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Abstract 

Mitochondrial diseases are among the most prevalent inborn errors of metabolism. The 

overwhelming majority of mitochondrial diseases (about 85%) result from mutations in 

nuclear genes involved in oxidative phosphorylation, while some (15%) are caused by 

mutations in mitochondrial DNA (MtDNA). The familial mtDNA mutations are exclusively 

inherited from the mother. There are four main methods available to prevent the 

transmission of mtDNA mutations: preimplantation genetic diagnosis (PGD) or prenatal 

diagnosis (PND) followed by the selection of the best embryo or fetus, the use of complete 

donor oocytes, mitochondrial replacement therapy (MRT), and genome editing. However, 

the latter two methods are not available in reproductive medicine yet. 

Mitochondrial abnormalities can also disturb normal reproduction. The abnormalities of 

mitochondria in oocytes of older infertility patients are also believed to result in poor 

development. As a cure, ooplasm from fertile donor oocytes was injected into a group of 

patients to rejuvenate their developmentally compromised oocytes. However, this 

ooplasmic transfer series had to be discontinued, because two fetuses were affected by 

Turner’s syndrome and an increased risk of mitochondrial heteroplasmy was apprehended. 

Subsequently, treatments with heterologous mitochondria and autologous transfer were 
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attempted. However, during the interim analysis of a controlled randomized trial, the 

transfer of autologous mitochondria to the maternal germline failed to improve embryo 

quality in IVF. 
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gene editing 

 

1. Introduction 

Mitochondria are parts of all eukaryotic cells. These small cell organelles contain two 

membranes and a matrix. The inner membrane is a phospholipid bilayer that contains the 

enzyme complex for oxidative phosphorylation. The matrix is the location of many important 

biochemical pathways. Mitochondria play important roles in several cellular processes and the 

most important one is cellular respiration, i.e., energy production from oxidation of nutrients. 

Energy is generated in the form of ATPs, which are consumed by the cell to carry out different 

functions. Mitochondria are believed to descend from ancient prokaryotes, which still have their 

own DNA distinct from the DNA found in the nucleus of the cell. The mitochondrial DNA (mtDNA) 

is a circular DNA, exclusively present in the mitochondria. Furthermore, it is polyploid, which 

means that there are more than one mtDNA molecules per mitochondrion. Except for the red 

blood cells, all other cell types contain multiple mitochondria and their number depends on the 

cellular function and energy requirements [1]. Therefore, neurons and muscles have higher 

numbers of mitochondria. The mitochondrial genome consists of a circular double-stranded DNA 

molecule with 16,569 base-pairs and follows its own genetic code slightly different from the 

nucleus one. It codes for 13 mitochondrial proteins, 22 tRNAs, and 2 rRNAs. However, most 

essential respiratory chain proteins are encoded by the nucleus. Furthermore, many proteins 

required for mtDNA maintenance and replication are also coded by the nuclear genome [2]. 

2. Mitochondrial Disease 

Mitochondrial diseases are among the most prevalent inborn errors of metabolism [3]. The 

majority of mitochondrial diseases (about 85%) are caused by mutations in the nuclear genes of 

oxidative phosphorylation, while the remaining (15%) originate from mtDNA mutations [4]. 

Nuclear gene mutations follow a Mendelian inheritance pattern. Mitochondrial diseases include a 

large heterogeneous group of disorders, which are found with an incidence of about 1 in 5000 live 

births [5]. Mutations have been identified in more than 250 genes [6]. The familial mtDNA 

mutations are exclusively inherited from the mother and almost always the mother carries a 

mixture of wild type and mutated mtDNA copies. This condition is called heteroplasmy. The 

transmission from the mother to a child is subject to the genetic bottleneck, where only a small 

number of mtDNA molecules are transmitted to the child and therefore the mutation levels in the 

offspring can vary considerably. Furthermore, the percentage of abnormal mtDNA molecules is 

not identical in different tissues and at different time points. Generally, there is a threshold, above 

which the mutant mtDNA leads to disease. This threshold is dependent on the disease type. 
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Mitochondrial diseases are often multi-system disorders since a decrease in cellular energy can 

affect several different organs, which can result in different clinical phenotypes. Furthermore, 

patients with a mitochondrial disease suffer from serious morbidity and mortality [7]. 

