tri-
carboxylic acid cycle (TCA) genes (PDHE1α, CS, IDH2, 
IDH3B, αKGDH, SDHA, FH, MDH2) were found in USC, 
while the lowest expression levels were found in GC. 
Compared with the young, the TCA genes of people with 
advanced age were significantly down-regulated in all cell 
types. The results of the oxygen consumption rate (OCR) 
detected by Seahorse also showed that USC demon-
strated the strongest maximal respiratory capacity in the 
young population (P < 0.01; Fig. 2H). With age increasing, 
the ATP turnover of GC and BMSC decreased (Ps < 0.01; 
Fig. 2G), and the maximal respiration capacity of all cell 
types decreased significantly (Ps < 0.05; Fig. 2H). Among 
all aged cell types, GC reached the lowest in both ATP 
turnover and maximal respiration, but USC and ADSC 
still maintained relatively higher levels (vs. GC, P < 0.01; 
vs. BMSC, P < 0.05; Fig. 2 G, H).

The mRNA expression levels of 13 electron transport 
chain (ETC) genes (ND1, ND2, ND3, ND4, ND4L, ND5, 
ND6, CYTB, COX1, COX2, COX3, ATP6, ATP8) encoded 
by mitochondrial genomes were analyzed in differ-
ent types of primary cells (Fig. 2I). Among all cell types, 
people with advanced age showed significant decreased 
expression levels compared to the young group, but USC 
still kept in the highest level regardless of age.

Together, the results showed that the metabolic trans-
formation from oxidative phosphorylation (OXPHOS) 
to glycolysis is generally occurring in primary cells with 
increasing age, especially in GC. In addition, the over-
all cellular metabolism of USC, including glycolysis, 
OXPHOS, and mitochondrial expression activity, was the 
most vigorous among all cell types, regardless of age.

Aged oocytes show aberrant mitochondrial physiology
To examine the effect of age on mitochondria in germ 
cells, we performed experiments on the oocytes of the 
young and advanced age. TEM showed that (Fig.  3A), 
mitochondria of young oocytes were observed to be 
round in shape, with a high matrix density and immature 
cristae. However, mitochondria of aged oocytes showed 
heterogeneous matrix density and cord-like cristae, and 
the ratio of normal cristae was significantly reduced com-
pared to the young oocytes (P < 0.01; Fig.  3A). In addi-
tion, Confocal showed that mitochondria content was 

significantly reduced in aged oocytes (P < 0.01; Fig.  3B), 
accompanied by significantly decreased MMP, increased 
cytosolic ROS and  Ca2+ levels (Ps < 0.01; Fig.  3C–E). 
These evidences demonstrate the detrimental effects of 
age on mitochondrial quantity and quality in oocytes.

In previous studies, we compared various types of 
autologous primary cells. Among all cell types, USC 
demonstrated round shaped mitochondria and a rela-
tive low ROS level similar to oocytes, as well as abundant 
mitochondrial content, relative vigorous mitochondrial 
activity and cellular metabolism.

To further verify the mitochondrial genomic biosecu-
rity of USC, we performed whole mitochondrial genome 
sequencing on 2 cases of young USC and 2 cases of aged 
USC (Additional file 3: Fig. S5). We did not observe obvi-
ous differences in the number of SNVs and InDels in 
the D-loop, Gene, tRNA, and rRNA regions of the USC 
mitochondrial genome, and there was no significant dif-
ference in the number of different types of SNVs and 
InDels in the coding region (Additional file 3: Table S1). 
Pathogenicity prediction analysis by MutPred and Poly-
phen-2 HumVar found no pathogenic SNVs and InDels 
loci with high heterogeneity scores.

Considering USC can also be easily obtained by non-
invasive procedure and large-scale expanded, it can act as 
a superior autologous donor cell for oocyte cytoplasmic 
mitochondria transfer.

