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Mitochondrial enrichment in  
infertile patients: a review of different 
mitochondrial replacement therapies
Cristina Rodríguez-Varela , Sonia Herraiz and Elena Labarta 

Abstract: Poor ovarian responders exhibit a quantitative reduction in their follicular pool, 
and most cases are also associated with poor oocyte quality due to patient’s age, which 
leads to impaired in vitro fertilisation outcomes. In particular, poor oocyte quality has been 
related to mitochondrial dysfunction and/or low mitochondrial count as these organelles 
are crucial in many essential oocyte processes. Therefore, mitochondrial enrichment has 
been proposed as a potential therapy option in infertile patients to improve oocyte quality 
and subsequent in vitro fertilisation outcomes. Nowadays, different options are available 
for mitochondrial enrichment treatments that are encompassed in two main approaches: 
heterologous and autologous. In the heterologous approach, mitochondria come from an 
external source, which is an oocyte donor. These techniques include transferring either a 
portion of the donor’s oocyte cytoplasm to the recipient oocyte or nuclear material from 
the patient to the donor’s oocyte. In any case, this approach entails many ethical and safety 
concerns that mainly arise from the uncertain degree of mitochondrial heteroplasmy 
deriving from it. Thus the autologous approach is considered a suitable potential tool to 
improve oocyte quality by overcoming the heteroplasmy issue. Autologous mitochondrial 
transfer, however, has not yielded as many beneficial outcomes as initially expected. 
Proposed mitochondrial autologous sources include immature oocytes, granulosa cells, 
germline stem cells, and adipose-derived stem cells. Presently, it would seem that these 
autologous techniques do not improve clinical outcomes in human infertile patients. 
However, further trials still need to be performed to confirm these results. Besides these 
two main categories, new strategies have arisen for oocyte rejuvenation by improving 
patient’s own mitochondrial function and avoiding the unknown consequences of third-party 
genetic material. This is the case of antioxidants, which may enhance mitochondrial activity 
by counteracting and/or preventing oxidative stress damage. Among others, coenzyme-Q10 
and melatonin have shown promising results in low-prognosis infertile patients, although 
further randomised clinical trials are still necessary.
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Review

Introduction
Ovarian ageing is one of the main causes of infer-
tility in poor ovarian responders (POR), along 
with genetic or physiological factors (such as obe-
sity and genetic polymorphisms affecting gonado-
tropin receptors), which can alter women’s 
responsiveness to ovarian stimulation.1 Ovarian 

ageing, regardless of it being premature or physi-
ological, reduces the ovarian reserve, character-
ised by a quantitative and qualitative alteration of 
oocytes.2 Hence this condition results in not only 
poor response to ovarian stimulation, but also in 
poor oocyte quality, especially in those POR  
of advanced maternal age. This in turn cuts 

https://doi.org/10.1177/26334941211023544
https://doi.org/10.1177/26334941211023544
https://uk.sagepub.com/en-gb/journals-permissions
https://uk.sagepub.com/en-gb/journals-permissions
https://journals.sagepub.com/home/reh
mailto:cristina.rodriguez@ivirma.com
mailto:cristina.rodriguez@ivirma.com


2 journals.sagepub.com/home/reh

Therapeutic Advances in Reproductive Health 15

pregnancy chances by in vitro fertilisation (IVF) 
techniques.3

In particular, poor oocyte quality is characterised 
by impaired nuclear and/or cytoplasmic matu-
rity. It has been recently related to either mito-
chondrial dysfunction or low mitochondrial 
count as these organelles are crucial for acquiring 
oocyte competence. These two conditions are 
also associated with the ageing process. On one 
hand, mtDNA mutations accumulate over time, 
insofar as a higher mtDNA mutation rate present 
in aged oocytes may cause their mitochondrial 
dysfunction.2 On the other hand, as a measure of 
mitochondrial content, low mitochondrial DNA 
(mtDNA) levels have been found in aged oocytes 
from not only advanced maternal age but also 
from diminished ovarian reserve patients com-
pared to oocytes from women with normal ovar-
ian reserves.4

Mitochondria are the powerhouse organelles of 
cells, as they are the main source of energy that 
comes in the form of adenosine triphosphate 
(ATP). This molecule is essential in oocytes for 
successful meiotic spindle assembly, proper chro-
mosome segregation, maturation, fertilisation, 
and subsequent pre-implantation embryogenesis. 
Mitochondria also play a role in Ca2+ homeosta-
sis, apoptosis regulation, and management of the 
oxidative stress, which are crucial processes for 
proper fertilisation and embryo development.5 
Consequently, an alteration of these mechanisms 
could compromise oocyte quality and further 
embryo development. Indeed, low ATP content 
has been related to increased fertilisation failure, 
arrested division, and abnormal embryo develop-
ment in infertile patients.6

