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The classical Mendelian genetic perspective has failed to adequately explain the biology and
genetics of common metabolic and degenerative diseases. This is because these diseases are
primarily systemic bioenergetic diseases, and the most important energy genes are located in
the cytoplasmic mitochondrial DNA (mtDNA). Therefore, to understand these “complex” dis-
eases, we must investigate their bioenergetic pathophysiology and consider the genetics of the
thousands of copies of maternally inherited mtDNA, the more than 1,000 nuclear DNA (nDNA)

bioenergetic genes, and the epigenomic and signal transduction systems that coordinate these

dispersed elements of the mitochondrial genome.

Origins and implications of human mitochondrial
genetics

The application of Mendelian genetic principles, using the most
sophisticated technologies, has failed to adequately explain the
genetics or pathophysiology of many common metabolic and
degenerative diseases. This shortcoming can now be understood
through the discovery that mutations in the maternally inherited
mtDNA can cause many of the symptoms associated with “com-
plex” diseases and that the mtDNA codes for the central genes of
the mitochondrial energy-generating process oxidative phosphor-
ylation (OXPHOS). Therefore, the common metabolic and degen-
erative diseases must be bioenergetic in origin and non-Mendelian
in inheritance.

The central player in bioenergetics is the mitochondrion. Mito-
chondria produce about 90% of cellular energy, regulate cellular
redox status, produce ROS, maintain Ca?* homeostasis, synthesize
and degrade high-energy biochemical intermediates, and regulate
cell death through activation of the mitochondrial permeability
transition pore (mtPTP). The mitochondrial genome consists of
thousands of copies of the maternally inherited mtDNA plus
between 1,000 and 2,000 nDNA genes. mtDNA codes for 13
OXPHOS polypeptides, plus the 22 transfer RNAs (tRNAs) and
the 12S and 16S rRNAs necessary for the bacteria-like mitochon-
drial protein synthesis. mtDNA polypeptides encompass seven
of the 45 polypeptides of OXPHOS complex I (ND1, ND2, ND3,
ND4, ND4L, NDS5, and NDG6), one of the 11 polypeptides of com-
plex III (cytochrome b), three of the 13 polypeptides of complex
IV (COI, COIL, and COIII), and two of the approximated 17 poly-
peptides of complex V (ATPase6 and ATPase8). Complexes I, III,
and IV constitute the electron transport chain (ETC), which oxi-
dizes the reducing equivalents (hydrogen-derived electrons) from
food with the oxygen we breathe. As the electrons flow sequentially
through complexes I, III, and IV, protons are pumped out across
the mitochondrial inner membrane through these complexes to
generate an electrochemical gradient. This mitochondrial capaci-
tor is the vital force and can be used to drive many biological pro-
cesses, including the condensation of ADP and Pi to form ATP
via complex V. Thus oxidation is coupled with phosphorylation in
OXPHOS. The 1,000-2,000 nDNA mitochondrial genes, scattered
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across the chromosomes, code for the remaining approximately
80 OXPHOS subunits, the intermediary metabolism enzymes, and
the mitochondrial biogenesis proteins (1-3).

Three factors can perturb mitochondrial bioenergetics and
result in disease: variation in the mtDNA sequence, variation
in the sequences of nDNA-coded mitochondrial genes or in the
expression of these genes, or variation in environmental calories
and the caloric demands made on the organism. Since different
tissues rely on mitochondrial energy to different extents, partial
systemic energy deficiency can result in tissue-specific symptoms.
The brain, which represents only 2% of the body weight but con-
sumes 20% of the oxygen, is the organ most sensitive to subtle
energy diminution. Other high-energy demand tissues include
the heart, muscle, kidney, and endocrine system, the organs com-
monly affected in metabolic and degenerative diseases (Figure 1).

mtDNA mutations

Since the first report of an inherited mtDNA disease mutation 25
years ago (4), hundreds of clinically relevant mtDNA mutations
have been identified. These can either be polypeptide mutations or
protein synthesis mutations, the latter altering the tRNA or rRNA
genes (3, 5). There are three clinically relevant classes of mtDNA
mutations: recent deleterious mutations that result in matrilineal
disease, ancient adaptive variants that predispose to the common
diseases, and somatic mutations that accumulate in tissues with
age and provide the aging clock (Figure 1).

