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RIASSUNTO

Le malattie dovute alle alterazioni del DNA mitocondriale (mtDNA) sono attualmente incurabili. C’¢ tuttavia un certo
numero di metodi a vari livelli di sviluppo che potrebbe evitare la trasmissione madre-figlio di questi disturbi eredita-
ri. Tra questi metodi ci sono due tecniche che sono attualmente attirando I’attenzione di ricercatori, decisori e pazien-
ti: il trasferimento pronucleare (PNT) e il trasferimento del fuso materno (MST). Questi metodi comportano ['uso di
mitocondri sani da un donatore. PNT ha luogo in uno zigote, mentre nell’MST, le cellule uovo sono manipolate. Questi
metodi sono molto promettenti, in quanto sembrano essere efficaci e sicuri, e infatti, potranno presto essere utilizzati
nella pratica clinica nel Regno Unito, dove sono gia state elaborate alcune misure legislative. Tuttavia, queste tecni-
che, come sono concepite oggi, sollevano diverse questioni etiche. In questo articolo, proponiamo una possibile solu-
zione per superare questi problemi, dando alle famiglie colpite la possibilita di concepire bambini sani. Noi crediamo
che, allo stadio attuale di sviluppo, ci sono due tecniche, la MST e il Trasferimento di Vescicola Germinale o I’Iniezione
di Vescicola Germinale (GVT o GVI), che combinati con una tecnica di riproduzione, come il trasferimento nelle tube
di Falloppio di gameti (GIFT) o il trasferimento della cellula uovo nella parte prossimale della tuba di Falloppio
(LTOT), potrebbe essere ampiamente accettati. Al contrario, il PNT senza fornire alcun beneficio in termini di effica-
cia o sicurezza, comporta ulteriori gravi difficolta da un punto di vista etico. A nostro parere, la ricerca e la legisla-
zione devono seguire questa linea, dal momento che numerose questioni etiche verrebbero superate senza compromet-
tere efficacia e sicurezza.

ABSTRACT

Diseases due to alterations in mitochondrial DNA (mtDNA) are currently incurable. However, there are a number of
methods in various stages of development that could avoid mother-child transmission of these hereditary disorders.
Among them are two techniques that are currently attracting the attention of researchers, policymakers and patients:
pronuclear transfer (PNT) and maternal spindle transfer (MST). These methods involve use of healthy mitochondrial
from a donor. PNT takes place in a zygote, whereas in MST egg are manipulated. These methods are highly promis-
ing, since they seem to be effective and safe, and in fact, they could soon be used in clinical practice in the UK, where
legislative steps have already been taken. Nevertheless, these techniques, as they are conceived today, pose several eth-
ical issues. In this paper, we propose a possible solution to overcome these issues, while giving affected families the
possibility of conceiving healthy children. We believe that, at the current stage of development, there are two tech-
niques, MST and Germinal Vesicle Transfer or Germinal Vesicle Injection (GVT or GVI), which combined with a repro-
duction technique such as gamete intra-fallopian transfer (GIFT) or low tubal oocyte transfer (LTOT), could be wide-
Iy accepted. In contrast, the PNT without providing any benefit to these in terms of efficacy or safety, entails more seri-
ous ethical difficulties. In our opinion, research and legislation must be conducted in this line, since several ethical
issues would be overcome without compromising effectivity and safety.

Parole chiave: malattia mitocondriale, trasferimento del fuso materno, trasferimento pronucleare, tecnologia di
replicazione mitocondriale, procreazione assistita.

Keywords: mitochondrial disease, maternal spindle transfer, pronuclear transfer, mitochondrial replacement technol-
ogy, assisted human reproduction.
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1. Introduction

On 3rd of February of 2015, British
Parliament voted in favor of mitochondrial
transfer techniques, which can be used to
prevent transmission of mitochondrial
diseases from mother to child. While these
techniques represent a major medical
advance, they also raise objective ethical
difficulties. In this paper, we analyze these
issues.