Autologous non‑invasively USC‑derived mitochondrial 
transfer improves mitochondrial content and function 
of human early embryos, especially in the advanced age
Mature oocytes (MII stage) were obtained through in-
vitro maturation (IVM) culture of immature oocytes (GV 
or MI stage) from IVF/ICSI patients. Clinical character-
istics of donors were listed in Additional file 3: Table S2. 
Finally, 42 mature oocytes of the young population and 
29 mature oocytes of the population with advanced age 
were included in the following study, and oocytes were 
further randomized to the corresponding conventional 
ICSI group and Mito ICSI group. The proportions of 
GV and MI stage-derived oocytes between the control 
and treatment groups remained generally consistent. For 
different age groups, USC mitochondria from young or 
aged populations were extracted, and transferred during 

(See figure on next page.)
Fig. 2 USC shows vigorous metabolism on glycolysis, OXPHOS and mitochondrial genome expression activity. A Analysis of glycolytic mRNA 
expression levels by RT-PCR. B Normalized extracellular acidification rate (ECAR) detected by Seahorse XFe96 analyzer. C Quantification of glycolysis 
level. D Quantification of glycolytic capacity. E Analysis of tricarboxylic acid cycle (TCA) mRNA expression levels by RT-PCR. F Normalized oxygen 
consumption rate (OCR) detected by Seahorse XFe96 analyzer. G Quantification of ATP turnover. H Quantification of maximal respiration. I The 
mRNA expression level of 13 electron transport chain (ETC) genes encoded by mitochondrial genomes was analyzed by RT-PCR. Data are shown 
as means ± SEM. Each scatter represents an independent biological individual. One-way ANOVA, LSD test. *P < 0.05, **P < 0.01
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Fig. 2 (See legend on previous page.)



Page 7 of 14Jiang et al. Biological Research           (2023) 56:60  

the ICSI process (Fig. 4A, a). For the detailed Mito ICSI 
operation process, see Additional file 2: Movie S1.

As shown in Fig. 4A, we observed the general embry-
onic development in the control group (Grade IV 
embryos on day 3, b; Grade 6CB blastocysts on day 6, 
c) and the Mito ICSI group (fertilization and 2PN for-
mation on day 1, d; Grade I 8-cells embryos on day 3, 
e; Grade 3BC blastocysts on day 5, f ). Confocal analysis 
showed that the mitochondrial content of early embryos 
in the population with advanced age was significantly 
lower than that in the young, but after USC mitochon-
drial transfer, the mitochondrial content of both young 
and aged embryos increased significantly (Ps < 0.01; 
Fig.  4B), revealing the effective mitochondrial transfer 
process during ICSI. Futher, we analyzed cytoplasmic 
physiological state and mitochondrial function. Com-
pared with young embryos, aged embryos demonstrated 
lower MMP, and higher levels of cytosolic ROS and  Ca2+ 
(Ps < 0.01; Fig. 4B, C). After USC mitochondrial transfer, 
significant increase of MMP and decrease of  Ca2+ were 
observed in both young and aged embryos (Ps < 0.01; 
Fig.  4B, C), however, the improvement was generally 
greater in the advanced age. Besides, the aged embryos 
also showed significantly decreased cytosolic ROS after 
mitochondrial transfer, but no difference was observed in 
the young embryos (Fig. 4C).

Autologous non‑invasively USC‑derived mitochondrial 
transfer improves morphological development 
and euploidy rate of human early embryos with advanced 
age
Morphological evaluation of early embryos is listed in 
Table  1. Although not statistically significant due to 
the limited number of available embryos, we observed 
an upward trend in the rate of 7–10 cell embryos at 
EDD3 in both of the young and old population after 
mitochondria transfer, with the young group rose from 
9.5% (2/21) to 23.8% (5/21), and the elderly group rose 
from 26.7% (4/15) to 50.0% (7/14). In addition, in old 
populations with mitochondria transfer, we also found 
an upward trend in the rate of good-quality embryos 
at EDD3 which increased from 20.0% (3/15) to 42.9% 
(6/14), and the rate of blastocyst formation at EDD5 

which increased from 13.3% (2/15) to 21.4% (3/14). 
Moreover, one high-quality blastocyst (Grade 4BB) was 
obtained only in the advanced age with mitochondria 
transfer (1/14).