Hence an optimal number of functional mito-
chondria are crucial to acquire oocyte competence 
but also for proper blastomere survival in the 
developing embryo.7 However, mitochondrial rep-
lication is inhibited during embryo development.8 
One plausible explanation may be to keep mtDNA 
mutations at a minimum, given its high exposure 
to free radicals, along with its poor genomic repair 
and protective mechanisms compared to nuclear 
genetic material.9 Therefore, both the number 
and quality of mitochondria present in mature 
oocytes determine the total number and quality of 
the mitochondria present in the peri-implanta-
tional blastocyst and are randomly distributed 

among all blastomeres during embryo develop-
ment until the hatched blastocyst stage.10 Indeed, 
a minimum mtDNA copy number threshold in 
the mature oocyte has been proposed to enable 
embryo development.11

By taking into account the close relation between 
mitochondrial function/quantity and oocyte/
embryo quality, mtDNA has been proposed as a 
potential biomarker for IVF outcome. Regarding 
the metaphase II (MII) oocyte, a higher content of 
mtDNA relates to better oocyte quality and devel-
opment potential,12 but mtDNA content in blas-
tocyst stage cells is low compared to oocyte cells as 
a result of the dilution of mitochondria between 
embryonic cells throughout development.10 Thus 
unlike mature oocytes, a higher mtDNA content 
in the blastocyst stage has been related to  
aneuploidy,12,13 implantation failure12,14 and poor 
embryo morphology.14 It has been hypothesised 
that mtDNA in blastocyst stage cells replicates as 
a response to any stresses or threats that could 
compromise their viability.15

Mitochondrial replacement techniques for 
oocyte rejuvenation
The clinical management of POR women in ART 
includes modified ovarian stimulation protocols 
or using exogenous adjuvants in an attempt to 
increase the number and quality of retrieved 
oocytes,16 although no specific approach has been 
demonstrated to significantly increase the ovarian 
response in all POR patients. Innovative proce-
dures using stem cell ovarian infusion are already 
being investigated based on the assumption that 
the factors secreted from these cells may improve 
the follicular niche and, hence, promote follicular 
growth.17 In contrast, strategies enhancing the 
quality of already-available oocytes constitute 
another possibility to improve IVF outcomes in 
these patients.

Poor oocyte quality in POR patients can be 
improved by oocyte rejuvenation. In past dec-
ades, several cytoplasmic replacement techniques 
have emerged to accomplish this, given the cru-
cial role of mitochondria and many other cellular 
components in achieving oocyte competence. 
These emerging therapeutic strategies are based 
on the assumption that several RNAs, proteins, 
energy-producing components, mitochondria, 
and many other yet undetected factors,18 exist in 
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the cytoplasm of young and healthy oocytes that 
contribute to the correct function of these cells. 
Therefore, the transfer of these components could 
promote oocyte rejuvenation by enhancing its 
subsequent maturation, fertilisation and embryo 
development.

Of these cytoplasmic components, mitochondria 
are the main treatment target given their proven 
crucial role in oocyte acquisition of competence 
and subsequent embryo development. Currently, 
heterologous and autologous approaches for 
mitochondrial replacement are employed for 
oocyte rejuvenation with varying success rates. 
Initially, the first therapeutic strategies focus on 
replacing the cytoplasm,19–23 while later 
approaches centre on the direct isolation and 
replacement of purified mitochondria.24–26

In the sections below, we describe the main thera-
peutic strategies using young cytoplasm dona-
tions or purified functional mitochondria of either 
heterologous or autologous sources to restore 
oocyte quality and, therefore, improve clinical 
reproductive outcomes in infertile patients.

Heterologous approach
The source of mitochondria in the heterologous 
approach is healthy oocytes from donors. 
Mitochondrial enrichment can be performed in 
this context by relocating a healthy cytoplasm 
into the patient’s oocyte (partial cytoplasm trans-
fer) or replacing the compromised cytoplasm with 
a competent one by means of nuclear transfer 
technology (total cytoplasm transfer) (Figure 1).

Partial cytoplasm transfer. The first technique 
designed to overcome impaired oocyte quality 
was ooplasmic transfer (OT), also called cyto-
transfer, and has laid the foundations of oocyte 
rejuvenation treatments. Since the first attempt of 
OT in mice,27 many other studies have applied 
different techniques to enhance oocyte quality in 
both animal and human models.

OT involves transferring a cytoplasm portion 
from a donor’s oocyte to the patient’s oocyte to 
introduce potentially beneficial components that 
might restore oocyte viability.28 OT can be syn-
chronous or asynchronous for the relation 
between the donor and the recipient oocytes. In 
the synchronous transfer, the donor and recipient 

share the same developmental stage, and it is usu-
ally performed from an MII to an MII oocyte.29 
In the asynchronous transfer, donor and patient 
oocytes are in different development stages, such 
as from a tripronucleated zygote to an MII 
oocyte.30 This technique can also be performed 
by either the electrofusion of the donor’s enucle-
ated cytoplasm with the recipient oocyte or inject-
ing the donor enucleated cytoplasm at the same 
time as the spermatozoa during the intracytoplas-
mic sperm injection (ICSI) procedure.19,28

