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Abstract

The organizing power of energy flow is hypothesized to be the origin of biological complexity and
its decline the basis of “complex” diseases and aging. Energy flow through organic systems
creates nucleic acids, which store information, and the annual accumulation of information
generates today's complexity. Energy flow through our bodies is mediated by the mitochondria,
symbiotic bacteria whose genomes encompass the mitochondrial DNA (mtDNA) and more than
1000 nuclear genes. Inherited and/or epigenomic variation of the mitochondrial genome
determines our initial energetic capacity, but the age-related accumulation of somatic cell mtDNA
mutations further erodes energy flow, leading to disease. This bioenergetic perspective on disease
provides a unifying pathophysiological and genetic mechanism for neuropsychiatric diseases such
as Alzheimer and Parkinson Disease, metabolic diseases such as diabetes and obesity,
autoimmune diseases, aging, and cancer.

It was assumed that if we sequenced the human genome, defined all of the common single-
nucleotide polymorphisms (SNPs) and their haplotype associations, and performed genome-
wide association studies (GWAS) between the SNPs and the various “complex” diseases, we
would identify the responsible genes, understand the causes, and find the cures. However,
after enormous effort, we have yet to explain more than 20% of common disease risk.

Thomas Kuhn, in his book The Structure of Scientific Revolutions (Kuhn 1996), argued that
when a scientific endeavor invests increasing effort in a problem with diminishing returns,
the difficulty may lie with the core assumptions (paradigms) on which the work was based.
Assuming that this argument is valid in the current circumstance, what are the basic
assumptions upon which Western biomedical science and these efforts were based? There
are three: that evolution occurs through natural selection of variant forms, that organ-
specific symptoms are the result of organ-specific defects, and that genes are located on the
chromosomal DNA and inherited according to the laws of Mendel. All three of these
paradigms are rooted in observations on the structure of organisms, thus generating an
anatomical perspective on biology and medicine.

Copyright © 2011 Cold Spring Harbor Laboratory Press; all rights reserved
Correspondence: wallaced1@email.chop.edu.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wallace Page 2

However, recent discoveries on the role of bioenergetics in human evolution and disease
suggest that these classical paradigms are incomplete. Life requires not only anatomy but
also the vital force that animates anatomy. Therefore, life is the interplay among structure
(anatomy), energy (the vital force), and information to encode the structural and energetic
systems.

Anatomical observations (i.e., the beaks of Darwin's finches) were the basis on which the
theory of evolution by natural selection was derived. Whereas this can explain how different
forms can exploit adjacent niches, it cannot explain the evolution of complex forms. The
Second Law of Thermodynamics requires that complex forms decay because entropy
increases. Hence, simple forms—viruses and bacteria—should destroy complex forms:
humans. Yet humans exist and persist.

We persist because we counter entropy by maintaining a constant flow of energy through
our bodies. That is, life is in a state of nonequilibrium thermodynamics, not equilibrium
thermodynamics as required by the Second Law (Morowitz 1968).

Energy flow has the inherent property of generating structure in matter, for example the
formation of convection currents in heated liquids. For terrestrial life, high-energy photons
emanating from the sun are absorbed by the biosphere, the energy is used to build and
maintain structures, and the spent energy is radiated out into space as near-infrared photons.
For humans, we eat food that contains reducing equivalents, breathe oxygen, and react to the
reducing equivalents and the oxygen within our mitochondria to generate the energy
necessary to build, maintain, and animate our structures.

Whereas energy flow explains the maintenance of complexity, it does not explain the origin
of complexity. For this, we need a new biological principle. This can be derived from the
inherent feature of carbon-based molecules to form nucleic acids when they are exposed to
energy flow (Ricardo and Szostak 2009). Nucleic acids, in turn, are digital systems that can
encode information. Hence, each year energy flow through the biosphere creates more
nucleic acids that add more information to the system. The more information, the greater the
complexity that can be encoded. Therefore, after 3.5 billion years of energy flow, sufficient
information has accumulated to encode the complex structures of higher organisms and the
defense systems they use to combat entropy. Natural selection's function, then, is to compare
similar systems and, through competition, choose the most energy efficient of the
alternatives. Therefore, in biology the sum of energy flow is proportional to the sum of
organismal information, which adds up to complexity (Wallace 2010).

The anatomical perspective also dominates Western medical thought and hasdone sosince
the seminal description of human anatomy by Vesalius 450 years ago. Following Vesalius's
example, subsequent physicians and medical investigators have specialized in subregions of
the human body, leading to today's organ-based clinical subspecialists: neurologists,
ophthalmologists, cardiologists, nephrologists, and so on. This organ specialization has led
to an unstated corollary that organ-specific symptoms are the result of organ-specific
problems. However, in the past 20 years, we have observed many patients with organ-based
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symptoms who have been found to have systemic mitochondrial defects. Therefore,
systemic energetic defects can also cause organ-specific symptoms (Wallace 2005, 2007).

The anatomical perspective also solidified our confidence in the predominance of Mendel's
laws of inheritance. Mendel observed that certain traits showed a deterministic pattern of
transmission correctly interpreted as individuals having two copies of each hereditary factor,
one contributed from each parent in their sex cells. Early 20th-century Drosophila
geneticists studying the inheritance of fly morphological traits realized that Mendel's laws
coincided with the inheritance patterns they observed. Subsequently, the chromosomes were
also shown to follow the same hereditary pattern. These observations led to a powerful
synthesis. Morphological traits are encoded by genes that are located on chromosomes that
are inherited according to the laws of Mendel. Because all of the anatomical genes are
encoded by the chromosomal genes, this paradigm was completely internally consistent.

However, deterministic genetics became increasingly problematic when it was applied to
humans. Many familial traits do not exactly conform to Mendel's laws. Deviations were then
given terms such as “variable penetrance and expressivity” and “delayed-onset-and-
progressive-course,” which had no mechanistic explanation. The problems became
unresolvable when the prevailing paradigms were applied to the causes of the age-related
maladies such as neuropsychiatric disorders (Alzheimer disease [AD] and Parkinson disease
[PD]), metabolic disorders (Type Il diabetes and obesity), and autoimmune diseases
(multiple sclerosis and Type | diabetes). To cope with the inadequacy of Mendel's laws for
these diseases, they were declared to be “complex,” the result of the interaction of multiple
genes and a variable environment. However, the number of genes was not defined and the
nature of the “environment” was not specified, making this hypothesis impossible to
disprove.