Interestingly, in the conventional ICSI groups, 
decreased formation rates of good-quality embryos and 
7–10 cell embryos at EDD3, as well as blastocyst for-
mation rates at EDD5, were found in the young popu-
lation when compared to the advanced age. Actually, 
clinical immature oocytes obtained from the young and 
elderly patients have their own developmental prob-
lems, which may be related to the aging factor in the 
population with advanced age, and may also be caused 
by a number of complex factors in the young popula-
tion that we do not yet fully understand, despite our 
inclusion criteria have excluded a range of basic dis-
eases. This phenomenon of improvement in the early 
embryonic development after mitochondria transfer 
in the elderly may explain the dominant role of age-
mitochondrial related abnormalities in this popula-
tion, while the young population seems to be associated 
with more abnormal non-mitochondrial related factors, 
which needs to be further explored in future studies.

Further, we detected the euploidy rate of early 
embryos in the Control and the MITO ICSI group of 
both the young and elderly population (Table  1). Due 
to the poor quality of the embryos derived from clini-
cally discarded immature oocytes, the average detec-
tion rates were around 50%. Encouragingly, consistent 
with our previous observations in embryo morphology, 
the highest detection rate was found in the advanced 
age with mitochondria transfer (77.8%, 7/9). Moreover, 
among all embryos, 2 euploid embryos were found only 
in the advanced age with mitochondria transfer (28.6%, 
2/7), however, the other groups were all aneuploid or 
mosaic embryos. Although not statistically significant 
due to the limited number of available embryos, the 
results suggest that mitochondria transfer in IVF pop-
ulations with advanced age may exert favorable effects 
on the restoration of embryo euploidy. Representative 
results of euploidy, aneuploidy (segmental aneuploidy, 
complex aneuploidy), and mosaicism were shown in 
Additional file 3: Fig. S6.

Fig. 3 Aberrant phenotype of mitochondrial physiology in aged oocytes. A Mitochondrial morphology of human young and aged oocytes 
under transmission electron microscopy (TEM). Scale bars, 500 nm. B Mitochondrial content (indicated by Mitotracker green) was observed 
under the confocal microscope. Scale bars, 50 μm. C Cytosolic  Ca2+ levels (indicated by Fluo-4) were observed under the confocal microscope. Scale 
bars, 50 μm. D Mitochondrial membrane potential (MMP, indicated by TMRM) were observed under 3D confocal microscope. Scale bars, 50 μm. E 
Cytosolic reactive oxygen species (ROS, indicated by DCF) were observed under 3D confocal microscope. Scale bars, 50 μm. The relative abundance 
of average fluorescence intensity or area was quantified. Data are shown as means ± SEM. Each scatter represents an independent biological 
individual. Unpaired two-tailed Student’s t-test. *P < 0.05, **P < 0.01

(See figure on next page.)
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Fig. 3 (See legend on previous page.)
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Discussion
Our study suggests that, USC can be considered as 
superior donor cells for autologous oocyte cytoplasmic 
mitochondria transfer for its advantage of mitochon-
drial physiology, quantity, activity, metabolism, biosafety, 
urogenital origin and its non-invasive acquisition. Sup-
plementation of functional mitochondria by USC mito-
chondria transfer may restore embryonic euploidy and 
normal embryonic development by improving mito-
chondrial content, function and metabolism, especially 
for the population with advanced age or mitochondrial 
abnormalities.