Mutations in mitochondrial DNA
(mtDNA) directly affect the function of
the oxidative phosphorylation (OXPHOS)
system, responsible for cellular energy
production, giving rise to different clinical
phenotypes [1]. Currently, there is eviden-
ce of nearly 600 different mutations of
mtDNA [2; 3] associated with various
syndromes, some of which can be very
serious and even lead to death of the indi-
vidual [4]. These diseases affect around 1
person in 5000, while 1 in 200 healthy
people are carriers of a pathogenic mito-
chondrial mutation [5].

At present, there is no cure for these
diseases, which are exclusively maternally
inherited. Thus, medical research is
moving toward developing techniques in
order to prevent their transmission to off-
spring [6]. In recent years, two new
techniques have been developed specifi-
cally for this purpose: maternal spindle
transfer (MST) and pronuclear transfer
(PNT). Both seem to have great potential
for application, and could soon be legali-
zed in England.

The aim of this paper is to review these
techniques in order to make an ethical
assessment of them. In addition, other
techniques proposed in this field were
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considered to identify those options that
did not raise ethical issues or, alternative-
ly, propose another possibility that can be
more widely accepted.

2. Mitochondrial donation techniques

MST and PNT are grouped under the
term ‘“‘mitochondrial donation”, as they
involve the exchange of inherited mito-
chondria from the mother with others
from a healthy donor. However, when
making this exchange, there are some
technical differences that will be very
relevant to the ethical evaluation of these
techniques.

2.1 Pronuclear transfer

This technique consists of performing
in vitro fertilization (IVF) using eggs from
the prospective mother, whose mitochon-
dria contain mutated mtDNA, and sperm
from the future father. Subsequently, after
day one of embryo development, the pro-
nuclei are removed, leaving most of the
mutated mitochondria. These pronuclei
are transferred into an enucleated zygote,
formed by the union of a healthy donor
egg and sperm from the future father or a
donor. Pronuclei have to be transferred to
an enucleated zygote, not an egg, because
the state of development must be the
same. The hybrid zygote then develops in
vitro to a suitable state to be transferred to
the womb [6].

In comparison to tampering with
unfertilized oocytes, handling zygotes
results in less physical damage caused by



micromanipulation, which represents a
technical advantage. However, it also rai-
ses serious ethical issues [7].

PNT was first successfully applied in
mice in 1983 [8], and although some
experiments were subsequently carried
out on human zygotes, none of the pre-
gnancies went to term [6]. The clinical
application of PNT has been reported only
once, in China. A triplet pregnancy was
achieved, but did not go to term [9]. In
2005, a group of researchers from the
University of Newcastle (UK) obtained a
license from the Human Fertilisation and
Embryology Authority (HFEA) [10] that
allowed them to apply the technique in
embryos with an abnormal number of pro-
nuclei, which had been donated as they
were unable to be used in fertility treat-
ments. By applying this technique in
human zygotes, the group managed to eli-
minate more than 98% of maternal mito-
chondria [11], which in principle would
be sufficient to prevent clinical manifesta-
tion of the disease [12] and its transmis-
sion to subsequent generations [13].
However, the researchers suggested that
further experiments were warranted in
other situations: for example, using nor-
mally fertilized embryos or oocytes from
women with a high level of mtDNA muta-
tion [11].

2.2 Maternal spindle transfer

In metaphase II, the last phase of oocy-
te maturation prior to fertilization, the
chromosomes are grouped on one side of
the oocyte forming the so called spindle
complex. MST involves extracting chro-
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mosomes at this stage from the maternal
oocyte (whose mtDNA has a mutation)
and then transferring them to a healthy
oocyte donor, whose spindle complex has
been removed. The hybrid egg is fertilized
in vitro and then transferred to the uterus
of the mother [6].

This technique has the ethical advanta-
ge that unfertilized oocytes are handled,
so no embryos are created for the sole pur-
pose of using them in treatment.