Our perception of complex diseases began to change when it was discovered that there are
genes that are not inherited according to Mendel's laws. These non-Mendelian genes are
encoded by the mitochondrial DNA (mtDNA), and the mtDNA encodes the core genes for
bioenergetics. Moreover, non-DNA sequence changes were found to be maintained during
cell division and even transmitted across generations, leading to the concept that the
epigenome contributed to complex diseases. This concept came together with bioenergetics
when it was realized that all reactions that changed the epigenome were mediated by energy-
rich mitochondrial intermediates (Wallace 2005, 2007; Wallace and Fan 2010; Wallace et al.
2010).

Consequently, it is now clear that the anatomical perspective of biomedical science has a
complement, the bio-energetic perspective of biology and medicine (Fig. 1). In the realm of
evolutionary theory, the origin of species by natural selection is complemented by the origin
of complexity through the information-generating capacity of energy flow. In medicine, the
concept that organ-specific defects cause organ-specific symptoms is complemented by the
concept that systemic energy defects can also result in organ-specific symptoms. Finally, in
the domain of genetics, the deterministic laws of Mendelian anatomical genetics are
complemented by the stochastic rules of mtDNA bioenergetic genetics and epigenomics
modulated by energy flow.
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A BIOENERGETIC PARADIGM FOR COMPLEX DISEASES, AGING, AND

CANCER

Once we realize that the central principle of biology is energy flow and its capacity to create
information, we realize that the “complex” diseases could be reinterpreted within a single
energy-based pathophysiological and genetic system (Fig. 2). For higher animals, the
mitochondrion lies at the nexus of the environment and the body. The mitochondria process
the available calories from the environment and convert them into appropriate forms of
energy for use by our cells and tissues. This is accomplished by the central mitochondrial
energy transformation system oxidative phosphorylation (OXPHOS). Mitochondrial
OXPHOS powers a wide range of energy-based cellular functions, including maintaining the
oxidation—reduction balance of the cell, generating a capacitance across the mitochondrial
inner membrane, converting the potential energy of the capacitance into chemical energy in
the form of ATP, using the mitochondrial capacity to import calcium to modulate cellular
and mitochondrial reactions, producing reactive oxygen species (ROS) as signal
transduction molecules, and initiating cell death by activation of the mitochondrial
permeability transition pore (mtPTP) to destroy those cells with defective mitochondrial
energy production.

The mitochondrial genome, which is the sum of all of the genes necessary for producing the
structure and function of the mitochondrion, is encoded by two different genetic systems.
The core circuit genes for mitochondrial energy generation are encoded by the maternally
inherited, high-copy-number mtDNA, whereas all of the genes for mitochondrial structure,
intermediate metabolism, and biogenesis are encoded by nuclear DNA (nDNA). The
mtDNA has a very high sequence evolution rate. In the short term, this results in the
generation of numerous deleterious mutations that have been found to cause all of the
clinical problems associated with the “complex” diseases. In the long term, a subset of these
mutations has proven to be advantageous in certain regional environments and these have
been enriched to high frequencies by adaptive selection. Although they are optimal for their
adaptive local environment, these same variants can be maladaptive when exposed to a
different energetic environment.

The Mendelian component of the mitochondrial genome encompasses well over 1000 genes
dispersed across the chromosomes. Although the sequence evolution rate of the nNDNA
genes is very low, deleterious mutations do arise that can affect the mitochondrion.
Polymorphisms also occur in energy-regulating genes, but these are highly region-specific
and thus are averaged out in large-scale GWAS.

Because the nDNA-encoded mitochondrial proteins must interact with the mtDNA-encoded
proteins, the two genetic systems must be coordinately regulated. Indeed, the entire growth
and reproduction system of the cell must be coordinated with the availability of the energy
to fuel those processes. These systemic regulatory processes are coordinated via
mitochondrially generated high-energy and redox intermediates. Therefore, the entire
epigenome and all of the cellular signal transduction pathways are interfaced with
mitochondrial energy flux.
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Finally, the environment directly impinges on OXPHOS. The environment determines the
amounts and types of calories available to the animal and imposes demands on the
individual's energetic capacity to survive and reproduce. In our industrial society, an
increasing number of chemicals are being added to our environment and food supply that are
inhibitors of mitochondrial OXPHOS. These are eroding our cellular energetic capacity and
increasing our predilection for chronic diseases.

Our mitochondria and mtDNAs replicate and are turned over by mitophagy throughout our
lives. This means that mtDNA mutations accumulate in our somatic tissues as we age. This
creates an aging clock that progressively erodes our energetic capacity until there is
insufficient energy flow for optimal tissue function, at which point symptoms ensue.

Each person is born with a mitochondrial genotype with different degrees of robustness.
Over their lifetime, they accumulate somatic mtDNA mutations that erode their energy
reserves until the energy-generating capacity of their mitochondria falls below the minimum
necessary for optimal function of one of the high-energy-demand organs. At this point,
symptoms appear. As the severity of the energy defect increases, more systems become
affected until death ensues.

Every tissue and organ in the body requires mitochondrial energy, but certain tissues have an
especially high energy demand. These include the central nervous system, heart, muscle,
kidney, and endocrine systems. As mitochondrial energy output declines, the most energetic
organs are affected first, analogous to the sequential failure of electrical systems during a
metropolitan brown-out. Hence, progressive mitochondrial decline generates clinical
symptoms in the same organs that are affected by aging and the age-related diseases.

Because the mitochondria lie at the interface between the availability and use of
environmental calories, mitochondrial dysfunction directly affects energy balance. Hence,
mitochondrial defects are central to metabolic diseases such as diabetes, obesity,
hypertension, and cardiovascular disease.