This is a fact that the associations between cell prolif-
eration, mitochondrial metabolism, and mitochondrial 
dynamics are quite complex among different stem cell 
types, and may be highly plastic and context-dependent 
[32]. Actually, the cellular mitochondrial network is con-
stantly regulated by a continuous cycle of mitochondrial 
fusion and fission [33]. The dynamic balance between 
the two is critical for mitochondria to acquire the mor-
phological structure needed to fulfill the specific cellular 
requirements, as well as to rapidly respond to environ-
mental cues and adapt to bioenergetic needs [34]. Fused, 
interconnected mitochondrial structures are commonly 
found in cells that are metabolically active and mainly 
rely on OXPHOS for energy production. In contrast, 
non-fused spherical mitochondria are generally more 
common in quiescent or glycolytic-dominant cells [35]. 
Many studies have reported that the metabolic pattern 
of glycolysis as well as the non-fused spherical mito-
chondria may represent a feature of stemness [32]. One 
possible reason for this metabolic state of stem cells may 
be to maintain stem cell homeostasis by reducing mito-
chondrial metabolism and the production of harmful free 
radicals, which is similar to the naive mitochondrial mor-
phology and metabolic characteristics of the oocyte stage 
[22].

In our study, compared with other available autologous 
cells, USC mitochondria demonstrated non-fused spheri-
cal morphology, sufficient quantity, low ROS level, and 
robust and bivalent metabolism dependent on both gly-
colysis and OXPHOS. Besides, among all cell types, the 
mitochondrial number, activity, and metabolic capacity 

of USC are least affected by age, and related mitochon-
drial parameters remain at a relatively high level in both 
the young and the elderly. These findings suggest that the 
cytoplasmic environment and metabolic requirements 
of USC mitochondria may be more similar to the oocyte 
and early embryo stage than other MSCs, which may 
benefit from its original source of urogenital tract.

After confirming the USC mitochondrial biosafety by 
whole mitochondrial genome sequencing, early embryos 
after USC mitochondria transfer show improvements in 
mitochondrial content, MMP, cytoplasmic  Ca2+ level, 
embryo morphological parameters and euploidy rates, 
with which these changes are more prominent in the 
elderly population. We also find that embryonic oxidative 
stress status and ploidy rates are improved in the elderly 
after USC mitochondria transfer, suggesting that USC 
mitochondria transfer may be more therapeutically ben-
eficial for the improvement of embryo quality associated 
with age related mitochondrial abnormalities.

In the field of assisted reproduction, the phenom-
enon of mitochondrial abnormalities in oocytes from 
patients with advanced age or DOR has been reported 
by the literature scatterly [3, 36]. Our previous study 
showed that mitochondrial morphology, quantity and 
function of ovarian germline granulosa cells (GC) is 
severely changed among IVF patients with low prog-
nosis, especially these elderly patients with DOR [37]. 
Our current results further confirm the fact that, in 
aged oocytes and early embryos, a series of physiologi-
cal problems including mitochondrial morphology, 
mtDNA copy number, MMP, oxidative stress as well 
as cytosolic  Ca2+ levels are impaired. Mitochondria-
targeted treatment, including both drug therapy and 
novel techniques, become prospective stratages for IVF 
patients with advanced age or mitochondrial genetic 
diseases [38–40]. As early as the end of the twentieth 
century, heterologous ooplasmic transfer was used to 
improve oocyte quality in some European countries 
and achieved a certain degree of therapeutic results 
[9–11]. More than 30 children were born through this 
technique, and no abnormal follow-up has been found 
in the offspring yet [41]. However, its clinical applica-
tion was prohibited due to possible negative effects 

(See figure on next page.)
Fig. 4 Improvement of mitochondrial content and function in embryos after USC mitochondria transfer. A Representative images of early embryo 
development in the Control and MITO ICSI groups. a Co-injection of single sperm with USC-derived mitochondria during ICSI; b-c Grade IV embryos 
on day 3 (b) and Grade 6CB blastocysts on day 6 (c) in the Control group; d-f Fertilization and 2PN formation on day 1 (d), Grade I 8-cells embryos 
on day 3 (e), and Grade 3BC blastocysts on day 5 (f) in the MITO ICSI group. B Mitochondrial content (indicated by Mitotracker green) and cytosolic 
 Ca2+ (indicated by Fluo-4) were observed under confocal microscope. Scale bars, 50 μm. C MMP (indicated by TMRM) and cytosolic ROS (indicated 
by DCF) were observed under 3D confocal microscope. The relative abundance of average fluorescence intensity or area was quantified. Data are 
shown as means ± SEM. Each scatter represents an independent biological individual. Unpaired two-tailed Student’s t-test. *P < 0.05, **P < 0.01