MST was performed in primates
(Macaca mulatta) in 2009. The birth of
four healthy monkeys was achieved and
maternal mitochondria were not found
(assay sensitivity 3%) [14]. These were
the first animals born after an MST proce-
dure. The technique was later tested on
human oocytes [15]. In this case, although
52% of zygotes were abnormally fertili-
zed, the rest were able to develop to bla-
stocysts and to produce stem cells, similar
to controls. Abnormal fertilization appears
to be due to premature activation of oocy-
tes prior to fertilization. The researchers
suggested that performing manipulations
in a medium without Ca2* or supplemen-
ted with MG132 could be a solution to this
problem. Further studies are therefore
required for the clinical application of this
technique.

3. Ethical aspects of mitochondrial
donation

These techniques have a number of
bioethical issues in common. First, a
major increase in the number of oocyte
donors would be necessary for research
and clinical application. In this regard,
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regulations would have to be implemented
in order to ensure the welfare of the donor,
through appropriate recruitment and sup-
port, and by limiting the number of dona-
tions per donor to avoid the negative
effects of repeated ovarian hyperstimula-
tion [6]. However, the most relevant ethi-
cal issues are related to the fact that these
techniques involve genetic modification of
the germline, and that children born after
their application would have a genetic link
with three people: their parents and the
donor.

3.1 Genetic modification of the germli-
ne

Genetic modification of the germline
is the introduction of foreign DNA in the
gametes or in the early embryo, which
will be transmitted to the children and
future generations. Somatic gene therapy
is generally accepted, since it does not
alter the overall nature of the genome and
is not transmissible to offspring; it is thus
considered comparable to surgery [16].
Germline gene therapy, however, is more
controversial. In this case, the risks of
genetic modification are difficult to pre-
dict, which is compounded by the fact that
any alterations will be transmitted to off-
spring. Another drawback is the inability
of people born after the application of
these techniques to give their informed
consent [6]. Furthermore, genetic manipu-
lation of the germline may be used for
eugenic purposes.

The fact that PNT and MST are forms
of germline genetic modification has
been used as an argument against the
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research and application of these techni-
ques [6]. However, there is no general
consensus among researchers about
including these techniques in the field of
germline gene therapy, since it does not
act on the nucleus [6]. Certainly, it is
important to consider the difference bet-
ween nuclear DNA (nDNA) and mtDNA.
It seems that mtDNA is only involved in
the production of cellular energy and has
no influence on the phenotype. Thus, its
modification would not raise the same
ethical concerns as modification of
nDNA, which could alter essential cha-
racteristics and therefore the identity and
personality of the individual [17].
Techniques based on germline modifica-
tion to prevent transmission of mitochon-
drial diseases keep the nucleus intact. It
is the mtDNA from a donor that will
appear in the individual and in subse-
quent generations. Therefore, ethical
restrictions on modification of nDNA do
not apply. Nevertheless, some resear-
chers who oppose these techniques argue
that their acceptance could also lead to
the approval of germline gene therapy in
other cases, with unpredictable conse-
quences [6]. However, the obvious diffe-
rence between mtDNA and nDNA sug-
gests that legalization of these techniques
does not necessarily have to lead to the
approval of germline nDNA modification
[6].

Be that as it may, there is an objection
to the establishment of a strict dichotomy
between nDNA and mtDNA, as their inte-
ractions are still poorly understood. Thus,
modifying mtDNA may influence the
expression of nDNA [17]. In fact, one
study suggests the involvement of mtDNA



in cognitive functioning in mice [18], and
an association between variation in
mtDNA and susceptibility to alcoholism
has also been found [19]. Therefore, ethi-
cal neutrality of mtDNA modification
cannot be stated conclusively [17].
Studies must be conducted on the interac-
tions between mtDNA and nDNA in order
to determine whether mtDNA has some
influence on our identity and personality
and, if so, to what extent.

3.2 Recipient-donor relationship

Experiences of donors and recipients
regarding the relationships established
after donation, or the desire to contact the
other party, vary depending on the nature
of the donation [20].