The mitochondria are symbiotic bacteria and mitochondrial biogenesis is bacteria-like.
Hence, within each of our cells are hundreds of bacteria. In fact there are on the order of
1017 mitochondrial bacteria within our cells but only about 1014 bacteria within our gut. If
the mitochondrial bacteria are released into our bloodstream, they will initiate an immune
response, which suggests that one of the main reasons for having apoptosis is to degrade the
intracellular bacteria before they escape from the cell. Unfortunately, apoptosis is an energy-
driven process. Hence, chronic energy deficiency can impede apoptosis and increase the rate
of cellular necrosis, facilitating mitochondrial release. This may provide the priming events
for developing autoimmunity.

Lastly, whereas the cancer cell has escaped tissue and developmental regulation, it has not
escaped the constraints of energy flow. Therefore, the successful cancer cell must develop
strategies for adjusting its energy metabolism to accommodate its varying environmental
conditions. This is accomplished by developing the capacity to switch between glycolytic
and oxidative metabolism, use mitochondrial ROS to drive mitosis, and redirect energy
resources into cellular biogenesis and reproduction.
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BIOENERGETIC NEXUS BETWEEN ENVIRONMENT AND CELL

The origin of bioenergetics probably occurred when a spherical membrane trapped a charge
differential on its two sides. This type of biological capacitor remains the source of the “vital
force” in our cells today.

From its humble origins as free-floating nucleic acids, information growth produced
prokaryotic cells with a variety of energetic systems. About 2 billion years ago, two
prokaryotic organisms formed an association; one was an oxidative a-protobacterium and
the other was probably a maotile glycolytic cell. Ultimately, the motile cell engulfed the
oxidative cell, creating the eukaryotic cell encompassing a nucleus—cytosol organism and a
mitochondrial organism. The stage was then set for the evolution of multicellular plants and
animals. During the next ~1.2 billion years, the two organisms within the eukaryotic cell
underwent extensive metabolic consolidation and genetic exchange. The ultimate result was
that the nucleus—cytosol became specialized in encoding and elaborating structural forms,
whereas the mitochondrion became specialized in generating energy. Ultimately, the nucleus
incorporated all of the structure and biogenesis genes of the mitochondrion and the mtDNA
was reduced to encoding only the key elements of the circuit diagram for the mitochondrial
power plants (Wallace 2007). As anatomical structures became more complex, more genes
were added to the nucleus. However, it takes about one bacterium's worth of energy-
generating capacity to sustain 2000-3000 genes. Hence, as the number of nuclear genes
increased, the number of mitochondria also had to increase (Lane and Martin 2010),
resulting in the human cell today, which contains about 20,000+ nDNA genes plus the
hundreds of mitochondria and thousands of mtDNASs needed to sustain them.

Not long after achieving an optimal specialization and arrangement of the nDNA and
mtDNA genes, one line of single-cellular eukaryotic organisms acquired a second symbiotic
organism, a cyanobacterium. This bacterium ultimately became the chloroplast of plants.

The bacterial symbiotic events that generated the mitochondria and chloroplasts completed
the energy system of higher plants and animals. The cyanobacterial chloroplasts absorbed
the sun's photons, used the energy to split H,O into hydrogen and oxygen, released the
oxygen (O,) into the atmosphere, and fixed the hydrogen to the carbon of CO, to generate
the six-carbon molecule, glucose, stored in starch. Animals eat the plants to collect the
glucose, which is transported to the cells where it is split by glycolysis into two three-carbon
pyruvates. The pyruvates enter the mitochondrion where they are converted by pyruvate
dehydrogenase into NADH + H* and acetyl-coenzyme A (CoA). Acetyl-CoA, NADH, and
FADH5 are also generated in the mitochondrion by fatty acid -oxidation. Acetyl-CoA feeds
the mitochondrial tricarboylic acid cycle (TCA), the purpose of which is to remove the
hydrogens from the hydrocarbons and transfer them onto the carrier NAD* to generate
NADH + H*. The hydrogens from NADH + H* are then reacted with oxygen in a series of
steps within the mitochondrion known as the electron transport chain (ETC) and the energy
released is used to pump protons from the inside of the mitochondrial matrix, out through
the mitochondrial inner membrane, into the intermembrane space. The resulting capacitor is
approximately —180 mV and is used as a source of energy to drive a broad spectrum of
processes, including conversion of electrochemical energy into chemical energy in the form
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of ATP. This integrated system for energy transformation is known as OXPHOS and the
mitochondrial inner membrane potential is the “vital force” that the ancient Greeks
recognized was present when a person was alive and breathing and lost when the person
died and breathing stopped.

Because energy flow in the terrestrial environment is variable, multicellular animals have
developed the capacity to adjust to the changing environments. During the plant growing
season, glucose is abundant. Consequently, animals rely more on glycolysis and less on
OXPHOS to store the excess calories as fat. In the nongrowing season, the animals mobilize
the stored fat and up-regulate OXPHOS to burn the fat because it can only be oxidized by
mitochondrial B-oxidation. These transitions in calorie availability are monitored by
pancreatic islets, which signal the changes in available calories through insulin and
glucagon. During the growing season, when blood sugars are high, pancreatic {3 cells secrete
insulin, which signals the cells to reduce OXPHOS and shift energy production toward
glycolysis. The insulin signal acts through the insulin receptor to activate Akt to
phosphorylate the FOXO transcription factor, thus barring FOXO from the nucleus. This
minimizes the transcription of peroxisome-proliferating-activated receptor y (PPARY)
coactivator 1 (PGC-1a), which coordinately stimulates the transcription of an array of
mitochondrial genes. FOXO can also be acetylated, which excludes it from the nucleus, and
deacetylated by Sirtl using NAD™ as a coreactant. Under highly glycolytic conditions,
NAD" is likely to be reduced to NADH and inaccessible to Sirt1, favoring inactivation of
FOXO. During the non-growing season, when carbohydrates are limiting, the pancreatic
islet a cells secrete glucagon. Glucagon binds to its receptors on the body's tissues,
activating adenylcyclase to produce cAMP. cAMP activates protein kinase A to
phosphorylate CREB, and phosphoCREB enters the nucleus and activates the transcription
of PGC-1a. This up-regulates OXPHOS to burn fats to sustain ATP production during
periods of privation.