Page 10 of 14Jiang et al. Biological Research           (2023) 56:60 

Fig. 4 (See legend on previous page.)
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mediated by mito-nuclear interactions following allo-
geneic mitochondrial genome replacement and ethical 
issues related to third-party genetic materials [13, 42], 
besides, the basic research on its effect is also quite 
lacking. Our study provides evidence and possibil-
ity for the autologous mitochondria transfer in infer-
tile females without invasive and ethical concerns, and 
opens up a new and broad prospect in the field of infer-
tility to some extent. However, whether the transfer of 
autologous mitochondrial genomes might pose risks to 
the viability and development of early-stage embryos 
still needs to be evaluated in future studies.

Our study is an in-vitro basic research on human 
early embryos, and does not involve clinical evalua-
tion after embryo transfer. Therefore, further clinical 
trials are still needed to confirm its therapeutic effects 
on clinical pregnancies rates, miscarriage rates and live 
birth rates.

Conclusions
Autologous USC-derived mitochondria transfer may 
serve as a novel modality for the improvement of clini-
cal outcomes in infertile patients with advanced age or 
unexplained repeated IVF/ICSI failures in the future. 
It provides evidence and possibility for the autologous 
treatment of infertile females without invasive and ethi-
cal concerns.

Materials and methods
Study design
The objective of the present study was to (i) screen out 
the superior autologous mitochondrial donor cells which 
was biofunctionally appropriate, easily accessible, highly 
biosecure and suitable for oocyte cytoplasmic mitochon-
dria transfer, (ii) verify the mitochondrial physiological 
differences between the young and aged oocytes, and 
(iii) explore the effect and possible mechanism of supe-
rior stem cell-derived mitochondria transfer on early 
embryonic development among the young and old IVF 
populations.

Bone marrow, adipose, and urine-derived primary 
MSC (BMSC, ADSC, USC) and ovarian germline GC 
were comprehensively assessed for multiple param-
eters including mitochondrial morphology, mtDNA 
copy number, mitochondrial activity, metabolic capacity 
and patterns. Whole mitochondrial genome sequencing 
was performed to validate the biosecurity of transferred 
mtDNA. Among the oocytes of the young and old IVF 
population, we analyzed mitochondrial morphology, 
mitochondrial content, mitochondrial membrane poten-
tial (MMP), cytosolic ROS and  Ca2+ levels to clarify the 
differences in potential mitochondrial physiology. Finally, 
we extracted USC mitochondria from corresponding 
young and old IVF populations and co-injected them 
with single sperm during ICSI. The effect of mitochon-
drial transfer on early embryo development between 

Table 1 Evaluation of embryo morphological and ploidy between the Control and Mito ICSI group

Data are shown as percentages. Pearson Chi-Square (n ≥ 40) and Fisher’s Exact Test (n < 40)

PN pronuclear, EDD1 the 1st day of embryo development, EDD3 the 3rd day of embryo development, EDD5 the 5th day of embryo development, Mbp mega base pairs

Young Old

Normal ICSI Young source Mito ICSI P‑value Normal ICSI Old source Mito ICSI P‑value

Embryo morphological evaluation

 No. of embryo screened 21 21 15 14

 Rate of fertilization (2PN) at EDD1 (%) 71.4 (15/21) 76.2 (16/21) 0.73 73.3 (11/15) 71.4 (10/14) 0.62

 Rate of good-quality embryos at EDD3 (%) 4.8 (1/21) 9.5 (2/21) 0.55 20.0 (3/15) 42.9 (6/14) 0.18

 Rate of 7–10 cell embryos at EDD3 (%) 9.5 (2/21) 23.8 (5/21) 0.21 26.7 (4/15) 50.0 (7/14) 0.18

 Rate of blastocyst formation at EDD5 (%) 9.5 (2/21) 4.8 (1/21) 0.55 13.3 (2/15) 21.4 (3/14) 0.47