3. Ooplasmic Transfer to Improve Oocyte Quality 

Mutated mitochondrial DNA can segregate in families and lead to mitochondrial diseases as 

mentioned in the previous paragraph. However, abnormal amounts of mtDNA can also lead to 

abnormalities during reproduction. The female germline can be affected by this issue; therefore, 

several ways have been developed to improve the quality of oocytes prior to IVF. The total 

number of mtDNA copies increases considerably during oogenesis but remains unchanged from 

the time of fertilization until the early post-implantation stages [8]. MtDNA replication starts only 

after the morula stage and the number of mtDNA copies per embryonic cell proportionally 

decreases after each embryonic cell division [5]. At fertilization, an oocyte contains a huge number 

of mitochondria and mtDNA copies per cell, more than any other cell type. The number of 

mitochondrial profiles per metaphase II (MII) stage oocyte varies from 150 000 to 300 000 or even 

more [9]. In older infertility patients, abnormalities of oocyte mitochondria might result in poor 

developmental competence of oocytes [10]. Furthermore, the oocytes of reproductive-aged 

women or those with diminished ovarian reserve have significantly lower mtDNA content than the 

oocytes from younger women or those with a normal ovarian reserve [11, 12, 13]. However, other 

authors have been unable to confirm this [8]. Long before the discussion on this controversial 

topic was started, a group of patients underwent ooplasmic transfer from fertile donor oocytes to 

rejuvenate their developmentally compromised oocytes. This was mainly done in patients with 

recurrent implantation failure [14]. The ooplasmic transfer technique was aimed at transplanting 

beneficial components from donor oocytes, with the aim to restore normal growth and viability 

[15, 16]. The transfer of a small volume of donor ooplasm included many different molecules and 

organelles along with mitochondria. In most cases, the transfer was efficient and simple, since it 

was a modification of an intracytoplasmic sperm injection (ICSI) procedure, where both the sperm 

and donor cytoplasm are simultaneously injected into a recipient oocyte [17]. The birth of the first 

baby resulting from ooplasmic transfer from fertile donor oocytes into potentially compromised 

recipient patient oocytes was published in 1997 [18]. Since the inception of this method, nearly 30 

babies have been born after its worldwide introduction [19]. However, this approach was 

discontinued later for several reasons. One was that two fetuses were affected by Turner’s 

syndrome [20]. The second issue was related to the risks of mitochondrial heteroplasmy. The 

simultaneous presence of donor and recipient mitochondria can interfere with the communication 

between the nuclear and mitochondrial genome [21]. Small proportions of donor mtDNA were 

indeed detected in some children born after the transfer of third-party cytoplasm [22]. The US 

Food and Drug Administration suggested in 2002 that the technique of donor cytoplasm transfer 

should be suspended unless it is proved successful under an Investigational New Drug Application 

[23]. In conclusion, on the one hand, it could not convincingly be shown that mitochondrial 

supplementation into oocytes can restore embryo development in human as well as non-human 

species. On the other hand, heterologous ooplasmic transfers in mice resulted in a range of 

abnormalities that can negatively affect outcomes of offspring [24-25]. 
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4. Autologous Germline Mitochondrial Energy Transfer (AUGMENT) 

After the prohibition of all treatments with heterologous mitochondria by the FDA, autologous 

transfer was introduced. This approach was based on the discovery that mammalian females are 

capable of postnatal oogenesis, reported first in mice [26] and later also in humans [27]. This 

made it possible to use patient-matched germline mitochondria, where autologous oogonic stem 

cells or egg precursor cells are used to obtain cytoplasm. However, the presence of adult oogonial 

stem cells has not yet been well established and is still under scrutiny [28]. The supporters of the 

presence of adult oogonial stem cells use patient-matched germline mitochondria to boost egg 

health and embryonic developmental potential instead of young donor eggs to obtain cytoplasm 

[29]. The delivery of an IVF patient’s own mitochondria into her oocyte along with sperm by ICSI 

provides an autologous means of recapitulating the fertility-boosting benefits of heterologous 

cytoplasmic transfer without the drawback of having “foreign” mitochondria present in the 

resultant embryos and offspring [29]. This concept was patented as AUGMENT (Autologous 

Germline Mitochondrial Energy Transfer) [30]. Since 2014, a U.S. company, Ovascience, is 

obtaining cortical tissue by means of laparoscopic ovarian biopsy. The tissue is kept frozen until 

the day of the ICSI procedure. During the ICSI procedure, a tiny amount of mitochondrial 

suspension is injected along with the spermatozoon. In 2015, the birth of the first child using 

