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Western medicine is based on an anatomical perspective of disease and on a
Mendelian perspective of genetics. Yet these concepts have failed to provide a com-
pelling understanding of the complexities of the common diseases. Clearly, some-
thing has been missing from our understanding for both disease and heredity [1-5].
At the beginning of the 1970’s, I reasoned that defects in energy metabolism could

also cause clinical problems, that the mitochondria were the source on most cellular
energy, and that the newly identified mitochondrial DNA, mtDNA, could mutate
and give rise to clinical manifestations. I then set out to define the genetics of the
mtDNA. My colleagues and I were the first to demonstrate that the human and
mammalian mtDNAs code for heritable traits by inventing the transmitochondrial
cybrid system in cultured cells [6,7]. We then used this somatic cell genetic system
to explore the implications of intracellular mixtures of mutant and normal mtDNAs
(heteroplasmy) and to demonstrate the quantitative threshold expression parameters
of mtDNA mutant alleles [8-13]. We helped to define the energetic function of the
mtDNA genes [14-17], cloned and characterized critical nuclear DNA (nDNA)
coded mitochondrial genes including the adenine nucleotide translocator (ANT) and
the ATP synthase � subunit [18-25], demonstrated the extraordinarily high sequence
evolution rate and diversity of the mtDNA [18], and showed the close cooperation
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between the mtDNA and nuclear DNA (nDNA) in shaping cellular phenotypes [26-
30]. With these basic science insights, I moved into clinical genetics. We were the
first to demonstrate in 1980 the maternal inheritance of the human mtDNA [31,
32], report the surprisingly high level of sequence variation in the mtDNA [33], and
show that mtDNA variation correlated with the continental origins of indigenous
peoples [33].
Because of the strict maternal inheritance of the mtDNA, I reasoned that it could

only evolve by the sequential accumulation of mutations on radiating maternal lin-
eages. Because of its high mutation rate, I argued there should be sufficient variation
within human populations to differentiate them and to link them through a mtDNA
mutational tree. We then set out to survey the sequence variation of indigenous peo-
ples from around the world [34-41]. This revealed that indigenous populations have
their own distinct mtDNA sequences all of which could be linked together in a
global sequential mtDNA mutational tree [42-44]. Moreover, important geographic
transitions were associated with the appearance of functionally important mtDNA
variants that founded the next regional group of descendant mtDNA haplotypes,
known as haplogroups [44-46]. By calculating the mtDNA sequence evolution rate
[47], we showed that women left Africa 65,000 years ago, with only two African
mtDNAs successfully colonizing the rest of the world [44, 46]. Similarly, only three
mtDNAs left Siberia 20,000 years ago to become the first Native Americans [41].
From these and related observations, we reasoned that the founding mtDNA hap-
logroup mutations must have changed individual energetic physiology thus permit-
ting these individuals to adapt to new environments [2, 3, 48]. Therefore, mtDNA
variants are the adaptive engine for human radiation. However, a mtDNA variant
that is adaptive in one environment may be maladaptive in another [49]. This has
proven to be the case by ours and others demonstration that different mtDNA hap-
logroups correlate with predisposition to a wide spectrum of metabolic and degen-
erative diseases, cancer, and aging [48, 50-52].
By defining the genetics of the mtDNA in the 1970s and 1980s, we could begin

the search for mtDNA diseases. With the demonstration of the maternal inheritance
of the mtDNA, Mendelian geneticists erroneously assumed that all maternal descen-
dants should be affected. Since that was not seen, it was argued that mtDNA dis-
eases did not exist. However, I knew from my 1970s research on heteroplasmy and
threshold expression that variable expressivity of mtDNA disease mutations would
be the norm. By using a more integrated understanding of mtDNA genetics, I was
able to rapidly identify multiple pedigrees of potential mtDNA origin starting in the
late 1970s [53, 54]. As molecular sequencing tools became available, I chose to con-
centrate on the mtDNAs of Leber Hereditary Optic Neuropathy (LHON) and
Myoclonic Epilepsy and Ragged Red Fiber (MERRF) disease. This led to three sem-
inal papers, the publication in Science in 1988 that LHON was caused by a mtDNA
missense mutation (ND4 nucleotide (nt) 11778 G>A arginine 340 to histidine
(R340H)) [55] and the combined reports in Cell in 1988 and 1990 that MERRF is