In 1997, Cohen and colleagues19 announced the 
first human pregnancy after OT. Following this 
achievement, this method has been successfully 
used in low-prognosis patients.28,30,31 Despite 
these good results, in 2001, the Food and Drug 
Administration (FDA) suspended its use owing 
to ethical and technical concerns,32 as the intro-
duction of foreign cytoplasm leads to mitochon-
drial heteroplasmy in the patient’s oocyte. It has 
been suggested that the presence of the third 
genetic material (mtDNA from the donor) could 
interfere with the close communication between 
the nuclear and mitochondrial DNA from the 
recipient and may lead to unpredictable conse-
quences for not only the developing embryo but 
also for the offspring’s subsequent long-term 
health.33,34 In any case, these potential conse-
quences are still under debate, and its safety 
remains to be clarified, as there are opposite 
points of view in this respect.35

Total cytoplasm transfer. Mitochondrial hetero-
plasmy in the offspring and its unknown conse-
quences have led to alternative strategies being 
proposed to improve oocyte quality. Germinal 
vesicle (GV), spindle, pronuclear, polar body and 
blastomere transfer constitute different ways of 
relocating the genetic material from a patient’s 
compromised oocyte or zygote to a healthy cyto-
plasm. Unlike OT, this approach allows the pos-
sibility of reducing the amount of the patient’s 
mitochondria transferred along with the genetic 
material into the reconstructed oocyte.

GV transfer: The GV is the nuclear structure of 
an immature oocyte in prophase I of the first 
meiosis, a stage in which human oocytes are 
arrested for varied time periods until final matu-
ration.36 Indeed, this technique was initially pro-
posed to treat advanced maternal age patients 
because it can prevent the age-related increase in 
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Figure 1. Schematic representation of the different heterologous mitochondrial replacement techniques.

chromosomal abnormalities deriving from the 
first meiosis.

GV transfer consists of relocating the GV from 
the compromised oocyte to an enucleated healthy 

oocyte in the same developmental stage by elec-
trofusion, subsequently matured in vitro to the 
MII stage.37 Enucleation must be performed in 
oocytes previously treated with cytochalasin B 
(CB), a cytoskeleton disrupting agent that avoids 

https://journals.sagepub.com/home/reh


C Rodríguez-Varela, S Herraiz et al.

journals.sagepub.com/home/reh 5

the manipulation-induced extrusion of the first 
polar body (PB1).38 After fertilisation, a zygote is 
generated with healthy mitochondria from the 
donor, but with nuclear DNA from its original 
parents.

The first GV transfer in humans was performed in 
1999 by Zhang’s group. In this study, up to 80% 
of treated oocytes successfully reached the MII 
stage, but no indications were provided on the 
reconstructed oocytes’ developmental capacity.21 
In 2004, Takeuchi and colleagues39 demonstrated 
that human oocytes reconstituted with GV nuclei 
were able to undergo maturation (with similar 
maturation rates to the study of Zhang and col-
leagues), fertilisation and early embryo develop-
ment, while maintaining normal ploidy. No live 
birth and healthy offspring have been described in 
humans yet, contrary to what has been found in 
animal studies,40,41 probably due to the current 
poor efficiency of the in vitro maturation tech-
nique in our species.

One of the main advantages of GV transfer is its 
defined structure, which eases its visualisation 
and manipulation. However, the main limitations 
of this technique include: high mitochondrial 
aggregation around the GV, which could lead to 
mitochondrial heteroplasmy after transfer;42 and 
the maturation process needed from the GV to 
the MII stage, which requires further improve-
ment.21 On one hand, the in vitro maturation 
technique itself needs to be optimized, and on the 
other hand, the use of the cytoskeleton inhibitor 
CB hampers meiotic progression. Moreover, data 
on the amount of mtDNA carryover following 
this technique on human oocytes are lacking,37 
although no detectable mtDNA was found in any 
of the reconstructed oocytes after GV transfer in 
mice.43

Spindle transfer: Nuclear genetic materials assem-
ble in a spindle structure in the metaphase of the 
second meiosis. In spindle transfer, this structure 
is transferred from the patient’s oocyte to an enu-
cleated healthy oocyte of the same developmental 
stage, by electrofusion or by employing a Sendai 
virus extract, that is, subsequently fertilised by 
ICSI.44 In humans, spindle visualisation is 
achieved by polarised light microscopy.45 
Moreover, a cytoskeletal inhibitor is required in 
order to increase survival rates during spindle 
transfer manipulation. CB treatment can be used 

prior to enucleation in order to avoid second 
polar body (PB2) extrusion.46

Spindle transfer is less invasive than GV transfer, 
as condensed chromosomes can be easily aspi-
rated with a smaller enucleation pipette and a 
minimal amount of cytoplasm,37 due to its loca-
tion at the periphery of the oocyte. Moreover, as 
spindle structure removal is a common procedure 
employed in cloning, there is more information 
available about this technique.47