Recent deleterious mutations and maternally inberited diseases. A prime
example of a pathogenic mtDNA polypeptide missense mutation
is the NADH dehydrogenase subunit 4 (ND4) nt 11,778 G>A muta-
tion (histidine 340 to arginine), or ND4 G11778A (R340H), that
causes Leber hereditary optic neuropathy (LHON) (4). LHON is
characterized by acute or subacute midlife blindness that is two to
five times more likely to affect males than females, even though all
maternal relatives generally have close to 100% mutant mtDNAs
(homoplasmic) (6).mtDNA also accumulates mutations within
tissues with age. mtDNA deletions that occur eatly in development
can become widely disseminated throughout the body and cause
spontaneous mitochondrial myopathy (24).

The two most common mtDNA protein synthesis mutations
cause myoclonic epilepsy and ragged red fiber disease (MERRF)
(tRNAL* A8344G) (7, 8) and mitochondrial encephalomyopathy
and stroke-like episodes (MELAS) (tRNAL«(UUR) A3243G) (9).
These more severe mtDNA mutations produce multisystem
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Figure 1

Bioenergetic paradigm for metabolic and degenerative diseases, cancer, and aging. Mitochondrial OXPHOS can be perturbed by nDNA genetic
alterations and/or epigenomic regulation, by mtDNA ancient adaptive of recent deleterious mutations, or by variation in the availability of calories
and in caloric demands. Alterations in mitochondrial structure and function can impair OXPHOS, which in turn can reduce energy production, alter
cellular redox state, increase ROS production, deregulate Ca2* homeostasis, and ultimately activate the mtPTP, leading to apoptosis. These and
other consequences of OXPHOS perturbation can destabilize mtDNA. This results in progressive accumulation of somatic mtDNA mutations and
decline of mitochondrial function, which accounts for aging and the delayed-onset and progressive course of degenerative diseases. As energy
output declines, the most energetic tissues are preferentially affected, resulting in degenerative diseases of the central nervous system, heart,
muscle, and kidney. Aberrant mitochondrial caloric metabolism also leads to metabolic deregulation, endocrine dysfunction, and symptoms such
as diabetes, obesity, and cardiovascular disease. The release into the blood stream of mtDNA mutant N-formylmethionine polypeptides plus the
mtDNA can initiate the inflammatory response, contributing to autoimmune diseases (e.g., multiple sclerosis and type | diabetes) and possibly
also to the inflammatory component of late-onset degenerative diseases. Finally, cancer cells must manage energy resources to permit rapid
replication (95). Figure adapted with permission from Cold Spring Harbor Press (55).

neuromuscular diseases, and the mutant mtDNAs are generally
mixed within the cell with normal (wild-type) mtDNAs (hetero-
plasmic) (3, 5). As a heteroplasmic cell replicates, the percent-
ages of mutant and normal mtDNAs are randomly distributed
into the daughter cells (replicative segregation). Consequently,
the mtDNA genotype can drift during both meiotic and mitotic
cell division. Meiotic replicative segregation can cause maternal
relatives to harbor different percentages of mutant mtDNAs,
have different degrees of the energetic defect, and manifest
widely different phenotypes. For example, when the MELAS-
causing tRNALe«(UUR) A3243G mutant is present in 10%-30% of
the mtDNAs, the individual will develop type I or type II diabe-
tes mellitus, but when the mutant is present at higher percent-
ages, myopathy, cardiomyopathy, and stroke-like episodes will
develop. Mitotic segregation can give rise to an individual with
significantly different percentages of mutant mtDNAs in differ-
ent tissues when derived from a heteroplasmic oocyte, further
contributing to phenotypic variability (3, 5, 7, 8).

The milder mtDNA variants can affect caloric metabolism
and result in metabolic abnormalities such as diabetes and obe-
sity and/or affect the most energy-demanding organs such as
the brain and lead to late-onset degenerative diseases, such as
psychiatric disorders, Parkinson disease (PD), and Alzheimer
disease (AD). The more severe mtDNA mutations, like MERRF
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and MELAS, cause progressive multisystem diseases, frequently
resulting in premature death. The most severe mtDNA mutations
can lead to lethal childhood diseases, such as Leigh syndrome (3).