The body is thus organized according to an energy anatomy including energy-utilizing
tissues, the brain, heart, muscle, kidney, etc.; energy-storing tissues including white adipose
tissue to store fat to generate ATP and brown adipose tissue to store fat to generate heat; an
energy homeostasis tissue, the liver, that modulates blood glucose levels because glucose is
our connection with plant energy fixation; and an energy-sensing tissue, the pancreatic
islets, which senses glucose levels and modulates tissue energy metabolism accordingly.
Thus, the primary factor in our “environment” is the availability of calories and the demands
made on our caloric system for survival and reproduction (Wallace 2007).

The generation and utilization of the mitochondrial electrochemical gradient is a biophysical
process involving the linked flow of both negative and positive charges (Fig. 3). The
electrons borne by NADH H + H* are transferred to mitochondrial inner membrane protein
complex | or NADH dehydrogenase. Complex | oxidizes the NADH + H* and reduces the
lipid-soluble electron carrier coenzyme Q1 (CoQ). CoQ or ubiquinone incorporates two
electrons successively, the first electron generating ubisemiquinone and the second
ubiquinol. Electrons from other dehydrogenases are also transferred to CoQ. This includes
complexll, succinate dehydrogenase, which collects electrons from the TCA cycle
intermediate, succinate. From CoQ, the electrons are transferred to complex 111 (b—c4
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complex), then to cytochrome c, then to complex 1V (cytochrome c oxidase, COX), and
finally to O, to generate H,O. As the electrons traverse complexes I, 11, and 1V, the energy
released is used to pump protons out across the mitochondrial inner membrane to create the
electro-chemical gradient: AP = Ay + AHHJ' (Fig. 3). The accumulated power generated by
1000 mitochondria within each of 100 trillion cells or 1017 mitochondria provides the
energy that powers our lives.

The mitochondrial capacitors provide energy to drive a wide range of biological processes,
but to extend mitochondrial utility to fueling reactions and performing work, it needs to
convert the capacitor's potential energy into the high-energy chemical intermediate ATP.
This is accomplished by the H*-transporting ATP synthase, complex V, bound to the
mitochondrial inner membrane and pointing into the matrix. Mitochondrial ATP is then
exchanged by cytosolic ADP by the adenine nucleotide translocators (ANTS). Therefore, the
proton-pumping complexes I, I, and 1V of the ETC are coupled to ATP synthesis through
the proton gradient. The efficiency by which complexes I, 111, and IV pump protons out of
the mitochondrion and by which the ATP synthase converts the proton gradient into ATP is
known as the coupling efficiency. Because the calorie is a unit of heat, the more calories that
are burned by the cell, the more heat that is generated, whether the energy goes through the
high-energy intermediate ATP or not. As it turns out, people differ significantly in their
coupling efficiencies. Therefore, those that are more tightly coupled generate the maximum
ATP per calorie burned and the minimum heat, whereas individuals that are less tightly
coupled have to burn more calories for the same amount of ATP and thus generate more
internal heat. This provides one of the fundamental connections between our genes and our
environment.

The biophysics of the linkage among calorie oxidation, the proton gradient, and ATP
synthesis is now being elucidated by defining the composition and structure of the central
OXPHOS complexes (Fig. 3). Complex I is one of the largest enzymes known, being
composed of 45 polypeptides, seven (ND1, 2, 3, 4L, 4, 5, and 6) encoded by the mtDNA and
the rest by the nDNA.. For every two electrons that traverse complex I, up to four protons are
pumped into the intermembrane spaces (Efremov et al. 2010; Brandt 2011; Efremov and
Sazanov 2011). Complex Il is composed of four polypeptides, all encoded by the nDNA,
and does not pump protons. Complex 111 is composed of 11 polypeptides, cytochrome b
being encoded by the mtDNA whereas the remainder of the polypeptides are encoded by the
nDNA. The stoichometry of complex Il is two protons pumped per two electrons that
transit the complex (Iwata et al. 1998). Complex IV is composed of 13 polypeptides, three
(COl, 11, and I1I) encoded by the mtDNA (Tsukihara et al. 1996). This complex collects two
pairs of electrons from two successive cytochrome cs. The four electrons reduce O to two
H,0s coupled to the transport of four protons, giving a stoichometry of two protons pumped
per two electrons oxidized. Complex V (ATP synthase) is the most dynamic of the
OXPHOS complexes. It is composed of approximately 15 subunits, two (ATP6 and 8)
encoded by the mtDNA, organized into a fixed element, the stator, and a rotating element,
the rotor. The rotor is a wheel, with eight spokes that spins within the plan of the inner
membrane. Each spoke has a negatively charged glutamate that picks up one proton from the
intermembrance space, rotates around the circumference of the wheel, and releases the
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proton into the matrix. As the wheel spins, it drives an axel that protrudes into a fixed barrel
structure of three pairs of alternating a and 3 subunits. As the axel contacts the § subunits, it
successively binds ADP and Pi, fuses them into ATP, and releases the generated ATP.
Therefore, the stoichometry of ATP synthesis is 2.7 protons per one ATP (Saraste 1999;
Watt et al. 2010).

As a byproduct of OXPHQS, the mitochondrion generates much of the cellular ROS,
initiated by the transfer of a single electron from complex I or 111 to O,. The resulting
superoxide anion O;,~ generated by complex I in the matrix is converted to hydrogen
peroxide (H05) by Mn superoxide dismutase (MnSOD), whereas the O, ~ produced in the
intermembrane space by complex Il is converted to H,O, by Cu/ZnSOD. Mitochondrial
H»0, can be reduced to water by glutathione peroxidases.

The mitochondrial membrane potential can be used to import CaZ* into the mitochondrion
(Baughman et al. 2011; De Stefani et al. 2011). Hence, the mitochondrion is a major
buffering system for cellular Ca?* (Fig. 3).