Animal studies using spindle transfer offer prom-
ising results. In 2009, Tachibana and colleagues48 
demonstrated that monkey reconstructed oocytes 
following spindle transfer were capable of normal 
fertilisation and embryo development, and led to 
four live healthy offspring. However, the same 
group was unable to translate these successful 
results to humans. In this later experiment, 
around half the manipulated oocytes showed fer-
tilisation failure, although those correctly ferti-
lised proceeded to the blastocyst stage. The main 
reason proposed for this fertilisation failure was 
premature oocyte activation, which suggests 
human oocytes’ marked sensitivity to spindle 
manipulation.49

The first human live birth by spindle transfer was 
reported in 2017 in a 36-year-old woman diag-
nosed with Leigh syndrome. By this procedure, 
the authors achieved a mtDNA carryover rate 
under 6%,23 although it has been estimated that it 
can lower to less than 1%.50,51

Despite the promising results, human studies 
using spindle transfer need this technique to be 
further optimised and has been proposed as a 
potential treatment to reduce chromosomal 
abnormalities related to oocyte ageing. In 2010, 
Tanaka and colleagues transferred the spindle 
from in vitro–matured MII human oocytes as a 
model that resembles the age-induced aneuploi-
dies present in oocytes from women of advanced 
age to enucleated cytoplasms from young oocytes. 
This procedure significantly increased the num-
ber of embryos that developed to the blastocyst 
stage.52

In 2020, Costa-Borges and colleagues published 
the proof of concept of the feasibility of spindle 
transfer to overcome massive embryo develop-
mental arrest due to poor oocyte competence in a 
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sensitive mouse strain. Optimal enucleation and 
reconstruction procedures with minimal mito-
chondrial carryover have been achieved, and the 
group is currently working on the human transla-
tion of the technique (ISRCTN 11455145). To 
date, preliminary and encouraging results of a 
pilot study with 25 women, with a history of mas-
sive embryo development arrest, have been 
presented.51

Pronuclear transfer: Shortly after fertilisation, 
male and female pronuclei (PN) are visualised 
inside the zygote. Pronuclear transfer involves 
relocating the two pronuclei from the compro-
mised zygote to an enucleated healthy zygote by 
either electrofusion or inactivated Sendai virus.37 
A cytoskeletal inhibitor is also required in PN 
transfer.20

PN transfer was the first manipulation to have 
been carried out in a mammalian embryo, and it 
was initially designed to study the mouse embryo-
genesis process.53 Since then, PN transfer has 
been applied widely, and mice reconstructed 
zygotes have successfully proceeded to the blasto-
cyst stage, to be implanted and they developed to 
full term in several studies.54

The first PN transfer in humans managed to 
reduce mtDNA carryover to less than 2% in most 
reconstructed zygotes.20 However, PN transfer 
carryover is still higher than that of spindle trans-
fer, probably due to the higher size of the PN and 
their central position within the zygote, meaning 
that more cytoplasm will likely be removed dur-
ing enucleation. In any case, as described by 
Hyslop and colleagues55 in 2016, it may be pos-
sible to reduce the amount of extra cytoplasm 
removed along with the pronuclei during 
manipulation.

Although later experimental studies have obtained 
healthy human zygotes after PN transfer,56 the 
main limitation of this technique relates to the 
ethical concern of generating extra zygotes, which 
are subsequently discarded.57 This issue has led 
to arguments both in favour and against the use of 
PN transfer. It has been discussed by many ethi-
cal committees and, for instance, the Nuffield 
Council on Bioethics in the United Kingdom has 
concluded that it would be ethical to offer PN 
transfer if it was shown to be safe, independently 
of the extra discarded zygotes.58

Polar body transfer (PBT): Polar bodies are resid-
ual structures deriving from oocyte meiotic divi-
sions. PB1 appears after ovulation and, thus, 
contains a subset of bivalent chromosomes. PB2 
appears after fertilisation and, hence, has a hap-
loid set of chromatids. They are dispensable 
structures for subsequent embryo development 
because they usually degenerate within hours of 
forming.59 However, these structures contain 
genetic material complementary to the oocyte,60,61 
with fewer mitochondria62 and the advantage of 
being situated outside the oocyte surrounded by a 
membrane.63 Indeed, their external position 
allows their manipulation without requiring any 
cytoskeleton inhibitor supplementation.

PBT consists in the relocation of the PB1 or PB2, 
instead of the nuclear genetic material from the 
oocyte, to a healthy cytoplasm.64

 • PB1T: PB1 is isolated from the compro-
mised MII oocyte and is relocated in the 
enucleated donor oocyte. This oocyte is 
subsequently fertilised with the partner 
sperm, which gives rise to a reconstituted 
zygote with healthy mtDNA, as well as the 
genetic material from the patient PB1 and 
sperm in the form of pronuclei.