Ancient adaptive mtDNA variants: common variants that predispose
to common diseases. Population-specific mtDNA polymorphisms
have been linked to predisposition to a broad range of metabolic
and degenerative diseases (3, 10, 11). These variants are generally
ancient, having accumulated along radiating maternal lineages
during the human expansion out of Africa. By superimposing the
human mtDNA mutational tree on the geographic locations of
indigenous populations that harbor the various mtDNA types,
mtDNA polymorphisms have been used to reconstruct the origins
and ancient migrations of women (Figure 2).

mtDNA has a very high mutation rate, yet codes for the most
important mitochondrial energy genes. This should be a lethal com-
bination. However, mammalian females have evolved an intraovar-
ian selection system that destroys the proto-oocytes with the most
severe mitochondrial defects (12, 13), a process that may account
for atresia. Therefore, mild mtDNA variants are continuously being
introduced into populations with minimum genetic load. Those
variants can be beneficial for a population within a specific regional
energetic environment and be selectively enriched in that regional
population. Since different mtDNA variants are adaptive in differ-
ent environments, different mtDNAs became enriched in different
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Figure 2

Radiation of human mtDNA as women migrated out of Africa to colonize Eurasia, Australia, and the Americas. The uniparentally inherited mtDNA
can only change by sequential accumulation of mutations along radiating female lineages. Therefore, the mtDNA mutational tree and ancient
migrations of women were reconstructed by sequencing mtDNAs from indigenous populations and correlating their regional clusters of related
haplotypes (haplogroups) with the population’s geographic location. The haplogroups are regional because they were founded by regionally
adaptive functional variants. The mtDNA tree originates in Africa, and all African mtDNAs are classified together as macrohaplogroup L. From
haplogroup L3, two mtDNA lineages, M and N, arose in Ethiopia and successfully left Africa to colonize the rest of the world about 65,000-70,000
YBP. The founder mtDNA of macrohaplogroup N harbored two mtDNA missense mutations, ND3 G10398A (A114T) and ATP6 G8701A (A59T),
whereas the founder of macrohaplogroup M did not harbor major functional mutations (3, 15). Early M and N emigrants from Africa moved through
Southeast Asia, ending in Australia (96, 97). N mtDNAs also moved north from Africa into the Middle East to generate submacrohaplogroup R
and European-specific haplogroups H, J, T, U, Uk, and V (from R) and I, W, and X (from N). N and R gave rise to Asian haplogroups A+Y and B+F,
respectively. M moved north out of Southeast Asia to colonize Asia, generating haplogroups C and D and multiple M haplogroups. Haplogroups
A, B, C, D, and X subsequently migrated to the Americas. The mtDNA mutation rate is 2.2%—2.9% per million years (numbers within the figure

denote YBP). Figure adapted with permission from MITOMAP (5).

populations. The subsequent accumulation of random mtDNA
mutations on the founding adaptive mtDNA produced regional
clusters of related mtDNA haplotypes, known as haplogroups.
Because of the complexity of mitochondrial physiology, a mtDNA
variant might be beneficial early in reproductive life, but deleterious
postreproductively. Such variants are said to be antagonistically
pleiotropic. For example, increased ROS production might help fight
infection in the young but cause lifelong chronic oxidative stress that
predisposes to development of age-related degenerative diseases.
The human mtDNA tree originated in Africa about 130,000~
200,000 years before present (YBP) and gave rise to a series of
African-specific haplogroups, which in aggregate form African
macrohaplogroup L (Figure 2). Of all the African mtDNAs, only
two mtDNA lineages, macrohaplogroups M and N, successfully
left Africa (about 65,000-70,000 YBP) and colonized the rest of
the world. In one migration, M and N left Africa and traveled along
the tropical Southeast Asian coast, ultimately reaching Australia.
Macrohaplogroup N mtDNAs also moved north into the Mid-
dle East and radiated to create submacrohaplogroup R. Both N
and R lineages spread into Europe to generate the eight to nine
European-specific haplogroups.
In Asia, macrohaplogroup N radiated to form haplogroups A
and Y, and the N-derived R lineage generated haplogroups B and
F. From Southeast Asia, macrohaplogroup M moved northward
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to form an array of Asian-specific mtDNA haplogroups (C, D, and
M1~M40). Ultimately, haplogroups A, B, C, D, and X migrated into
the Americas to found the Native American populations (Figure 2).