 Rate of good-quality blastocyst at EDD5 (%) 0.0 (0/21) 0.0 (0/21) – 0.0 (0/15) 7.1 (1/14) 0.48

Embryo ploidy detection

 No. of embryo screened 10 8 7 9

 Detection rates (%) 50.0 (5/10) 50.0 (4/8) 0.68 42.9 (3/7) 77.8 (7/9) 0.18

 Euploid (%) 0.0 (0/5) 0.0 (0/4) – 0.0 (0/3) 28.6 (2/7) 0.47

Aneuploid (%)

 Segmental aneuploidy (≥ 10 Mbp) (%) 20.0 (1/5) 25.0 (1/4) 0.72 33.3 (1/3) 14.3 (1/7) 0.53

 Complex aneuploidy (≥ 3 variations) (%) 60.0 (3/5) 75.0 (3/4) 0.60 66.7 (2/3) 57.1 (4/7) 0.67

 Trisomy (%) 0.0 (0/5) 0.0 (0/4) – 0.0 (0/3) 0.0 (0/7) –

 Monosomy (%) 0.0 (0/5) 0.0 (0/4) – 0.0 (0/3) 0.0 (0/7) –

 Mosaic (%) 20.0 (1/5) 0.0 (0/4) 0.56 0.0 (0/3) 0.0 (0/7) –
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different age groups was evaluated by embryo morphol-
ogy, euploidy, mitochondrial content, MMP, cytosolic 
ROS and  Ca2+ levels. Please see the detailed experimental 
methods in the Additional file 1: Methods.

The oocytes used in this study were obtained by in vitro 
maturation (IVM) culture of discarded immature eggs 
(GV or MI stage) from IVF/ICSI patients at the Assisted 
Reproductive Technology (ART) Center of Peking 
University People’s Hospital (Beijing, China). Mature 
MII oocytes were divided into young group (< 35) and 
advanced age group (≥ 35) according to age. Each age 
group was randomly assigned to the conventional ICSI 
group and the ICSI with mitochondria group. A total of 
71 oocytes available for research were included. Primary 
GC and USC were isolated and cultured from discarded 
follicular fluid and urine of IVF/ICSI patients at the ART 
Center of Peking University People’s Hospital. Primary 
BMSC and ADSC were donated by the Department of 
Hematology and Obstetrics of Peking University Peo-
ple’s Hospital. Various types of primary cells were divided 
into young group (< 35) and advanced age group (≥ 35) 
according to age, and finally, there are 13 cases of pri-
mary young GC, 13 cases of aged GC, 12 cases of young 
USC, 12 cases of aged USC, 6 cases of young BMSC, 7 
cases of aged BMSC, 6 cases of young ADSC, 7 cases of 
aged ADSC were obtained for research use. All included 
individuals were excluded from polycystic ovarian syn-
drome, endometriosis, chromosomal abnormalities or 
other chronic diseases (e.g., cardiovascular, endocrine, 
autoimmune diseases, and tumors).

For detailed experimental methods, please refer to 
Additional file 1: Methods.

Study approval
This is an in-vitro basic research conducted on human 
early-stage embryos, with samples sourced from dis-
carded oocytes and oocytes matured through in  vitro 
induction within the ART Center of Peking University 
People’s Hospital (Beijing, China). The use of these sam-
ples was based on patient consent and ethical commit-
tee approval by the institutional review board of Peking 
University People’s Hospital, exclusively for experimental 
research purposes. No financial interests were involved 
in the donation process.