 • PB2T: the mature oocyte from the donor is 
fertilised with the same partner sperm. PB2 
is then transferred from the reconstituted 
zygote previously generated into the healthy 
zygote after removing the maternal pronu-
clei. Therefore, a reconstituted zygote is 
generated with healthy mtDNA, as well as 
the genetic material from the patient’s PB2 
and sperm in the form of pronuclei.22

These two procedures can be singly performed, 
or done in two subsequent steps, to take advan-
tage of both structures.

Both PB1T and PB2T have proven to produce 
offspring in mice,60,61 and their feasibility can pre-
vent the transmission of mtDNA diseases.63 Wang 
and colleagues recorded undetectable mtDNA 
carryover levels after PB1T and around 2% of 
mtDNA carryover after PB2T. In humans, func-
tional oocytes were produced after PB1T,22,65 
achieving minimum levels of mtDNA carryover 
(0.38%).66 However, PB2T has not yet been suc-
cessfully performed in human zygotes,22 probably 
due to the difficulties surrounding the enucleation 
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of the maternal pronucleus alone from the donor’s 
zygote. In 2019, Tang’s group described a novel 
strategy for PB2T, which overcomes this issue by 
transferring the PB2 into a zygote previously enu-
cleated at the MII stage. In this way, the zygote 
will have only one PN, and it will be of paternal 
origin.67

It is worth noting that these structures host the 
genetic material that, albeit complementary to 
that of the oocyte, has been discarded from it. 
This may be a reason why this material does not 
move to the oocyte in either the first or second 
meiotic division, and its movement to these resid-
ual structures was chosen instead. One possible 
explanation could be the lower recombination 
rates observed in the chromatids of PB2 due to 
meiotic drive to avoid their persistence in the 
human germline.68

Blastomere transfer: The last potential source of 
genetic material for nuclear genome transfer is the 
blastomere, which is one of the cells that shapes 
the early embryo in initial development stages. It 
presents a diploid load and is surrounded by a 
membrane. Following this technique, a blasto-
mere from an embryo is transplanted into an enu-
cleated healthy donor oocyte, which resumes 
meiosis and gives rise to a reconstituted embryo.57

The reconstituted embryo will also have mito-
chondria from the original blastomere and mito-
chondria from the donor’s oocyte.57 Indeed, high 
levels of mtDNA heteroplasmy have been regis-
tered in animal studies following this tech-
nique.69,70 For this reason, and for the high 
resemblance of the blastomere transfer with the 
procedure for cloning, there are no clinical stud-
ies using this technique in humans.57

Concerns about total cytoplasm transfer. As well 
as partial cytoplasm transfer, techniques for total 
cytoplasm transfer have led to several ethical and 
safety concerns being voiced. These concerns 
have become barriers to further research, devel-
opment and clinical translation of these tech-
niques in humans and in some countries. Despite 
this, countries such as the United Kingdom have 
researched and translated mitochondrial replace-
ment techniques to the clinic.

The main concern is related to the potential 
transmission of mitochondria from the patient 
along with the nuclear genetic material. As in the 

partial cytoplasm transfer, mtDNA heteroplasmy 
can lead to unknown consequences for the off-
spring and future generations, along with the eth-
ically controversial so-called ‘three-parent IVF’ 
newborns.

Finally, potential mtDNA mutations in the donor 
are not taken into account when these techniques 
are applied. Against all the odds, the donor’s 
recipient oocyte could carry a pathogenic muta-
tion in the mtDNA associated with mitochondrial 
disease. This could be avoided by mitochondrial 
genome sequencing prior to mitochondrial dona-
tion, as it is currently performed in the UK mito-
chondrial donation programme, for example.

Table 1 summarises the main advantages and dis-
advantages of the different options for total cyto-
plasm transfer.

Autologous approach
The unpredictable detrimental consequences 
deriving from mitochondrial heteroplasmy have 
harmed the use of heterologous transfer for mito-
chondrial enrichment. In order to overcome these 
concerns, autologous transfer has arisen as a new 
methodological oocyte rejuvenation approach 
(Figure 2).

Autologous germline mitochondrial energy trans-
fer (AUGMENT®). The oocyte pool found in 
female mammals is fixed after birth and progres-
sively declines after puberty until only a residual 
pool of dormant follicles remains upon meno-
pause onset.71 Follicular endowment is consid-
ered non-renewable, but the existence of germline 
stem cells in the adult mammalian ovary of both 
mice72 and humans73 has been reported. Although 
their potential contribution to postnatal oogene-
sis remains questionable,74 when isolated these 
ovarian stem cells constitute an autologous source 
of high-quality germline mitochondria75 from the 
same cell lineage.76

Based on this finding, the autologous germline 
mitochondrial energy transfer (AUGMENT®) 
technology was proposed. This procedure involves 
injecting autologous mitochondria into the 
patient’s oocyte at the time of ICSI, along with 
spermatozoa. Briefly, the patient undergoes lapa-
roscopy for ovarian cortex retrieval to isolate egg 
precursor cells (EggPCs) by flow cytometry with 
the human VASA analogue DDX4 antibody, a 
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Table 1. Main advantages and disadvantages of the different total cytoplasm transfer techniques available.