A major environmental barrier to the migration of sub-Saharan
Africans into Eurasia must have been the cold of the northern lati-
tudes. To survive, early humans would have needed to produce more
core body heat. This might have been achieved by mtDNA muta-
tions that decreased the “coupling efficiency” of OXPHOS. This
would require that more calories be burned to generate the same
amount of ATP. Since a calorie is a unit of heat, reduced coupling
efficiency would increase the core body temperature and resistance
to cold, but would necessitate a higher-calorie diet (2, 14).

Prior to moving out of Ethiopia, the founding macrohaplogroup
N mtDNA acquired two functional variants, ND3 G10398A
(A114T) and ATP6 G8701A (A59T) (3, 15), which changed the
mitochondrial membrane potential and Ca?* metabolism (ref. 16
and Figure 3). These mutations likely contributed to cold resis-
tance in the temperate zone. Macrohaplogroup M, in contrast,
stayed in the tropics, so cold-adaptive variants were not initially
fixed in this lineage.

The most common European N-R-derived mtDNA haplogroup
is H. In Europe, haplogroup H acquired additional functional
variants, one of which arose between 8,500 and 17,000 YBP in the
tRNAS" gene (lRNAS" A4336QG), creating subhaplogroup HSa.
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Figure 3

Relationship between ancient adaptive mtDNA variants and predisposition to metabolic and degenerative diseases. African haplogroup L3
gave rise to macrohaplogroups M and N, which colonized Europe and Asia. N differed from M in harboring the ND3 G10398A (A114T) and ATP6
G8701A (A59T) variants. In Europe, N gave rise to haplogroup H, and H acquired the tRNAG" A4336G variant to generate H5a, which predisposes
to AD, PD, and both AD and PD (17). The ND7 A3397G (M31V) missense mutation arose twice in Europeans, once on H5a and once indepen-
dently, and in both cases was associated with predisposition to both AD and PD (17). Both tRNAG" A4336G and ND71 A3397G (M31V) mutations
are likely to reduce mitochondrial complex | activity, augmenting the founding N variants. The ND7 T3394C (Y30H) mutation, which is adjacent
to the ND7 M31 codon, arose on N and M mtDNAs. When arising on N haplogroups B and F, the ND7 T3394C (Y30H) variant is associated with
complex | deficiency and increased penetrance of the primary LHON mutations. However, complex | activity is also modulated by N haplogroup
background, with haplogroup F mtDNAs having lower complex | activity than haplogroup B mtDNAs, consistent with haplogroup F predisposition
to diabetes (23). The ND7 T3394C (Y30H) mutation has arisen on several M mtDNAs, with all haplogroup M9 mtDNAs having the 3394C allele.
Both M9 and 3394C mtDNAs increase in frequency with altitude in Tibet. Finally, M9 complex | activity is equal to or greater than that of any of the
N haplogroups with the wild-type T3394 allele (20). Asterisks indicate that the stated complex | activity is predicted, based on the known genotype
and complex | activities determined for cell lines harboring ND7 T3394C (Y30H)—containing mtDNAs.

Today, this variant is found in only 0.4% of the general European
population, but is present in 3.3% of AD patients, 5.3% of PD
patients, and 6.8% of patients with both AD and PD (ref. 17 and
Figure 3). The retention of this variant in the European popula-
tion may be an example of antagonistic pleiotropy. A second Euro-
pean mtDNA variant observed in patients with both AD and PD is
a missense mutation in the NDI gene: ND1 A3397G (M31V). This
variant arose twice, once in the tRNA%" A4336G lineage, and once
independently (ref. 17 and Figure 3).