AUGMENT was reported and since then the number has increased. However, there have been 

only a few well-designed studies on the use of this method. Fakih and colleagues published 

pregnancy rates after the application of this technique in a total of 93 patients; however, their 

results were based on retrospective cohorts. Furthermore, they used descriptive analysis and 

compared the rates obtained after AUGMENT with historic IVF success rates for these patients 

[31]. Recently, a triple-blind, randomized, single-centered, controlled experimental pilot study was 

performed. A total of 59 patients were included, with a mean age of 36.3 years and 2.5 previously 

failed IVF cycles. The number of MII oocytes in the AUGMENT and control groups were 253 and 

250, respectively. The day 5 blastocyst formation rates per zygote were significantly lower in the 

AUGMENT group (23.3 ±32.0%) in comparison to the control group (41.1 ±36.9%; P= 0001). This 

suggests that this technique did not improve embryo development in this population. Moreover, 

no differences were observed in the euploidy rates, mitochondrial DNA content, and cumulative 

live birth rate per transferred embryo [32]. After an interim analysis, this study was stopped, as 

the authors concluded that autologous germline mitochondrial energy transfer does not improve 

embryo quality in IVF. 

5. Preventing the Transmission of Mitochondrial Disease 

Mitochondrial diseases include Kearns-Sayre Syndrome (KSS) [33], myoclonic epilepsy, with 

ragged red fibres (MERRF) [34], mitochondrial encephalopathy, lactic acidosis, and stroke-like 

episodes (MELAS) [35], neurogenic weakness with ataxia and retinitis pigmentosa (NARP) [36], 

Leber's Hereditary Optic Neuropathy (LHON) [37], and Leigh syndrome [38]. However, the clinical 

patterns of these diseases are heterogeneous, as sometimes their clinical symptoms overlap, 

while in some cases they may present as distinct clinical entities [39]. In order to prevent the 

transmission of mitochondrial diseases, which are caused by mtDNA mutations, there have been 

introduced several reproductive options. Women carrying a pathogenic mtDNA mutation can 

prevent the birth of an affected child by refraining from having children, by adoption, donation of 
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oocytes, preimplantation genetic diagnosis (PGD), prenatal diagnosis (PND), genome editing, and 

mitochondrial replacement [40]. Extensive genetic counseling is required since mitochondrial 

genetics is complex. At present, for the prevention of the transmission of mtDNA mutations, four 

methods are available: preimplantation genetic diagnosis (PGD) or prenatal diagnosis (PND) 

followed by the selection of the best embryo or fetus, the use of complete donor oocytes, 

mitochondrial replacement therapy (MRT), and genome editing. The first two methods are aimed 

at the selection of the best embryo. Therefore, strictly speaking, only the latter two methods are 

therapeutic with the aim to restore normal functionality. However, it should be noted that most of 

these modalities for preventing the transmission of mitochondrial diseases are either controversial 

or in very early stages of development and have not been proven beyond the experimental stage.  

5.1 PGD or PND 

If a mtDNA mutation is not inherited from the mother but has arisen ‘de novo” in the affected 

child, the risk of recurrence is expected to be low. In all other cases, maternal transmission has a 

risk of recurrence depending on the type of mutation [41]. The selection of the best embryos 

after PGD and PND can be used to lower the chances of having a severely diseased child. 

Technically, it is possible to accurately establish the mtDNA mutation load in different types of 

biopsies (blastomere biopsy, blastocyst biopsy, amniocentesis, etc). However, there is 

uncertainty that the mutation load found in the tested sample may not be a true representative 

of the rest of the embryo or fetus. Furthermore, there may be changes in mutation load during 

further embryonic or fetal development [42]. Only in a few cases, there is a consensus about a 

cut-off value for embryo selection, since there is enough correlation between the mutation load 

and the clinical symptoms. These percentages have been published for the following two mtDNA 

point mutations.  

The most common heteroplasmic mtDNA point mutation is m.3243A>G in the mitochondrial 

MT-TL1 gene leading to the MELAS (mitochondrial encephalopathy, lactic acidosis, and stroke-like 

episodes) syndrome. The mutation load in oocytes and embryos shows large variations indicating 

that the level of mutant mtDNA is largely determined by random genetic drift [43-44]. Therefore, 

to be at a safer side a threshold level of 15% can be adapted [45]. 