Total cytoplasm 
transfer technique

Main advantages Main disadvantages Estimated % mtDNA 
carryover

Germinal vesicle •   Defined structure
•   Allows the correction of 

meiosis I errors

•   In vitro maturation
•   Higher mitochondrial carryover

No data on humans

Spindle •   Less invasive
•   Well-developed technique
•   Peripheral location

•   Possible premature oocyte activation
•   Human MII oocytes are very sensitive to 

spindle manipulation
•   Needs polarised light microscopy

•   <6%23

•   <1%50,51

Pronuclear •   Membrane-enclosed 
structure

•   Easily visualised

•   Half the generated zygotes will be 
discarded

•   Larger size and central location

<2%20

Polar body •   Dispensable structure
•   External membrane–

enclosed structure
•   Low mitochondrial content

•   Residual nature of these structures and 
unknown consequences

•   In PB2T: discarded embryos.

0.38% after PB1T66

Blastomere •   Membrane-enclosed 
structure

•   No clinical studies in humans
•   Resembles cloning
•   High heteroplasmy levels

No data on humans

MII, metaphase II; mtDNA, mitochondrial DNA.

cell surface protein found in these cells. Finally, 
DDX4-positive EggPCs are centrifuged to release 
mitochondria.77

Since 2014, this technique has been tested in 166 
women involved in three different studies per-
formed by United Arab Emirates (UAE), Canada, 
Turkey, and Spain. Fakih78 and Oktay and col-
leagues79 have shown promising results, but their 
study design and results are controversial.

Fakih and colleagues reported the application of 
the AUGMENT technique in 59 patients from 
the Fakih IVF clinic in UAE, and 34 patients 
from TCART Fertility Partners in Canada. In 
this study, pregnancy rates rose above the historic 
IVF success rates for the same patients (11-fold 
and 18-fold increases in ongoing pregnancy rates 
in UAE and Canada, respectively). However, 
these results came from two different clinics and 
countries, with distinct IVF conditions and exper-
imental designs reported together. In fact, the 
Fakih Clinic followed a prospective non-ran-
domised cohort design, while the TCART Clinic 
did not include control samples.78

Oktay and colleagues tested the AUGMENT 
technique in 16 patients from Genart Ankara in 
Turkey. They reported higher fertilisation rates 

(78.3% vs 47.9%; p = 0.036) and better embryo 
quality (3.1% vs 2.3%; p = 0.082) than the 
results obtained in previous cycles from the same 
patients. Albeit promising, the small sample size, 
the retrospective intrapatient comparison, lack of 
a proper control group, and the differences in the 
IVF cycle protocol between patients are a major 
concern to properly establish the technique’s real 
effectiveness.79

Despite some controversies about these studies’ 
design, both claimed to favour the AUGMENT 
technique’s efficacy. In this context, and in order 
to test its true efficacy, Labarta and colleagues 
performed a triple-blind, randomised, single-cen-
tre controlled experimental pilot study at IVIRMA 
Valencia, Spain. This study included 57 poor-
prognosis patients with previous IVF failures and 
well-documented poor embryo quality. One of 
the main strengths of this study is its experimental 
design because in the same ovarian stimulation 
cycle for each patient, retrieved oocytes were ran-
domised (1:1 ratio) to undergo standard ICSI or 
the AUGMENT protocol, which allows an intra-
patient and intracycle comparison design to avoid 
potential bias.

Briefly, no differences were observed in the 
euploidy rate per biopsied blastocyst (43.8% in 
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the AUGMENT group vs 63.8%; p = 0.412), 
the euploidy rate per MII (9.8% in the 
AUGMENT group vs 11.9%; p = 0.541), mito-
chondrial DNA content (21.8 (interquartile range 
[IQR] = 14.6–24.7) in the AUGMENT group vs 
16.9 (IQR = 13.8–23.9); p = 0.56), or cumula-
tive live birth rate per transferred embryo (41.2% 
in the AUGMENT group vs 41.7%; p = 0.97). 
Moreover, the technique did not improve the 
embryo development potential in this specific 
population as the day-5 blastocyst formation rate 
was significantly higher in the control group 

(23.3% in the AUGMENT group vs 41.1%; 
p = 0.0001). Hence, AUGMENT does not seem 
to improve prognosis in this population.26

Despite the evident strength of the study design, 
several comments have been made since its publi-
cation. On one hand, the majority of aneuploi-
dies, particularly trisomies, usually occur during 
meiosis I,80 and mitochondria in the AUGMENT 
treatment are injected into meiosis II oocytes. 
Hence, mitochondria may be injected too late, 
and their potential benefit to the developing 

Figure 2. Schematic representation of the different autologous mitochondrial replacement techniques. Figure 
adapted from Labarta and colleagues’ study.44
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oocyte can be reduced at this development time.81 
On the other hand, the injection of isolated puri-
fied mitochondria may not be as beneficial as 
their injection in conjunction with other factors, 

such as the presence of the endoplasmic reticu-
lum, which maintains the mitochondrial func-
tion, and many other functional small molecules 
might also benefit oocyte quality.82 In addition, 
several authors question the reliability of an anti-
body-based method to isolate ovarian stem cells 
from the ovaries of adult humans and other 
animals.83,84

Hence, the AUGMENT technique did not offer 
any beneficial improvement in the clinical out-
come of poor-prognosis patients following a well-
designed randomised trial. Nonetheless, as several 
potential improvements have arisen since its pub-
lication, subsequent modified randomised trials 
should be performed to clarify these heterogene-
ous findings. Presently, it would seem that the 
AUGMENT technique, as it is currently 
designed, cannot be taken as feasible treatment to 
recover embryo quality in IVF.