Arelated NDI variant, NDI T3394C (Y30H), changes the amino
acid adjacent to M31. When arising on macrohaplogroup N
mtDNAs, this variant is associated with increased penetrance of
the milder primary LHON mtDNA mutations (18, 19). Yet when
this same NDI T3394C (Y30H) variant arose on macrohaplogroup
M mtDNAs, it became enriched in high-altitude Tibetans. Hap-
logroup M9 mtDNA with the NDI T3394C (Y30H) variant is pres-
ent at less than 2% at sea level, but increases to about 35% of the
mtDNAs in the highest Tibetan villages (ref. 20 and Figure 3).

The ND1T3394C (Y30H) variant results in a 15%-28% reduction
in complex I-specific activity when arising on macrohaplogroup
N mtDNAs, which explains its enhancement of LHON mutation
penetrance. However, the specific activity of complex I can also
vary among different macrohaplogroup N haplogroups by up
to 30%, independent of their 3394 allele. Even more surprising,
1408
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the 3394C allele, when present in the M9 haplogroup mtDNA, is
associated with complex I activity equal to or greater than any of
the macrohaplogroup N mtDNAs with the wild-type T3394 (Y30)
variant (ref. 20 and Figure 3).

Similar physiological differences have been documented between
European haplogroup H and Uk mtDNAs (11, 21). Therefore, the
metabolic consequences of a particular mtDNA nucleotide variant
can be strongly influenced by genetic and environmental context.

The clinical relevance of mtDNA haplogroup variation has been
repeatedly demonstrated through case-control studies on a wide
variety of metabolic and degenerative diseases, cancer, and aging (3,
10, 11, 22), and the physiological associations are being elucidated.
For example, haplogroup F mtDNAs are associated with low com-
plex I activity (20) and predilection to diabetes (23). Hence, ancient
mtDNA variants and haplogroups are likely the long-sought com-
mon variants that predispose to common diseases.

Somatic mtDNA mutations. mtDNA also accumulates mutations
within tissues with age. mtDNA deletions that occur early in devel-
opment can become widely disseminated throughout the body
and cause spontaneous mitochondrial myopathy (24). However,
mtDNA deletions (25-28) and base substitutions (29, 30) can arise
in tissues throughout life, and their accumulation has been shown
to modulate aging and longevity (31-33). Therefore, the accumu-
lation of somatic mtDNA mutations may be the aging clock.
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The rate of accumulation of somatic mtDNA mutations can
be modulated by nuclear or cytoplasmic genetic variants and
by environmental factors (Figure 1). For example, factors that
increase mitochondrial ROS production would increase the
mtDNA mutation rate and lead to premature organ failure.
Increased mtDNA somatic mutation levels have been docu-
mented in ischemic heart disease (34), AD brains (35-37), PD
brains (38, 39), Huntington disease brains (40), and Down syn-
drome with dementia (DSAD) brains (37). In AD and DSAD
brains, elevated somatic mtDNA base substitution mutations
have been correlated with reduced mtDNA copy number and
ND6 transcript levels (37).

As somatic mtDNA mutations accumulate, they change the
amino acid sequences of the mtDNA-coded mitochondrial
N-formylmethionine-initiated polypeptides. These bacterial-like
variant polypeptides can then be seen as foreign and initiate an
inflammatory response. This may contribute to the inflammation
frequently observed in late-stage degenerative diseases (Figure 1
and refs. 38, 41-43).

nDNA mitochondrial gene mutations

Bioenergetic disease can also result from mutations in any one
of the hundreds of nDNA genes that code for mitochondrial
proteins. Mutations in more than 200 nDNA gene loci have
already been reported to cause mitochondrial bioenergetic dys-
function (3, 44).

Structural and metabolic nDNA-coded mitochondrial genes. In addi-
tion to mutations in the nDNA-coded enzymes of mitochon-
drial intermediary metabolism, which exhibit classical Mende-
lian transmission, pathogenic mutations have been identified in
multiple nDNA-coded OXPHOS structural and assembly factor
genes. When both copies of a chromosomal gene are mutated,
severe OXPHOS defects can occur and cause devastating pediatric
disease, the most commonly recognized phenotype being Leigh
syndrome (3, 44).