— 8 —



caused by a mtDNA tRNALys nt 8344 A>G mutation [56, 57]. In addition to neu-
rological diseases we also demonstrated the importance of mtDNA variation in can-
cer [52, 58, 59].
Analysis of MERRF pedigrees revealed to me that both the mtDNA 8344G het-

eroplasmy level plus the age of the patient determined the severity of the phenotype.
This led to an extensive survey of the accumulation of mtDNA mutations in somatic
human and mouse tissues. This showed that the accumulation of mtDNA mutations
in somatic tissues correlated with aging [60] and that an array of age-related, «spon-
taneous», diseases, including cardiac [61] and neurodegenerative diseases [62-66]
harbored high levels of somatic mtDNA mutations. Hence, while the predisposition
to a disease was the result of the inheritance of haplogroup variants or new delete-
rious mutations, the delayed onset and progressive course was explained by the age-
related accumulation of somatic mtDNA mutations that augment the inherited
mitochondrial defects [3].
Since our studies in the late 1980s and early 1990s, hundreds of mtDNA muta-

tions have been associated with a broad spectrum of clinical phenotypes from dia-
betes and obesity [67, 68], to blindness and deafness [69], to myopathy and
cardiomyopathy [70], to epilepsy and Alzheimer disease [71]. In the 1980s, I started
an information service to catalogue known mtDNA variation. This evolved into our
curated, on-line, website, MITOMAP.org. MITOMAP catalogues currently contain
32,059 whole mtDNA sequences encompassing >12,000 variants, plus 658 putative
mtDNA disease mutations, 333 occurring in polypeptide genes and 323 occurring
in tRNAs & rRNAs genes. MITOMAP is the global authoritative source of mtDNA
information and was accessed in the 2016-20167 year 109,547 times [72]. 
While the avalanche of mtDNA mutations associated with disease was being

reported in the 1990s, the general belief in the medical genetics community remained
that the mitochondrial dysfunction observed in common diseases was secondary to
as yet unidentified nuclear gene defects. To counter this Mendelian bias, I set out
in 1990 to introduce mitochondrial gene mutations into the mouse. We initially
genetically inactivated the mouse nDNA heart-muscle-brain ANT isoform gene
(Ant1) and showed that this resulted in myopathy and cardiomyopathy [73-75]. We
also reported a 13 generation human pedigree with a null ANT1 mutation with
myopathy and cardiomyopathy, the severity of the cardiomyopathy being determined
by the background mtDNA haplogroup [76]. Additional studies on the ANT1-defi-
cient mouse revealed that partial energetic defects in the brain impair cortical
interneuron migration resulting in autism endophenotypes [77]. Systemic and tissue
specific knockouts of the mouse Ant2 gene altered the mitochondrial permeability
transition pore (mtPTP) [78] and impaired cardiac development [79]. We also inac-
tivated the various nDNA-coded mitochondrial antioxidant genes and demonstrated
their effects on myopathy, cardiomyopathy, neurodegeneration, and aging [80-84].
Our group also collaborated in creating a mitochondrially targeted catalase (mCAT)
gene and showing that mCAT mice have reduced mtDNA mutations and extended
lifespan [85] thus proving that somatic mtDNA mutations are the aging clock.
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I also wanted to prove conclusively that mtDNA mutations could cause disease.
Therefore, we set out to develop a procedure for introducing mtDNA mutations
into the mouse female germline. First, we developed methods for generating clini-
cally relevant mtDNA mutations in cultured mouse cells [86]. Next, we identified
and characterized a mouse female embryonic stem cell line (mfESC), enucleated the
mtDNA mutant mouse cell lines and fused the mitochondria-containing cytoplasts
to the mfESCs creating mfESC transmitochondrial cybrids. The mtDNA mutant
mfESCs were injected into mouse blastocysts, the female chimeras bred, and female
mice harboring the mutant mtDNAs identified [87]. These mice immediately
showed that single mtDNA base substitutions were sufficient by themselves to
impart a wide range of common disease phenotypes from diabetes, to cardiomyopa-
thy, to neurodegeneration [88-90]. Since the mtDNA only codes for energy genes,
these experiments proved beyond doubt that bioenergetic defects can cause the full
range of metabolic and degenerative diseases. 
The creation of mice heteroplasmic for severe mutations led to an extraordinary