The mitochondrion also contains a self-destruct system, the mtPTP, that spans the
mitochondrial inner and outer membranes. The mtPTP interacts with cyclophilin D and the
proapoptotic and antiapoptotic proteins of the Bax and Bcl-2 family. The pore is activated
by reduced mitochondrial membrane potential, increased matrix Ca2*, and oxidative stress.
When the levels of the factors exceed the activation threshold, the pore opens, short-
circuiting the membrane potential. This is coordinated with the opening of a megachannel in
the mitochondrial outer membrane, releasing cytochrome c and other proapoptotic factors,
which results in the digestive destruction of the cell containing the faulty mitochondria (Fig.
3).

The bacterial origin of the mitochondrion is still apparent in its biogenesis systems. The
mitochondria synthesize the 13 OXPHOS polypeptides encoded by the mtDNA on bacteria-
like, mitochondria-specific, chloramphenicol-sensitive ribosomes. The ribosomes are
assembled from 12S and 16S ribosomal RNAs (rRNAs) transcribed from the mtDNA plus
an array of polypeptides encoded by the nDNA, the polypeptides assembled using 22
mtDNA-encoded transfer RNAs (tRNAs) that initiate mitochondrial translation with a
formylmethionine. The mitochondrial formylmethionine polypeptides plus the mtDNA can
be recognized by the innate immune system as endogenous “damage”-associated molecular
patterns (Zhang et al. 2010). Thus, release of mitochondria into the extracellular space can
initiate the inflammatory response and prime the immune system to initiate an autoimmune
response.

MITOCHONDRIAL GENETICS IS QUANTITATIVE AND COMPLEX

The mtDNA of the mitochondrial genome is a 16,569-nucleotide closed circular molecule
that encodes the 13 OXPHOS polypeptides, the 12S and 16S rRNA, 22 tRNAs, and a 1121-
nucleotide control region that contains the promoters and one of the two origins of DNA
replication. The two mtDNA strands are transcribed symmetrically from three control region
promoters: two for the G-rich heavy (H) strand that encodes the rRNA genes and 12 of the
13 polypeptides, and one for the light (L) strand that encodes a single polypeptide, the ND6
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complex I gene. Most of the genes are punctuated by tRNAs and, as the polycistronic RNAs
are transcribed, the tRNAs fold in the transcript and are cleaved out, generating the mature
rRNAs and messenger RNAs (MRNASs), which are posttranscriptionally polyadenylated.
The L-strand promoter has been proposed to form the primer for H-strand replication, which
then proceeds two-thirds around the mtDNA to the L-strand origin, at which point
replication proceeds back in the opposite direction (Coskun et al. 2004; Wallace 2005).

In addition to the mtDNA, the mitochondrial genome encompasses > 1000 nDNA-encoded
mitochondrial genes (Pagliarini et al. 2008). These include the remaining structural subunits
of the OXPHOS complexes, the structural polypeptides to assemble the mitochondrion, the
mitochondrial intermediate metabolism proteins, and the proteins for mitochondrial
biogenesis proteins, including the mitochondrial-specific DNA, RNA polymerases, and the
ribosomal proteins.

All of the mtDNA-encoded polypeptides are core electrical components of complexes I, IlI,
IV, and V. These complexes share a common substrate and product, the inner membrane
capacitance. Therefore, it is essential that the proton permeability of all four complexes be
balanced to avoid one complex from becoming leaky for protons and shorting the capacitor.
Hence, all 13 mtDNA protons must coevolve. This is accomplished by the exclusive
maternal inheritance of the mtDNA, which requires that each new mtDNA mutation be
tested for its fitness against the background of that mtDNA's previous variants. Furthermore,
uniparental inheritance blocks the mixing and recombination between mtDNAs from two
different maternal lineages, thus avoiding the combining of incompatible circuit elements
(Wallace 2007).

Mitochondria are continuously replicating and the excess mitochondria turned over by
mitophagy within cells. The replication of the mtDNA involves the mitochondria-specific
DNA polymerase v (POLG), a helicase (Twinkle), single-stranded binding protein, and an
array of other proteins that are assembled into the mitochondrial nucleoid. Nucleoids may
contain one mtDNA molecular complexed with Tfam (Bogenhagen et al. 2008; Gilkerson
2009; Prachar 2010).

The mtDNA has a very high sequence evolution rate, in part because it is exposed to ROS.
When a new mtDNA mutation arises, it creates an intracellular mixture of mutant and
normal mtDNAs, a state known as heteroplasmy. During cell division, the mutant and
normal mtDNASs are randomly transmitted to the daughter cells. As a result, the percentage
of mutant and normal mtDNASs can drift during either mitosis or meiosis (replicative
segregation). As the percentage of mutant mtDNASs increases, energy output declines until it
falls below the minimum required for a particular tissue, the bioenergetic threshold, at which
cellular dysfunction occurs and symptoms ensue. The milder the mtDNA mutation, the
higher the percentage of mutant mtDNAs that must be present before the individual
manifests symptoms, with the mildest mutants becoming pure mutant (homoplasmy). The
most severe mtDNA mutations are eliminated before ovulation by an ovarian selection
system, thus reducing the mutational genetic load and permitting the introduction of
numerous mild mtDNA variants into the population to foster rapid adaptation to regional
environmental differences (Fan et al. 2008; Stewart et al. 2008).
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Mitochondria within the cell are dynamic organisms, constantly undergoing fission and
fusion. Fission is mediated by the Drpl and hFisl proteins and fusion by the Opal and Mfn1l
and Mfn2 proteins. Fusion permits the complementation of defects between different
mitochondria and mtDNAs (Schon and Gilkerson 2010). Fission is essential to separate
mitochondria for transport throughout large cells such as neurons (Chen and Chan 2005,
2009; Chen et al. 2010). Fission is also modulated by the Bax—Bcl-2 family of proteins
(Graef and Nunnari 2011a,b) and permits isolation of mutant nucleoids in mitochondrial
vesicles where the mtDNA can be expressed and, if defective, result in a reduced membrane
potential, signaling removal by mitophagy.