Since mitochondria have their own
DNA, their donation has different implica-
tions than the donation of organs or tis-
sues, as conceived children have a genetic
link with three people: their parents and
the donor. There are few cases of children
who have been born after mitochondrial
donation treatment (i.e. cytoplasmic tran-
sfer, a different technique to PNT and
MST which has been greatly discredited
in the scientific community due to proven
safety and effectiveness issues), and there
is no evidence that these people have tried
to establish any relationship with their
donors and vice versa [6]. However, given
the small number of cases, these data do
not have great relevance. Thus, the impli-
cations for the child of being genetically
related with three people remains a matter
of speculation.

Nevertheless, given the low proportion
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of DNA provided by mitochondria (0.1%)
[17], it does not seem reasonable to consi-
der the donor as a third parent (or a second
mother). It is undeniable that the same
level of causality of parents themselves
cannot be recognized in the donor, nor is it
logical to define the donor as a mother-
less-mother. Therefore, this does not seem
to be an appropriate term to refer to the
donor. Furthermore, calling the donor
“mother” could be harmful for the child,
since it could affect the development of
personal identity and perception of unity
between their parents.

As regards the child’s interest in con-
tacting the donor or vice versa, this is
something that could happen, as in other
cases of donation of organs, tissues or
gametes. Given that mitochondrial tran-
sfer techniques have been approved, legi-
slation must consider this possibility, so
that questions of confidentiality and possi-
ble contact with the donor are regulated in
advance.

3.3 Ethical assessment of PNT and MST

Although these techniques share the
ethical problems explained above, there
are important differences between them
that will be of great relevance to their ethi-
cal evaluation.

PNT poses serious moral impediments
to its application, principally that it requi-
res the destruction of one embryo for each
embryo produced, since pronuclei have to
be transferred to a “container” in the same
state of development, i.e. an enucleated
zygote. Moreover, its realization requires
the production of embryos in vitro, since
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mitochondrial transplant takes place after
fertilization, which requires access to the
embryo.

MST does not raise these ethical pro-
blems, which are insurmountable for
many. In MST, chromosomal transfer
occurs prior to fertilization, so that oocy-
tes are manipulated instead of zygotes.
Moreover, unlike PNT, it can be conside-
red independent of a subsequent IVF-
embryo transfer (IVF-ET) procedure.
Although in practice IVF takes place after
ooplasm transfer, it does not have to be
this way. As will be discussed later, there
are other possibilities that allow fertiliza-
tion to take place inside the mother’s
body. This is an important advantage for
those who accept only those assisted
reproductive techniques that merely assist
and do not replace the procreative dimen-
sion of sexual intercourse.

4. Another possibility: Germinal Vesicle
Transfer (GVT)

Immature oocytes, arrested in propha-
se I, are diploid (2n) and have the chromo-
somes within an intact nuclear membrane
called the germinal vesicle. This techni-
que involves removal of this vesicle from
a patient oocyte and its transfer to an enu-
cleated donor oocyte [21]. The resulting
egg must be matured in vitro, for which
there are currently no effective methods,
thus greatly limiting the applicability of
this technique [22]. Another drawback of
this method is that, together with the ger-
minal vesicle, a small amount of patient
ooplasm containing mutated mitochondria
is transferred to the donor oocyte, so that
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even after its application, the heteropla-
smy clinical threshold could be exceeded.

However, a group of researchers has
recently proposed a method called germi-
nal vesicle injection (GVI) to prevent this
transfer of ooplasm to achieve homopla-
smy in the hybrid oocyte. It involves chan-
ging the traditional cell fusion method
(electrofusion or inactivated Sendai virus
(HVJ)) to a piezo-driven system which
uses piezo pulses to inject the germinal
vesicle into the oocyte [unpublished data,
but presented at The 7th Conference of
Asian Society for Mitochondrial Research
and Medicine] [21].

This technique also involves germline
manipulation. It now appears that MST or
PNT could achieve a safe degree of hete-
roplasmy, i.e. less than the minimum clini-
cal threshold, which cannot be said of
GVT. However, a GVI variant could over-
come this drawback. Nevertheless, we
must also consider that in the present state
of development of oocyte maturation
techniques, the effectiveness of this
method is limited, so that it is a less desi-
rable option in terms of feasibility. Thus,
GVT and GVI cannot currently compete
against MST or PNT. Nevertheless, if
technical difficulties were overcome, it
could be a method to consider, as it is ethi-
cally equivalent to MST.