On the other hand, m.8993T>G leads to NARP (Neuropathy, ataxia, and retinitis pigmentosa). 

This does not show random transmission but rather demonstrates skewing. This means that the 

mutation load of oocytes and embryos shows almost homoplasmy, i.e., 0 and 100%. In this case, 

the threshold value can be increased to 30% [46]. 

However, there is no predicted "safe heteroplasmy threshold level" for most of the mtDNA 

diseases. Furthermore, it should be noted that the threshold depends on mutation type, rather 

than the disease type. 

PND is the best option for female carriers with low-level mutations demonstrating skewing to 0% 

or 100%. In other cases, the preimplantation selection of embryos with a mutant load below a 

mutation-specific or general expression threshold of 18% can prevent the transmission of mtDNA 

diseases. PGD is also the best reproductive option for familial heteroplasmic mtDNA point 

mutations [47]. However, the success rate, which means the chance of having a baby after the IVF 

procedure, is still a problem. It can be improved if blastomere biopsy is used to obtain the 
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diagnostic mtDNA, by the biopsy of a single-blastomere. It improves the live birth delivery rate and 

is applicable to all mtDNA mutations [48]. 

5.2 The Use of Complete Donor Oocytes 

Complete donor oocytes must be used if complete safety is desired. It will prevent the 

transmission of mtDNA disease and the risk of having an affected child will be equal to the general 

population risk. However, the child will be genetically related only to the father.  

5.3 Mitochondrial Replacement Therapy 

Mitochondrial replacement therapy (MRT) is a very interesting approach to prevent the 

transmission in patients and especially those with higher mutant mitochondrial loads. From an 

oocyte or zygote that carries a mtDNA mutation, the nucleus is removed and transferred to an 

enucleated donor oocyte or zygote. Since the recipient donor oocyte or zygote contains mostly 

wild type mtDNA, the reconstituted oocyte or zygote will contain mostly normal mtDNA and 

therefore have a reduced risk of transmitting a severe mtDNA disease to the offspring [49]. In 

theory, there are three sources of genetic material that can be used for the transfer to emptied 

donor oocytes: pronuclei, meiotic spindles, and polar bodies. Many years ago, pronuclear transfer 

was demonstrated in mice but live offspring showed high carryover levels [50]. However, in the 

case of human, MRT can be combined with PGD as an extra safety test. When pronuclei are 

transplanted shortly after completion of meiosis rather than shortly before the first mitotic 

division, the carry-over of mtDNA was reduced [51]. The first clinical pronuclear transplantation 

was carried out in a 30-year-old nulligravida woman who had two failed IVF cycles characterized 

by all her embryos arresting at the two-cell stage. During her third IVF treatment, the pronuclei of 

the patient were transferred into enucleated donor oocytes resulting in seven zygotes with a 

maternal genome and a donor cytoplasm. Of the resulting embryos, five were transferred to the 

uterus resulting in a triplet pregnancy with fetal heartbeats, normal karyotypes, and nuclear genetic 

fingerprinting matching with the mother's genetic fingerprinting. The fetal mitochondrial DNA 

profiles were identical to those from the donor cytoplasm and the resemblance with patient's 

mitochondrial DNA was seen [52]. 

The spindle transfer technique was developed in the Rhesus monkey and its efficacy and safety 

were demonstrated by normal live births [53]. The feasibility of clinical mtDNA replacement by 

spindle transfer has also been shown, although some human ST oocytes displayed abnormal 

fertilization [54]. A successful spindle transfer into the cytoplasm of enucleated donor oocytes was 

reported in a case of Leigh syndrome (mtDNA mutation 8993T > G), with a long history of multiple 

undiagnosed pregnancy losses and deaths of offspring. A male euploid blastocyst was obtained 

from the reconstituted oocytes having only a 5.7% mtDNA mutation load. After transfer of this 

embryo, a pregnancy was established. This resulted in the delivery of a boy with a neonatal 

mtDNA mutation load of 2 to 9 percent in his various tissues [55]. The editors of RBM Online 

explained, in an editorial, why they decided to publish this manuscript despite its shortcomings, 

some of which were rectified after the authors were invited to correct them and include more 

details [56]. 