Mitophagy is initiated by the mitochondrial membrane protein PINK1, which is degraded in
normal mitochondria but stabilized in the mitochondrial outer membrane in mitochondria
with lowered membrane potential (Narendra et al. 2010). PINK1 phosphorylates the
cytosolic protein parkin, attaching it to the mitochondrion (Narendra et al. 2008), where it
ubiquinates mitofusins 1 and 2 (Gegg and Schapira 2011) and activates a mitochondrial
ubiquitin—proteosome system (Chan et al. 2011). The ubiquinated mitofusins attract the
adaptor protein p62/SQSTM1 (Ziviani and Whitworth 2010) that recruits the mitophagy
apparatus including the microtubule-associated protein 1 light chain 3 (LC3) protein and Atg
autophagy proteins to engulf the mitochondria in an autophagosome, preparatory to
degradation (Burbulla et al. 2010; Guo 2010; Zhu and Chu 2010; Graef and Nunnari
2011a,b).

INHERITED MITOCHONDRIAL VARIATION

The discovery and analysis of diseases resulting from mutations in the mitochondrial
genome have shown that bioenergetic defects result in the same clinical phenotypes as seen
in the common complex diseases. Moreover, mutations in different mitochondrial genes as
different as mtDNA encoded versus nDNA encoded can give the same phenotype.

Clinically relevant inherited mtDNA mutations fall into two major categories: recent
pathogenic mutants and ancient adaptive polymorphisms. Additional clinical mutations
occur in nDNA-encoded mitochondrial genes.

Recent Pathogenic mtDNA Mutations

Pathogenic mtDNA mutations can alter either the rRNA or tRNA mitochondrial protein
synthesis genes or the OXPHOS polypeptide genes. Severe mutations can cause clinical
phenotypes when they are heteroplasmic, whereas milder mutations cause symptoms when
they are homoplasmic.

Pathogenic mitochondrial protein synthesis mutations are generally heteroplasmic and
variation in the percentage of heteroplasmy can result in widely different clinical
phenotypes. One common mtDNA protein synthesis mutation in the tRNALYS gene at
nucleotide A8344G causes myoclonic epilepsy and ragged red muscle fibers (MERRF)
when present at a high percentage of heteroplasmy and sensory neural hearing loss when at
lower heteroplasmy levels (Wallace et al. 1988b; Shoffner et al. 1990). The common
tRNALeUUUR) gene mutation at nucleotide A3243G (Goto et al. 1990) causes severe
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mitochondrial encephalomyelopathy, lactic acidosis, and stroke-like episodes (MELAS
syndrome) at high heteroplasmy levels; mitochondrial myopathy with ragged red muscle
fibers (RRFs); and ophthalmoplegia, ptosis, and cardiomyopathy at intermediate
heteroplasmy levels, but it accounts for between 0.5% and 1.0% of all Type | and Type Il
diabetes throughout Euroasia at low levels of heteroplasmy (10%-30%) (van den Ouweland
et al. 1992; Wallace 2005).

Pathogenic mtDNA missense mutations can be either heteroplasmic or homoplasmic
depending on the severity of the biochemical defect associated with the mutation. In
Europeans, the sudden-onset blindness, Leber hereditary optic neuropathy (LHON), can
result from milder homoplasmic missense mutations such as the ND4 gene at nucleotide
G11778A (R340H; Wallace et al. 1988a), ND1 nucleotide G3460A (A52T; Huoponen et al.
1991), and ND6 nucleotide T14484C (M64V; Johns et al. 1992) mutations. All three of
these mutations predominantly affect males more than females and have milder complex |
defects (Carelli et al. 1997, 1999; Brown et al. 2000, 2001; Baracca et al. 2005). A more
severe missense mutation in the complex | ND6 gene at nucleotide G14459A (A72V) causes
LHON when heteroplasmic and the movement disorder generalized dystonia when
approaching homoplasmy (Jun et al. 1994, 1996).

Direct proof that mtDNA missense mutations are sufficient in themselves to cause
degenerative disease has come from the introduction of an mtDNA COI gene missense
mutation at nucleotide T6589C (V421A) into the female mouse germline. This resulted in a
50% reduction in complex IV activity in association with mitochondrial myopathy and
cardiomyopathy (Fan et al. 2008).

mtDNA “Adaptive” Polypeptide Variants

Another factor that modulates the severity of mtDNA gene mutations is the mtDNA
background. Soon after the discovery of the ND4 G11778A mtDNA mutation, a number of
other mtDNA variants were found to be at increased frequency in ND4 G11778A, ND1
G3460A, and ND6 14484C LHON patients. A noteworthy example is the cytochrome b
variant at nucleotide G15259A (D171N), which alters the Qg binding site of complex 111 and
changes an amino acid that is conserved down to bacteria (Brown et al. 1995). It was
subsequently discovered that the cytochrome b G15259A variant was one of several variants
associated with European mtDNA lineage “J.”

Because mtDNA mutations accumulate sequentially along radiating maternal lines, nodal
mtDNAS give rise to groups of descendant mtDNA haplotypes called haplogroups. By
reconstructing the mutational history of the world's mtDNAs from indigenous peoples, we
have been able to reconstruct the origin and ancient migrations of women (Denaro et al.
1981; Johnson et al. 1983). The African mtDNA tree coalesces back to a founding mtDNA
at between 150,000 and 200,000 years before the present (Cann et al. 1987; Merriwether et
al. 1991), which radiated in that continent to yield an array of haplogroups that constitute
macrohaplogroup L (Chen et al. 1995). Out of all of the African mtDNASs, only two mtDNA
types that arose in Ethiopia left Africa to found all of the mtDNAs of modern Eurasian and
Native American populations, creating macrohaplogroups M and N (Wallace 1994; Wallace
et al. 1999; Schurr et al. 2005). Macrohaplogroup N radiated into Europe, giving rise to
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eight haplogroups H, 1, J, T, U and Uk, V, W, and X, whereas M and N radiated into Asia,
giving rise to a plethora of mtDNA lineages. Of these haplogroups, A and B from N, and C
and D from M from Asia, together with haplogroup X gave rise to all extant Native
American mtDNAs (Wallace et al. 1999).