5. Alternative obstetric techniques

As explained above, both MST and
GVT can be considered independently of
the IVF procedure, which extends their
possible range of acceptance to those sec-
tors of society for whom IVF is not a



morally acceptable option. Indeed, there
are other techniques in the field of obste-
trics that could be applied after MST,
GVT or GVI treatment: gamete intra-fal-
lopian transfer (GIFT) and low tubal
oocyte transfer (LTOT).

5.1 Gamete intra-fallopian transfer

An alternative to IVF-ET is GIFT [23],
a technique in which male and female
gametes are transferred simultaneously,
but separated by an air bubble, to the
mother’s body, where fertilization will
occur. It is therefore an intracorporeal
assisted reproduction technique. The ethi-
cal advantage of these techniques is that
technical manipulation is prior to the for-
mation of the zygote, as it is done on
gametes.

However, for GIFT to be accepted by
those who defend the unity between the
procreative and the unitive moment, the
latest has to occur, and the male gametes
should be obtained immediately after
completion of the conjugal act, by semen
collection through vaginal washing. It is
also necessary to make sure that the pro-
creative moment occurs in the body of the
mother and not during application of the
technique [23].

The results of GIFT performed via
vaginal transuterine transfer look promi-
sing, although available data diverge too
much to talk about specific numbers.
Compared to IVF, there are no significant
differences regarding efficacy. While IVF-
ET has a greater range of application to
achieve pregnancy in infertile couples,
this has no relevance in the field that con-
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cerns us, since women with mitochondrial
disease would not, in principle, have any
infertility problems.

5.2 Low tubal oocyte transfer

Another technique that could be
applied in the context of preventing the
transmission of disorders associated with
mtDNA, and which has no ethical difficul-
ties, is LTOT [23]. In this technique only
eggs are transferred to the fallopian tube
or uterus, via abdominal or transcervical
transfer respectively, and then normal
sexual intercourse takes place. However,
the success rate is low (around 15%) and
the literature on this technique is very
scant, with only one document (dated
1980) found on a literature search conduc-
ted in Pubmed [24]. However, the effecti-
veness could probably be increased if
resources were invested in the develop-
ment of this technique. Furthermore, in
this case of application, neither women
nor their partners would have fertility pro-
blems, so that it is likely that it would be
more effective.

6. Conclusions

Given the current inability to cure the
disorders associated with mtDNA once
they are present in the individual, preven-
ting their transmission is presented as a
promising possibility for families affected
by these diseases, since affected women
could conceive healthy children who sha-
red their nuclear DNA. However, available
techniques raise serious ethical concerns,
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as they involve a form of genetic modifi-
cation of the germline, require the mani-
pulation and destruction of many embryos
and dissociate procreation from the sexual
act. An alternative for those who perceive
these ethical issues as insurmountable is
the reintroduction of a manipulated egg,
containing donated mitochondria, in the
body of the mother, so that fertilization
takes place thereafter naturally, and no
embryos are destroyed.

MST, GVT and GVI are three possibi-
lities that could be widely accepted, so
that mitochondrial donation is prior to the
formation of the zygote. However, for
their clinical application to also be widely
accepted, the subsequent IVF should be
replaced by an assisted reproduction
technique that preserves the life of the
human embryo, as well as the connection
between sexuality and procreation.
Assisted reproduction techniques propo-
sed for this aim are GIFT and LTOT,
which allow the reintroduction of a mani-
pulated egg in the mother’s body.

Thus, we believe that application of
MST, GVT and GVI should be legislative-
ly promoted, since they may be conducted
in an ethically acceptable manner and are
a real possibility for preventing the tran-
smission of mtDNA-associated diseases,
although GVT and GVI techniques must
be improved. We also believe that research
efforts should not be divided between
MST and PNT, since the latter, besides not
presenting any advantage in terms of safe-
ty and efficacy, presents more ethical dif-
ficulties, insurmountable for many, that
must be taken into account in the context
of a pluralistic society.
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