discovery. Severe mtDNA mutations are rapidly and directionally eliminated from
the female germline, often within four maternal generations [89]. Hence, the female
germline has a mechanism for detecting and eliminating the most severe mtDNA
mutations prior to development. This means that the mtDNA can have a very high
germline mutation rate, without imparting crippling genetic loads. The high mtDNA
mutation rate can thus rapidly generate extensive sequence and physiological vari-
ation, providing the evolutionary diversity necessary to permit individuals and thus
populations to adapt to environmental challenges. This mtDNA adaptive system
now fills a critical gap in neo-Darwinian evolutionary theory. Previous theory pos-
tulated that the accumulation of nDNA genetic variation permits adaptation to new
environments leading to speciation. The problem is that there is no mechanism for
a species to survive in a marginal environment long enough for sufficient nDNA
anatomical gene mutations to accumulate to permit the switch a more prevalent
energy source in the new environment. By permitting species to rapidly adjust their
physiology to survive in marginal environments for prolonged periods, the mtDNA
fills this gap [48, 92]. 
To prove that mtDNA variation is sufficiently physiologically robust to permit

meaningful phenotypic changes, we created mice in which we mixed two normal
but different mtDNAs, thus obviating uniparental inheritance. These mice appeared
normal, but proved to have marked behavioral and learning defects [92]. Hence,
mtDNA haplogroups are physiologically relevant and maternal inheritance is
required to avoid their mixing. 
While mitochondrial genetics and mitochondrial medicine are what our laboratory

is best known for, we have also made exciting observations on the biophysics of the
mitochondrion. In the 1960s, Peter Mitchell proposed the chemi-osmotic theory for
mitochondrial oxidative phosphorylation (OXPHOS) [93]. In his model, the elec-
tron transport chain arrayed within the mitochondrial inner membrane burns calo-
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ries with oxygen and traps the energy by pumping protons out across the mitochon-
drial inner membrane to create a capacitor. This capacitance is utilized by the ATP
synthase to generate ATP. The problem with Mitchell’s conceptualization is that the
protons on the outside of the mitochondrial inner membrane are in direct contact
with the huge buffering capacity of the cytosol through the porin-containing mito-
chondrial outer membrane. Combining ultrastructural and cell biological studies
with collaborations with electrical engineers, we used microfluidic and microelec-
tronic systems to readdress this model. We discovered that the mitochondrial inner
membrane is involuted into closed chambers we call “cristae lumens.” The electron
transport chain pumps protons into these chambers where the charge is isolated and
concentrated [94]. We found that the cristae within and between mitochondria are
aligned indicating that the highly charged cristae and mitochondria interact with
each other, probably electromagnetically [27]. This is particularly important for the
high energy tissues such as the heart, muscle, and brain. This new concept of mito-
chondrial bioenergetics is permitting me to redraw our understanding of mitochon-
drial metabolism and regulation of apoptosis and thus to redefine the physics of life
and death. 
Because I have unwaveringly argued that bioenergetic defects can cause disease

and that non-Mendelian genetics can play an important role in human genetics, I
have regularly been at odds with the entrenched anatomical and Mendelian para-
digms of Western medicine. By contrast, my ideas have offered powerful new
insights and empirical procedures that resonate with the more holistic Eastern med-
ical concept of Qi, or vital force [95] It is my hope that the genetics, physiology,
physics, and medicine of the mitochondrion can provide a bridge between Eastern
and Western medicine, thus providing a new synthesis that could transform our
understanding of human biology and our approaches to human health and disease. 
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