Frequently, regional mtDNA haplogroups were discovered to be founded by functionally
significant amino acid substitution variants. Macrohaplogroup N, for example, was initiated
by amino acid substitutions, an ND3 at nucleotide 10398 (A114T) and an ATP6 at
nucleotide 8701 (A59T). This led to the hypothesis that mtDNA mutations that changed
cellular energetics may have been adaptive in particular local energetic environments and
enriched by adaptive selection (Wallace 1994; Mishmar et al. 2003; Wallace et al. 2003;
Ruiz-Pesini et al. 2004; Ruiz-Pesini and Wallace 2006). Functional and biochemical analysis
has confirmed that different haplogroups can be energetically different (Ruiz-Pesini et al.
2000; Kazuno et al. 2006; Montiel-Sosa et al. 2006; Gomez-Duran et al. 2010).

Association studies using mtDNA haplogroups have subsequently revealed a wide range of
clinical associations. Haplogroup J was found to increase the penetrance of the milder
LHON mutations (G11778A, G3460A, and T14484C) (Brown et al. 1995, 1997, 2002;
Torroni et al. 1997). Other studies have found significant associations with neuropsychiatric
disorders, including depression, AD, PD, macular degeneration, and stroke; metabolic
diseases, including Type Il diabetes, cardiovascular disease, and metabolic syndrome;
immunological diseases, including sepsis, changes in IgE levels, asthma, osteoarthritis,
AIDS progression, anti-AID HAART-induced lipodystrophy; various forms of cancer;
longevity; and athletic performance (Wallace 2008; Gomez-Duran et al. 2010). Some
mtDNA haplogroup associations have very high odds ratios. For example, mtDNA
haplogroup U5a was found in one study to correlate perfectly with age-related macular
degeneration (Udar et al. 2009).

Variation in nDNA-Encoded Mitochondrial Genes

Mutations in the nDNA-encoded mitochondrial genes can also cause a broad spectrum of
neurological diseases in children and adults. These can include mutations in the structural
genes of OXPHOS and in the nDNA genes for mitochondrial biogenesis such as ribosomal
subunits (Smeitink et al. 2006; Wallace et al. 2007, 2010; Antonicka et al. 2010). Mutations
in the nDNA-encoded genes for mtDNA replication can destabilize mtDNA, resulting in
mtDNA multiple deletions and/or depletion (Zeviani et al. 1990; Nishino et al. 1999;
Mandel et al. 2001; Tyynismaa et al. 2005; Copeland 2010; Fratter et al. 2010).

Clinically relevant regional polymorphisms have also been observed in nDNA-encoded
mitochondrial genes that predispose to common clinical problems. A Pro 121 Ala
polymorphism in the PPARa has been associated with Type Il diabetes (Altshuler et al.
2000), and a Gly482Ser polymorphism in the PGC-1a gene has been associated with Type
Il diabetes in Danish populations (Ek et al. 2001) and in Pima Indians (Muller et al. 2003).
Polymorphisms in mitochondrial uncoupling proteins (UCP1, 2, 3) have also been correlated
with diabetes and obesity in a number of regional studies (Jun et al. 2009; Jia et al. 2010;
Srivastava et al. 2010; Dalgaard 2011).
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Finally, the expression of nDNA genes is regulated via mitochondrially generated high-
energy intermediates through modification of the histones. Presumably, in the early single-
cell eukaryote, growth and reproduction had to be directly linked to the availability of
calories. Therefore, the structure of the chromatin had to be keyed to energy flow. This was
accomplished by packaging the DNA in nucleosomes composed of histones with positively
charged amino acid tails. When unmodified, the positive tails bind electrostatically to the
negatively charged DNA, shutting down transcription. However, when calories become
available, they are rapidly converted into ATP, acetyl-CoA, and S-adenosylmethionine by
glycolysis and the mitochondrion. These substrates then permit the modification of histone
trails, neutralizing the negative charges. This opens the chromatin, permitting transcription,
cell growth, and cellular replication. These high-energy intermediates also contribute to the
modification of proteins in the signal transduction pathways, permitting modulation of
metabolism based on energy flow (Wallace and Fan 2010). The availability of reducing
equivalents from NADH/NAD* and NADPH/NADP™* also modulated the cellular redox
state, which controlled the equilibrium for thiol-disulfide systems, both soluble within the
cell (reduced versus oxidized glutathione) and incorporated into enzymes and transcriptions
factors, thus further coupling the metabolic and transcriptional control to the cell's energetic
environment (Wallace and Fan 2010; Wallace et al. 2010).

SOMATIC mtDNA MUTATIONS AND THE AGING CLOCK

The continuous turnover of mtDNAs in our cells and tissues means that our mtDNAS
replicate throughout our lives and thus are prone to accumulating de novo mutations. Both
deletions and base substitution mutations have been found to accumulate with age. These
mutations can occur either early in development and become widely disseminated
throughout our tissues or later in development and become confined to one or a few tissues.
In the former case, a single mtDNA mutation will come to predominate in all tissues,
whereas in the latter case each tissue will have a different array of mutations. Deletions that
arise in oocytes or very early in development may be origin deletion syndromes such as
chronic progressive ophthalmoplegia, Kearns—Sayre syndrome, or Pearson marrow pancreas
syndrome (Holt et al. 1988; Poulton et al. 1995; Wallace et al. 2007), the pathology of which
has been confirmed by the introduction of deleted mtDNA into the female mouse germline
(Inoue et al. 2000).

Somatic deletion mutations accumulate throughout life but may accrue at different rates in
different tissues. In the brain, for example, the highest deletion levels are found in the basal
ganglion, followed by the cortex, and then the cerebellum (Corral-Debrinski et al. 1992;
Cortopassi et al. 1992).

Base substitution mutations also accumulate with age. These mutations have been most
thoroughly studied in the mtDNA control region, with specific mutations being found in
particular tissues (Michikawa et al. 1999; Murdock et al. 2000; Wang et al. 2001; Zhang et
al. 2003).

The accumulation of “somatic mtDNA mutations” is thought to erode cellular energetics,
ultimately traversing bioenergetic thresholds and resulting in symptoms. This conclusion has
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been supported by the observation that mice harboring a mutant mitochondrial polymerase y
with a defective proofreading function have increased mtDNA somatic mutation rates and
exhibit evidence of premature aging (Trifunovic et al. 2004; Kujoth et al. 2005), whereas
transgenic mice in which the peroxisomal antioxidant enzyme catalase was introduced into
the mitochondrial matrix have reduced mtDNA mutation rates and increased life span
(Schriner et al. 2005).