Immature oocytes as a source of autologous mito-
chondria. Ovarian stem cells constitute a diffi-
cult cell population to obtain and contain 
relatively few mitochondria,85 in addition to their 
unproven beneficial effect on oocyte quality.26 
Moreover, these stem cells have yet to pass the 
mitochondrial genetic bottleneck, which is 
thought to occur during postnatal folliculogene-
sis.86 So they may contain multiple mtDNA vari-
ants related to the high mitochondrial replication 
rate in the germ line.

Immature oocytes have been proposed as an 
alternative source of autologous healthy mito-
chondria because these cells have already passed 
the genetic bottleneck, and there are several 
approaches that can be addressed to obtain these 
oocytes.

In vitro activation of dormant primordial folli-
cles: In vitro activation (IVA) of dormant pri-
mordial follicles constitutes an experimental 
technique that has achieved several pregnancies 
and live births in premature ovarian insufficiency 
patients.87,88 IVA consists in the activation and 
subsequent growth of these follicles by the up-
regulation of the PI3K-AKT signalling pathway 
responsible for follicle quiescence.89

The large cohort of follicles yielded after IVA may 
result in more mature oocytes, although their 
competence would probably be compromised by 
the patient’s age. However, increasing the cohort 
of mature oocytes would allow to use part of them 
as a source of healthy mitochondria to improve 
the oocyte quality of the remaining oocytes by 
enhancing not only the number, but also overall, 
gamete quality.85

In vitro matured or immature oocytes from ovar-
ian cryopreserved tissue: Ovarian tissue cryo-
preservation constitutes a fertility preservation 
technique that is designed to restore ovarian func-
tion after thawing and subsequent transplanta-
tion.90 It has been proven that many immature 
oocytes can be either obtained directly from antral 
follicles in the ovarian cortex or released into the 
medium during tissue preparation,91 prior to cry-
opreservation. These immature oocytes can be 
matured in vitro and then vitrified to enhance 
patients’ fertility preservation options.92

Both the immature and in vitro matured oocytes 
recovered from the ovarian cortex can also be 
employed as a source of autologous healthy mito-
chondria. Thus after cryopreserved ovarian cor-
tex transplantation and subsequent ovarian 
stimulation, these additional organelles can be 
injected into the oocytes retrieved in an effort to 
improve their quality.85

Residual immature oocytes from stimulated IVF 
cycles: In stimulated IVF cycles, exogenous gon-
adotropins are administered to magnify the num-
ber of retrieved mature oocytes.93 Of all the 
obtained oocytes, only MII oocytes can be ferti-
lised, although around 5% and 20% of recovered 
oocytes are immature.94 These immature oocytes 
may be compromised and are, thus, normally dis-
carded, but their mitochondria may be of good 
quality.

In addition, immature oocytes in small antral fol-
licles of less than 12–14 mm, which are not usu-
ally aspired, also constitute a promising source of 
autologous healthy mitochondria.85

Self-granulosa cell mitochondrial transfer. When 
considering other cell sources for mitochondrial 
transfer, granulosa is the closest related cell type to 
the oocyte. Tzeng and colleagues injected mito-
chondria that derived from autologous cumulus 
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granulosa cells into poor quality oocytes in patients 
with failed IVF/ICSI and compared the outcome 
with a non-mitochondrial transfer group. Mito-
chondrial transfer revealed higher fertilisation 
rates (data not published), improved day-3 embryo 
quality (data not published), higher pregnancy 
rates (35.23% vs 6.2%; p < 0.05) and lower abor-
tion rates (15.4% vs 100%; p < 0.05).24 More-
over, Kong and colleagues95 observed improved 
embryo quality (59.4% vs 34.9%; p < 0.05) in the 
mitochondrial transfer group, but there was no 
difference in the fertilisation rates between both 
groups (74.4% vs 76.8%; p > 0.05).

Despite the bidirectional close communication 
between granulosa cells and the oocyte,96 these 
two cell types do not share the same cellular line-
age. In addition, granulosa cells go through age-
ing along with the oocyte as maternal age increases 
either physiologically or biologically.25 Hence, an 
autologous source of mitochondria from granu-
losa cells would not solve poor oocyte quality 
cases due to ovarian ageing.