Diseases of nDNA-mtDNA interactions. Mutations in the nDNA-
coded mtDNA biogenesis genes can cause degenerative diseases
by destabilizing mtDNA biogenesis, resulting in multiple mtDNA
deletions and/or mtDNA depletion (3, 44). Pathogenic mutations
have been reported in mtDNA polymerase y (POLG) (45), Twinkle
helicase (46), mitochondrial deoxyguanosine kinase and thymi-
dine kinase 2 (47, 48), cytosolic thymidine phosphorylase (49),
and the heart-muscle adenine nucleotide (ADP/ATP) translocator
(ANTI) (50, 51), to name a few (3). Mitochondrial disease can also
result from the incompatible interaction of two otherwise non-
pathogenic nDNA and mtDNA genetic variants (52).

Alterations in nDNA-coded mitochondrial gene expression and the epig-
enome. While mtDNA mutations have permitted humans to adapt
to stable regional environmental energetic differences, many ener-
gy resources and demands fluctuate cyclically, for example, sea-
sonal changes in temperature and food supply. Adaptation to this
type of energetic variation is accomplished by changes in the levels
of mitochondrially generated high-energy intermediates, such as
acetyl-CoA and ATP, and in the mitochondrial modulation of the
cellular redox state. As these mitochondrial bioenergetic param-
eters fluctuate with the environment, they drive posttranslational
modification of the proteins of the epigenome and the signal
transduction pathways. In this way, the expression of the hun-
dreds of nDNA-coded bioenergetic genes is coupled to environ-
mental fluctuations through mitochondrial energy flux (53-55).
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The nDNA and mtDNA genetics of “complex” diseases
This new bioenergetic perspective provides a framework to reeval-
uate the genetics and pathophysiology of “complex” diseases, such
as PD, AD, autism spectrum disorders (ASDs), and psychiatric
disorders. In PD, numerous nDNA loci that have been linked to
developing movement disorders are directly involved in modulat-
ing mitochondrial integrity and function (38). For example, muta-
tions in parkin (PARK2) and PTEN-induced kinase 1 (PINKI; also
known as PARK6) impede mitochondrial autophagy (mitophagy),
which leads to the accumulation of mitochondrial damage (38,
56, 57). The resulting increased mtDNA somatic mutation rate
degrades the mtDNA in the basal ganglion and substantia nigra,
ultimately resulting in neuronal dysfunction, cell death, and
movement disorders (26, 39, 58).

In AD, AP toxicity is generally assumed to be the cause, yet sys-
temic mitochondrial defects have been repeatedly reported (1).
At high concentrations, AP oligomerizes and is toxic (59), spe-
cifically inhibiting mitochondrial function (38, 60). However, at
low concentrations, monomeric AP is protective of mitochon-
drial function (38). Therefore, A appears to be bifunctional.
From this perspective, under normal conditions, Af functions
to protect the mitochondria and associated neurons and synaps-
es and is induced in response to mitochondrial stress, possibly
mitochondrial ROS production. However, when mitochondrial
dysfunction becomes so severe that neuronal function is irrevers-
ibly impaired, Af induction becomes excessive and leads to AP
oligomerization. The oligomerized AP then inhibits mitochon-
drial function, activates the mtPTP, and destroys the neuron
with the defective mitochondria, thus eliminating noise from
the neuronal information network.

Early-onset AD, then, is the result of mutations in APP or the
presenilins, which aberrantly increase Af levels, leading to pre-
mature Af} aggregation and destruction of potentially repairable
mitochondria, neurons, and synapses. Late-onset AD, in contrast,
is the result of chronic mitochondrial stress, perhaps mediated by
ROS toxicity, Ca?* overload, or other factors. Increased chronic
mitochondrial oxidative stress can result from a variety of factors
that partially inhibit OXPHOS, including the tRNA%" A4336G and
NDI A3397G (M31V) variants. Excessive mitochondrial Ca?* expo-
sure can also increase mitochondrial ROS production and acti-
vate the mtPTP. Mitochondrially destined Ca?* is released from the
endoplasmic reticulum within the mitochondria-associated mem-
branes (MAMs), and MAMs harbor the presenilin complexes (61,
62). Inappropriate MAM Ca?* regulation can cause chronic mito-
chondrial stress by increasing mitochondrial ROS production
and Ca?" activation of the mtPTP. These and other stressors could
cause the premature accumulation of neuronal somatic mtDNA
mutations, bioenergetic decline, mutant mtDNA peptide-induced
inflammation, synaptic loss, and dementia (38).

