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Abstract
Familial early-onset Alzheimer’s disease (AD) is more probable in individuals coming from mothers
diagnosed with AD than from fathers diagnosed with AD. Studies in animal models have shown maternal
imprinting due to the transmission to the embryo of altered material in the ovum. In the case of transgenic
animals harboring a mutated form of the human amyloid precursor protein (APP), offspring from crosses
with wild-type (WT) fathers and transgenic mothers display more abnormalities than offspring from crosses
with transgenic fathers and WT mothers. Expression of the mutated APP in the ovum may lead to alterations
that may be genetic and/or epigenetic in the nuclear and/or the mitochondrial DNA. These modifications that
are transmitted to the new living beings affect more mitochondrial proteins and, therefore, the mitochondrial
function may be affected in adulthood by trends present in the ovum.
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Impact of mother’s ovum material on the risk of Alzheimer’s disease in offspring
The embryo results from a female ovum that is fertilized by a spermatozoon from a male. Whereas a fertilizing
spermatozoon only provides the nucleus, the ovum provides all its components to the embryo. Hereditary
diseases mainly come from mutations in the nuclear genome but they may come from mutations in the
mitochondrial DNA (mtDNA) of the ovum. Hereditary mitochondrial diseases may be transmitted by either
parent and, actually, the diagnosis may not be an easy task [1]. Surely, mitochondrial diseases may not be
related to mtDNA as there is nuclear DNA that codes for proteins needed by mitochondria. However, there are
well-characterized diseases with maternal transmission and the mutation responsible for the disease occurs
in mtDNA.

As atypical as it may seem, it is relevant to consider whether the general state of the ovum that is
being fertilized may influence the risk of the new living being suffering from any disease. The state of the
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spermatozoa is virtually irrelevant as only paternal nuclei are transmitted to the progeny. In summary, can
ovarian cells that are altered by any reason influence the risk of offspring suffering from, among others,
neurodegenerative diseases?

A study in mice shows that maternal material of mothers who carry a transgene for a familial mutation
in the human amyloid precursor protein (APP) increases the risk of suffering from cognitive impairments
despite that offspring does not carry the transgene, i.e. in animals that are controls of the transgenic Tg2576
line, which is a well characterized mice model of Alzheimer’s disease (AD). Specifically, the Tg2576 mice that
carry in heterozygosity the human APP (695 amino-acid-long isoform) with the Swedish double mutation
(Met671 → Leu and Lys670 → Asn) (APPSwe), display cognitive deficits starting at around 8-9 months of age [2]. A
study was undertaken to compare heterozygous animals from mothers carrying or not the transgene led to
very interesting results [3]. On the one hand, the AD-associated alteration to AD pathology was aggravated
in offspring coming from mothers carrying the transgene. On the other hand, AD-like pathology was found in
the offspring of mothers carrying the transgene but that were not themselves carrying the transgene. These
results show that alterations due to mutated APP are maternally transmitted to mice that should be healthy
as they do not carry any APP-related mutation. In summary, something in the cell of the ovum is transmitted
in such a way that affects the phenotype of offspring. This finding is consistent with a maternal inheritance
trend, namely, familial AD, which is more probable in individuals coming from mothers diagnosed with AD
than from fathers diagnosed with AD [4-7]. Therefore, the purpose of this review is to highlight the relevance
of maternal imprinting and specifically the influence of the mitochondria in the possibility of developing
early-onset familial AD.

Underlying mechanism of maternal transmission of traits

One possibility is that mutated APP acts like a prion and confers an abnormal structure that leads to protein
aggregation. Although prions are one of the potential causes of AD, such possibility is unlikely for this type of
maternal transmission. If it were the case, embryos could be non-viable and/or neonates would already have
cognitive deficits, i.e. it is expected that a prion-like scenario would lead to symptoms at the embryo level
and upon birth. Therefore, other possibilities must be contemplated, being the most obvious alteration in the
genetic material of the ovum.

Surely, mutated APP may lead to alterations in the DNA, either at the nuclear or the mitochondrial level.
These mutations would be transmitted to the progeny and become silent as exome determination is not
any procedure of routine in AD. However, in familial cases of AD, there is not any evidence of mutations in
“random” genes, i.e. mutated-APP-induced mutations should have been detected at some point at least for
some of the early-onset familial AD cases. At this point, it is tempting to speculate that any mutation in APP
of familial cases transmitted by the mother may lead to epigenetic alterations in the DNA of the ovum. These
epigenetic traits could condition the overall performance of the progeny and would be difficult to detect. This
possibility is attractive as several studies report epigenetic alterations in AD patients and animal AD models.

Mitochondria in neurodegenerative diseases

Mitochondria are at the center of the metabolism in mammalian cells. As a main source of energy in mammals,
carbohydrates may undergo anaerobic glycolysis but it is also possible, via mitochondrial Krebs’ cycle and
electron transport chain, to be fully oxidized to CO2 and water. Actually, neurons are completely dependent
on the full oxidation of glucose to be healthy. Only in extreme conditions, neurons may also rely on the energy
provided by ketone bodies. Even in the case of needing the use of ketone bodies, their oxidation requires
the action of neuronal mitochondria. Finally, mitochondria are at the center stage in terms of coping and/or
producing oxidative stress. Expenditure of glucose and oxygen by the brain is much higher than that of many
other tissues in the human body.
There is cumulative evidence of mitochondrial alteration in many neurodegenerative diseases. The cause
of the disruption and the details of how the mitochondria are disrupted can vary from disease to disease.
Although the resistance of the mitochondria is remarkable, any reduction in efficiency, in the long term, leads
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to serious problems that can result in cell death. This possibility is especially problematic in the case of neurons
that are highly differentiated cells which cannot be replaced; furthermore, the degree of neurogenesis in the
adult is very limited. In summary, it appears that for many neurodegenerative diseases, faulty mitochondria
may be a consequence of the disease, but it is often the cause of neuronal death.