Non-ovarian stem cell mitochondrial trans-
fer. Given the ageing process associated with 
granulosa cells’ mitochondria and controversy 
about the existence of ovarian stem cells, stem 
cells from other lineages have been proposed as 
potential sources of autologous mitochondria.

Stem cells and early embryos present metabolic 
adaptation to their rapid proliferation, called the 
Warburg Effect. This effect is characterised by the 
metabolism of pyruvate into lactate, rather than 
into the tricarboxylic acid cycle, which indicates 
that glycolysis dominates in ATP production.97 
The metabolic similarity between early embryos 
(and mature oocytes) and stem cells is reflected in 
their mitochondrial morphology,25 as both cell 
types have spherical mitochondrial with a few 
cristae.98

In this context, Wang and colleagues suggested 
employing adipose-derived stem cells (ADSCs) 
as a potential source of autologous mitochondria 
to improve oocyte quality. Animals are rich in 
this tissue and there is low risk, if any, of acquir-
ing it. Moreover, it is acceptable to acquire it for 
women by liposuction, a widely used weight loss 
procedure.

They first tested mitochondrial morphology by 
transmission electron microscopy in mice oocytes 

and ADSCs. They saw the aberrant mitochon-
drial morphology of aged oocytes compared to 
the normal morphology visualised in young 
oocytes but did not see any morphological differ-
ence in mitochondria from ADSCs between 
young and aged mice, which suggests their poten-
tial utility for mitochondrial enrichment treat-
ments. Second, they transferred these purified 
ADSC mitochondria from aged mice to their own 
GV oocytes, and cultured them to mature in vitro 
to evaluate oocyte quality. Finally, they trans-
ferred these mitochondria to MII oocytes to 
explore their effect on embryo development. In 
both procedures, some oocytes were injected with 
a placebo as the control group.

They observed increased mtDNA levels in the 
ADSC transfer group ((12.47 ± 4.16) × 104 vs 
(8.38 ± 1.99) × 104), better spindle organisa-
tion and chromosome alignment on the equato-
rial plate (5/5 vs 2/9), and lower aneuploidy rates 
(4/12 vs 11/18). They also observed higher blas-
tocyst rates (30% vs 15%) and pregnancy out-
come (eight pups after transferring 51 embryos to 
nine recipients versus one pup after transferring 
50 embryos to seven recipients) in the ADSC 
transfer group. Therefore, ADSC mitochondria 
can improve oocyte quality, embryogenesis and 
fertility outcomes in aged mice.25

However, the procedure of allocating oocytes to 
the different treatment groups is not well 
described, and we are unaware if it was ran-
domised or subjected to any possible bias. 
Moreover, the sample size is small, and no statis-
tical assessment of the presented results has been 
made. Hence, ADSC mitochondria could be an 
alternative source for mitochondrial enrichment 
therapies, but further randomised trials are 
needed to prove this hypothesis, as are trials in 
humans. Other stem cell sources of mitochondria 
should be tested following this hypothesis.

Antioxidants
The techniques described so far in this review 
focus on oocyte rejuvenation through mitochon-
drial enrichment by an external source that is 
either autologous or heterologous. Antioxidant 
supplementation treatment, however, may consti-
tute a feasible option to enhance the function of 
the mitochondria already present in the oocyte. 
These molecules may particularly solve the mito-
chondrial dysfunction related to poor oocyte 
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quality and quantity present in POR women by 
keeping cellular ROS levels balanced.99

Among others, there are several human clinical 
trials with very promising results that employ 
coenzyme-Q10 in young POR women,100 mela-
tonin in women undergoing IVF,101,102 or a com-
bination of melatonin, myo-inositol and folic acid 
in women with previous IVF failure due to poor 
oocyte quality.103 However, further well-designed 
clinical and randomised controlled trials are still 
needed before this therapy can be incorporated 
into routine clinical practice.

Conclusion
Mitochondrial enrichment techniques have been 
proposed as an alternative to improve poor oocyte 
quality in either POR patients or patients with a 
poor embryo quality background, especially in 
those of advanced maternal age, given the associ-
ation between mitochondrial activity and compe-
tence acquisition in human oocytes. The first 
strategies described for this purpose were based 
on transferring mitochondria from a heterologous 
origin, which is a healthy donor with good-quality 
oocytes. However, the presence of two different 
mitochondrial genomes in the resulting oocyte, 
and its unpredictable effects on offspring, led to 
the rejection of the partial cytoplasm transfer in 
favour of total cytoplasm transfer with the mini-
mum mitochondrial carryover and ultimately to 
proposing mitochondrial replacement techniques 
of an autologous origin. In this new approach, the 
described mitochondrial sources include ovarian 
stem cells, adipose-derived stem cells, granulosa 
cells and immature oocytes. Although promising, 
these strategies are still under study, and only a 
few clinical trials have been conducted in humans. 
Therefore, further randomised clinical trials are 
needed before they can be transferred to clinical 
practice, and the already-proposed techniques 
require further technological improvement.
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