ASDs have also proven enigmatic when viewed from a classi-
cal Mendelian perspective. Yet the genetics and pathophysiol-
ogy of ASDs are fully consistent with the expectations for mild
mitochondrial dysfunction. Like LHON (6), in ASDs, males are
four times more likely than females to be affected (63, 64). Mito-
chondrial metabolic defects have been repeatedly reported in ASD
patients, and mtDNA mutations have been found in several ASD
pedigrees (63, 65-67).

Elevated Ca?* levels have also been observed in ASD brains, and
the excess Ca?" could activate the neuronal aspartate/glutamate
carrier of the mitochondrial NADH shuttle system (68) and the
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tricarboxylic acid cycle dehydrogenases (69, 70). Both of these
effects would drive excessive reducing equivalents into the ETC,
stimulating mitochondrial ROS production, oxidative stress,
mitochondrial damage, and synaptic loss. Mutations in the
CACNAIC Ca?* channel gene have been shown to cause the syn-
dromic ASD Timothy syndrome (71), and mutations in the CAC-
NAIF Ca?* channel gene have been reported in ASD patients (72).

Copy number variants (CNVs) are also increased in number
in autism patients (73, 74), and CNVs that remove a copy of the
PARK2 or ubiquitin protein ligase E3A (UBE3A) genes have been
observed repeatedly (75, 76). Since loss of PARK2 would impair
mitochondrial quality control (77), and mutations in UBE3A are
associated with hippocampal mitochondrial defects in Angelman
syndrome, another syndromic ASD (78), these observations also
implicate bioenergetics in ASDs.

Since there are more than 1,000 nDNA mitochondrial
genes, and partial mitochondrial defects can be sufficient to
cause neurodegenerative disease, random CNVs that delete
one copy of a nDNA mitochondrial gene could be sufficient
to predispose to the neurological symptoms of ASD. Indeed,
in one study, an ASD subject with one CNV had near-normal
OXPHOS function, while another patient with 13 CNVs had a
severe OXPHOS defect (67).

Another surprise from the Mendelian perspective has been
that genetic elements linked to ASDs are also associated with
other neuropsychiatric disorders (79, 80). However, this would
be predicted if neuropsychiatric disorders share a common bio-
energetic pathophysiological mechanism. Mitochondrial dys-
function has been documented in psychiatric disorders (81),
evidence of matrilineal bias in transmission has been reported
(82, 83), and mtDNA haplogroups and brain mtDNA somatic
mutations have been observed in patients with psychiatric con-
ditions (21, 28).

Mouse mtDNA mutants cause neuromuscular disease

To prove that mitochondrial defects cause metabolic and
degenerative diseases, mitochondrial gene mutations have been
introduced into the mouse, and metabolic and degenerative dis-
ease phenotypes have been observed (84). The introduction of
mtDNA mutations into the mouse germline has proven par-
ticularly instructive.

To introduce a mtDNA mutation into the mouse, an appro-
priate mtDNA mutation must be isolated in a cultured mouse
cell line and the mutant mtDNA transferred into the mouse
female germline, most commonly mediated by mouse female
embryonic stem cell (mfESC) transmitochondrial cybrids (85).
Introduction into the mouse of a mtDNA harboring a 12S rRNA
chloramphenicol resistance (CAPR) mutation (86, 87) resulted
in chimeric CAPR mice with cataracts, retinal dysfunction, and
optic nerve hamartomas. Homoplasmic CAPR transgenic mice
had stunted growth, mitochondrial myopathy, and cardiomy-
opathy and died prematurely (87).