Cause or consequence, alterations in mitochondrial structure, biogenesis and/or function have been
detected in immunohistochemical and/or molecular studies performed in patient samples or AD models.
A few examples encompass oxidative stress affecting mitochondrial function to mitochondria-endoplasmic
reticulum tethering defects, protein-import deficits and mitochondrial calcium dyshomeostasis [8-11]. A more
complete review may be found elsewhere [12]. It should be noted that there are also examples in late-onset
cases with maternal family history such as a reduced mitochondrial cytochrome oxidase [13]. Moreover,
consequences of maternal inheritance include mutations in genes in the X chromosome and mtDNA [14].
In addition, it must be taken into account that aging is the primary risk factor for the development of a
neurodegenerative disease and compromised autophagy is a hallmark of aging. Mitophagy, the main by which
damaged mitochondria are degraded, plays a fundamental role in protecting neurons from aging-related
events [15]. On keeping control over the clearance of damaged mitochondria, mitophagy ensures a healthy
mitochondrial pool in the high-energy demanding axon terminals and enables normal neuronal function
and homeostatic neuronal plasticity [16]. Added to the inefficient elimination of damaged mitochondria via
mitophagy, a leakage of molecules to the cytosol increases neuronal dysfunction, neuroinflammation and cell
death [17]. Moreover, in AD models, mitophagy diminishes the level of insoluble amyloid beta 1-42 (Aβ1-42) and
Aβ1-40 and prevents cognitive impairment through microglial phagocytosis of extracellular Aβ plaques [18].

APP, ovum and mitochondrial alterations

Mutations in APP or Tau genes may lead to somatic mutations or epigenetic modifications that if occurring
in the ovum could be transmitted to the progeny. For instance, is APP expressed in the ovum? APP is
expressed in the porcine ovary [19] and a recent report indicates that, in ovarian cancer cells, APP is the
target of miR-20a [20]. Returning to the Tg2576 model, Cuadrado-Tejedor and colleagues show that in adult
heterozygous mice compared with control non-transgenic littermates, the highest percentage of proteins
whose levels were altered were mitochondrial proteins [21]. Therefore, the above-mentioned results of
maternal imprinting of Tg2576 animals can be due to mutant-APP-induced genetic and/or epigenetic
changes in genes coding for mitochondrial proteins.
Lately, there is a tendency to study neurodegenerative diseases from the point of view of what they
have in common, i.e. the accumulation/aggregation of proteins: huntingtin in Huntington’s disease,
alpha-synuclein in Parkinson’s disease, and APP and Phospho-Tau (pTau) in AD. A recent study comparing
the consequences (in animal models) of mutations related to familial cases of Parkinson’s disease has led to
two main conclusions that can serve to understand the etiopathological mechanisms operating in sporadic
cases of the disease [22]. Aging may lead to failure to appropriately process alpha-synuclein thus leading to
protein aggregation and Lewy body formation. Alternatively, mutant forms of the protein may, upon a time,
exhaust the machinery to properly address the processing of such mutated proteins thus leading to protein
aggregation. Interestingly, the study convincingly indicates that mitochondria are located at the center of the
two alternative mechanisms. Something similar could occur for APP or pTau and AD.

Conclusions

The above-mentioned study, showing maternal imprinting and that ovum material can
impact on the risk of AD and/or aggravate the symptoms, also showed that the mitochondrial
voltage-dependent anion channel 1 (VDAC1) was increased in Tg2576 animals if compared with
non-transgenic animals. More importantly, the level of VDAC1 in WT offspring from affected
mothers was also increased (when compared to actual WT animals). Mitochondrial porin, or VDAC, is
“a multi-functional mitochondrial protein regulating cell life and death” [23]. Accordingly, any alteration
in the level of this protein in the ovum (as in Tg2576 mothers carrying the APPSwe) is transmitted to the
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mitochondria of embryonic cells and results in affecting the mitochondrial function of the new living being.
Maternal imprinting consisting of early-onset and aggravated cognitive deficits in animals that do not harbor
the human APP transgene seems to be due to genetic and/or epigenetic alterations that are transmitted to
the embryo and all the way up to the new living being. Mitochondrial endurance makes it possible to cope
with metabolic and stress-releasing functions upon birth and up to young adulthood but not upon further
aging. If apart from epigenetic alterations inherited at the embryonic stage, the animal carries the human APP
transgene mitochondria surrender earlier than in offspring coming from WT mothers, i.e. symptoms appear
earlier and are more aggravated when age-matched animals are compared.

To sum up, any alteration that occurs at the mitochondrial level in the ovum will be transmitted to the
embryonic cells and affect the new living being. This fact, added to genetic alterations associated with AD,
accelerates and aggravates the disease. On the other hand, these same mitochondrial alterations during youth
may not affect the human being given the natural endurance of the organelle. However, any small alteration
in maternal mitochondria “inherited” by the progeny may lead to the alteration of different processes such as
mitophagy; accordingly, aging may lead to the early appearance of neurodegenerative diseases, not associated
with any nuclear genetic factor such as it occurs in sporadic AD.
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