Statistics
Statistical analysis was performed using SPSS 25.0 (IBM). 
Data were plotted using Prism 9.0 (GraphPad). Unless 
stated otherwise, data are presented as means ± SEM. 
Data points represent independent biological sam-
ples. Variable differences between the two experimental 
groups were assessed using paired or unpaired two-tailed 
Student’s t-test, as indicated in figure legends. One-way 

analysis of variance (ANOVA) followed by LSD test was 
used for comparisons of multiple treatment groups. Pear-
son Chi-Square (n ≥ 40) and Fisher’s Exact Test (n < 40) 
were used to examine the frequency distribution between 
the two groups. Shapiro–Wilk and Levene test were used 
to examine normality, and homogeneity of variance. Data 
with skewed distributions were transformed logarithmi-
cally to approximate normality before analysis. A P value 
of < 0.05 was considered statistically significant.
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IVF  In vitro fertilization
ICSI  Intracytoplasmic sperm injection
DOR  Diminished ovarian reserve
mtDNA  Mitochondrial DNA
ROS  Reactive oxygen species
MMP  Mitochondrial membrane potential
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OSC  Ovarian germline-derived ovarian stem cells
MSC  Mesenchymal stromal cells
ADSC  Adipose-derived mesenchymal stromal cells
BMSC  Bone marrow-derived mesenchymal stromal cells
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USC  Urine-derived mesenchymal stromal cells
GC  Ovarian germline granulosa cells
UGT   Urogenital tract
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OCR  Oxygen consumption rate
ETC  Electron transport chain
OXPHOS  Oxidative phosphorylation
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Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s40659- 023- 00470-1.

Additional file 1: Methods.  

Additional file 2: Movie S1. The operation process of USC-derived mito-
chondria transfer during ICSI. 

Additional file 3: Fig. S1. The isolation and culture process of primary 
USC (A), GC (B), BMSC (C) and ADSC (D). Scale bars, 50 μm. Fig. S2. 
Identification of GC-specific surface marker FSHR. A Negative control. B 
Primary GC were positive for FSHR expression (stain brown). Scale bars, 
50 μm. Fig. S3. USC tri-lineage differentiation in vitro. A Oil red O staining 
indicated lipid droplet formation after 21 days of in vitro adipogenic 
differentiation of USC. Scale bars, 50 μm. B, C In vitro osteogenic dif-
ferentiation of USC after 14 days was identified by Alizarin red staining 
(B) and ALP staining (C) to indicate calcium nodule formation. Scale bars, 
250 μm. D–F After 28 days of in vitro chondrogenic differentiation of USC, 
Toluidine blue (D), Safranin-O (E) and Masson’s trichrome (F) stainings 
revealed the presence of collagen and glycosaminoglycan (GAG) in the 
extracellular matrix. Scale bars, 50 μm. Fig. S4. The positive expressions 
of MSC surface specific markers in USC (A), BMSC (B) and ADSC (C). Black 
peaks represented isotype controls and green peaks represented various 
markers. All primary cells showed CD105 (+), CD73 (+), CD44 (+), HLA-DR 
(-), CD34 (-), CD45 (-). Fig. S5. Whole mitochondrial genome sequencing 
of 2 pairs of young and old USC. A Mitochondrial Circos map of YOUNG 
USC 1. B Mitochondrial Circos map of YOUNG USC 2. C Mitochondrial 
Circos map of OLD USC 1. D Mitochondrial Circos map of OLD USC 2. 
According to the structure of mitochondria, the Circos drawing is carried 
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out according to the statistical depth. The Circos diagram has a total of 4 
circles from the outside to the inside. The first ring is the mitochondrial 
H strand; the second ring is the mitochondrial L strand; in the third ring, 
the blue part is the coverage depth of each site of the mitochondria; the 
fourth ring is the position scale of the mitochondria. Fig. S6. Representa-
tive results of embryo ploidy by SurePlex WGA. A Representative result of 
euploid blastocyst from the Mito-ICSI group. B Representative result of 
segmental aneuploidy (≥ 10 Mbp) with deletion of ch.22q11.1-q13.33. C 
Representative result of complex aneuploidy (≥ 3 variations) with deletion 
of ch.4p16.3-q35.2, mosaicism at ch.6 and ch.14. D Representative result of 
mosaicism with both the partial duplication and deletion of multiple chro-
mosomes. The black arrows represent the site of abnormal chromosomes. 
WGA, whole genome amplification Table S1. Comparison of USC mito-
chondrial genome sequencing between the young and old populations. 
Table S2. Clinical characteristics of IVF/ICSI donors of immature oocytes.
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