Introduction of mtDNAs harboring a homoplasmic mtDNA
with a COI T6589C (V421A) missense mutation that were also
heteroplasmic for a ND6 13886 insertion C frameshift muta-
tion resulted in animals that rapidly and directionally lost the
frameshift mtDNA within three generations. This observation
revealed the existence of the prefertilization ovarian selective sys-
tem, which eliminates proto-oocytes with the most deleterious
mtDNA mutations (12, 88). The mice that remained after seg-
1410
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regation of the ND6 13886 insertion C frameshift mtDNA were
homoplasmic for the COI T6589C (V421A) missense mutation.
These animals had a 50% reduction in complex IV activity and
developed mitochondrial myopathy and cardiomyopathy (12).

Introduction into the mouse of an ND6 G13997A (P25L)
mtDNA mutation, which is functionally equivalent to the human
ND6 G14600A (P25L) mutation reported to cause optic atrophy
when heteroplasmic and Leigh syndrome when homoplasmic (89),
resulted in animals with all of the anatomically possible physi-
ological and pathological features of LHON. The physiological
effects of the mutation on neurons were analyzed using synapto-
somes from the mouse LHON model brain. This revealed that the
optic atrophy mutation did not diminish synaptic ATP levels, but
instead chronically increased mitochondrial ROS production. If
this is the case for other LHON mutations, it suggests that the
delayed onset of acute vision loss may be the result of cumulative
oxidative damage (90).

A heteroplasmic mtDNA rearrangement mutation has also been
introduced into the mouse. This resulted in mice with complex
IV-negative (COX-negative) muscle and heart myofibers, renal
dysfunction (91), and infertility (92). Therefore, both base sub-
stitution and mtDNA rearrangement mutations are sufficient to
cause degenerative diseases.

To determine the consequences of much milder mitochondri-
al defects, mice were created in which two normal but different
mouse mtDNAs were mixed within the female germline, thus
subverting maternal inheritance. The mtDNAs were from NZB
and 129 mice and differed at 91 nt positions encompassing 15
missense mutations, S tRNA mutations, 7 rRNA mutations,
and 11 control region mutations. All mice were maintained on
the C57BL/6] nuclear background (93). As previously observed
(94), the heteroplasmy levels within the tissues of individual
animals segregated, with NZB mtDNAs predominating in liver
and kidney, and 129 mtDNAs in spleen and pancreas. However,
the tail, muscle, heart, and brain heteroplasmy levels remained
relatively stable. In mating experiments, the NZB mtDNAs were
progressively lost from the maternal lineage, with the rate of
segregation being greatest when the mtDNAs were at relatively
equal percentages.

By random segregation and selective breeding, the heteroplas-
mic mice were used to derive three mouse lines: homoplasmic
NZB, homoplasmic 129, and heteroplasmic NZB-129. These
three different mtDNA genotype strains were then examined for
behavioral alterations. While the homoplasmic NZB and homo-
plasmic 129 mice were essentially the same and phenotypically
normal, the heteroplasmic NZB-129 mice were markedly differ-
ent. The heteroplasmic NZB-129 animals were hypoactive during
the normally active dark period, in association with reduced food
intake and respiratory exchange ratio, but were hyperexcitable
under stress conditions. Even more remarkably, the heteroplas-
mic mice showed a striking learning defect, being slow to learn
and quick to forget (93).

Extensive biochemical studies of the heteroplasmic NZB-129
mice have failed to detect a significant OXPHOS defect. There-
fore, even extremely subtle bioenergetic dysfunction is sufficient
to cause neuropsychiatric symptoms. This can account for why
maternal inheritance of the mtDNA is strictly imposed through-
out most of the eukaryotic kingdom and might explain why it has
been so difficult to determine the pathophysiological basis of neu-
ropsychiatric disorders.
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Conclusion

Elucidation of the novel genetics of mtDNA and the demon-

science in medicine

spective promises to reduce the burden of chronic diseases and

stration of its central role in bioenergetics has provided a new

set of genetic rules and physiological parameters for under-
standing the intraspecific genetic variation of relevance to
human health and disease. This bioenergetic perspective not
only provides a coherent theory for the etiology of the “com-

plex” metabolic and degenerative diseases, it suggests powerful

new approaches for their presymptomatic diagnoses, reliable
prognosis, and effective treatment and prevention (10). How-
ever, reaping the benefits of these new insights will require a
major redirection of the way we think about medical genetics
and origin of disease. If we can change, the bioenergetic per-
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