For a long time, it has been difficult to successfully achieve polar body transfer in mammals 

other than the mouse. Many scientists have tried to achieve this in various species including 
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primates. In most species, polar bodies are degraded and the DNA is fragmented soon after its 

synthesis due to the apoptotic pressure [50]. However, in 2017, the content of first polar bodies 

from metaphase II oocytes was successfully transferred into the enucleated donor MII cytoplasm. 

After transfer, de novo meiotic spindles were formed and, after fertilization, meiosis was 

completed and normal diploid zygotes were observed [57]. 

These approaches of Mitochondrial Replacement Therapy can prevent inheritance of 

mitochondrial diseases but at the same time, they are the subject of many ethical discussions. 

Owing to the combination of mtDNA and nuclear DNA from different mothers, the babies are 

sometimes referred to as three-parent babies. However, if one looks at the total amount of 

mtDNA from the donor (16,600 bp) in comparison to about 3 billion bp from the nuclear genome, 

such issues can be resolved. 

5.4 Genome Editing 

Gene-editing can be applied somatically as well as in the germline. The first application is aimed 

at curing a diseased person, while the second is for reproductive purposes. Somatic gene therapy, 

which is the alteration of the genome of somatic tissues, is in general not controversial. 

Treatments are under development for many genetic diseases. In this respect, a revolution 

occurred after the introduction of CRISPR/CAS as a gene-editing technique [58]. However, CRISPR, 

the genome editor which has revolutionized molecular biology in many ways, does not seem to be 

an option for the correction of mitochondrial mutations. Many researchers doubt that 

mitochondria can take up the RNA strands that are needed to guide the DNA-cutting protein to 

the right spot in the genome. [59]. Therefore, it is interesting to note that several groups have 

tested two other approaches—zinc finger nucleases (ZFNs) and transcription activator-like effector 

nucleases (TALENs). Both methods make use of DNA-cutting proteins that do not need to guide 

RNAs to find their way to the right place in the genome. Several recent studies have shown 

promising results for the treatment of mitochondrial diseases. In a mouse model, showing 

features of heteroplasmic mtDNA disease in cardiac tissue, the mutant mtDNA was specifically 

eliminated. This was done by the application of mitochondrially targeted zinc-finger nucleases 

(mtZFN) delivered by adeno-associated virus. This shows that a correction in the mtDNA 

heteroplasmy using programmable nucleases could provide a therapeutic route for many 

heteroplasmic mitochondrial diseases. According to the authors, in this way, therapy can be 

developed for many patients with mitochondrial diseases [60]. 

An alternative approach to realize the same outcome is the mitochondria-targeted TALENs 

(mitoTALENs). These were injected via different routes and both muscle and heart showed a 

robust reduction in mutant mtDNA, which was stable over time. The molecular defect, namely a 

decrease in the transfer of RNAAla levels, was restored by the treatment. The treatment based on 

mitoTALENs showed that the diseased tissues can be tailored to be less affected in diseased mice 

[61]. However, the efficiency of the TALENs to reduce the mutant load is low. 

This approach is not only suitable for somatic therapy but the elimination of mitochondrial 

mutations from the germline of mice on a selective basis by genome editing has also been 

reported in 2015 [62]. In addition, using mitochondria-targeted TALEN (mito-TALENs) in 

mammalian oocytes, the authors also selectively eliminated mutated mtDNA responsible for 

Leber's hereditary optic neuropathy (LHOND), and neurogenic muscle weakness, ataxia, and 
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retinitis pigmentosa (NARP). The application of these methods, therefore, can potentially prevent 

the transgenerational transmission of human mitochondrial diseases caused by mutations in 

mtDNA. However, one of the limitations of genome editing is the resulting mtDNA depletion in 

case of high mutant levels. Another recent study has shown great potential for using mitoTALENs 

for specific targeting of mutant mtDNA both in iPSCs and mammalian oocytes [63].  

These alternative genome editing approaches seem to be very promising. Germline 

modification using CRISPR-CAS9 is not only ineffective, but it is also very controversial since a 

scientist in China used this gene-editing tool to modify the nuclear genomes of twin baby girls [64]. 

Germline genome editing raises important bioethical and safety issues, but we should keep in 

mind that MRT itself is a germline modification per se. Furthermore, bans on germline editing will 

deprive patients with mitochondrial diseases from getting a cure as explained recently [65]. 
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