MITOCHONDRIAL GENETICS OF AGE-RELATED DISEASES

From these observations, we envision that each individual inherits a mitochondrial genome
that defines his initial bioenergetic state. However, as he ages, he accumulates somatic
mtDNA mutations that progressively erode mitochondrial function until mitochondrial
energy output falls below the expression threshold of one or more tissues, at which point
age-related symptoms appear (Wallace 1992a,b; 2005). These principles now provide a
framework for understanding diseases such as PD and AD.

PD is a late-life-onset movement disorder associated with basal ganglia dysfunction and the
accumulation of Lewy bodies in affected dopaminergic neurons (Guzman et al. 2010).
Mitochondrial dysfunction is demonstrated because PD can be induced in humans and rats
by exposure to the complex I inhibitors MPTP (Langston et al. 1983) and rotenone (Betarbet
et al. 2000; Cannon and Greenamyre 2010).

Subsets of PD patients are members of Mendelian pedigrees. A number of these genes have
been cloned and their functions examined. Most have been found to affect mitochondrial
biology. PARK1 (a-synuclein) is involved in mitochondrial membrane integrity (Kamp et al.
2010), PARKS (LRRK?2) deficiency results in reduced OXPHOS function (Greggio et al.
2011), PARK13 (Omi/HtrA2) is a mitochondrial apoptosis regulatory protein, PARK7
(DJ-1) affects mitochondria function and oxidative stress (Krebiehl et al. 2010; McCoy and
Cookson 2011), and PARK2 (parkin) and PARK6 (PTEN-induced kinase 1, PINK1)
regulate mitophagy in response to mitochondrial dysfunction and mtDNA heteroplasmy
(Narendra et al. 2008; Burbulla et al. 2010; Guo 2010; Zhu and Chu 2010; Ziviani and
Whitworth 2010; Gegg and Schapira 2011). The PINK and parkin association with PD and
thus mitophagy dysfunction strongly implicates the accumulation of somatic mtDNA
mutations in the genetics and pathophysiology of PD.

An mtDNA role in PD was also shown by our discovery that an mtDNA tRNAGIN
polymorphism at nucleotide A4336G found on haplogroup H5a is present in about 5% of
PD patients and 7% of PD + AD patients versus 0.4% of controls (Shoffner et al. 1993).
Subsequent studies have confirmed that haplogroup H increases the risk of PD and that
haplogroups J, U, and Uk decrease the risk (Khusnutdinova et al. 2008).

Similarly, mtDNA deletions (Bender et al. 2006; Kraytsberg et al. 2006) and base
substitution (Coskun et al. 2011) mutations have also been found to be elevated in PD
brains. Furthermore, when mtDNAs from PD patients are transferred into cultured cell
cybrids, mitochondrial defects have been observed (Borland et al. 2009; Keeney et al. 2009;
Trimmer and Bennett 2009; Coskun et al. 2011).
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AD is a progressive dementia associated with cortical atrophy, amyloid plaques, and
neurofibrillary tangles. Most AD cases have a late-onset, spontaneous appearance, but 1% of
cases have an early-onset course and Mendelian inheritance (Alzheimer's Association 2011).
These early-onset cases have been linked to mutations in the amyloid precursor protein and
presenilin 1 and 2 complex genes. These mutations increase the generation of amyloid
peptides ABq _ 40 and ABq _ 4. Oligomeric aggregates of AP peptides have been shown to be
the toxic form of A (Deshpande et al. 2006; Glabe and Kayed 2006), and A has been
reported to inhibit complex 1V, cyclophilin D, ATP synthase, AB alcohol dehydrogenase
(ABAD), mitochondrial fission and fusion, and mitophagy (Coskun et al. 2011).

The risk for developing late-onset AD is increased by the inheritance of the ApoE ¢4 allele
and an allele of the mitochondrial outer membrane protein import gene TOMMA40 (Potkin et
al. 2009; Roses 2009). Several studies have indicated that the ApoE ¢4 allele is toxic to
mitochondria (Coskun et al. 2011).

We observed the tRNACI" at nucleotide A4336G in 3% of late-onset AD (Shoffner et al.
1993) and this association has been confirmed multiple times (Hutchin and Cortopassi 1995;
Wallace 2005; Santoro et al. 2010). Other mtDNA haplogroups have also been reported to
influence AD risk (Chagnon et al. 1999; Carrieri et al. 2001; van der Walt et al. 2004;
Lakatos et al. 2010).

Finally, somatic mtDNA deletions (Corral-Debrinski et al. 1994) and mtDNA control region
base substitution mutations (Coskun et al. 2003, 2010) are elevated in AD brains as well as
in the brains of Down syndrome patients with dementia (DSAD) (Coskun et al. 2010).
Increased mtDNA control region mutation levels are also seen in blood cell DNAs from AD
patients and in lymphoblastoid cell lines from AD and DSAD patients. Hence, the increased
mtDNA mutation levels are due to systemic defects. AD and DSAD brains with increased
somatic mtDNA mutations also exhibit an approximately 50% reduction in mtDNA ND6
transcript levels and in mtDNA copy number (Coskun et al. 2003, 2010). Finally, in the
triple transgenic mouse model of AD (3XTg-AD) (Oddo et al. 2003), females were found to
have higher mitochondrial respiration and complex | activity than controls when young.
These levels dropped below that of control mice at about the time when the levels of AB
might result in aggregation (Coskun et al. 2010). This raises the intriguing possibility that
AB is induced to protect brain mitochondria from functional decline. However, when
mitochondrial function becomes too severe, Ap is designed to oligomorize and destroy the
defective synapses and neurons.

ENERGY AND THE ENVIRONMENT

The bioenergetic paradigm can now begin to define the important parameters of the
environmental influence on human health and disease. Organisms within the biosphere
interface with energy flux at three levels: (1) the source of and requirement for the energy
available to a species within its niche, the energy reservoir; (2) the regional differences in
energy requirements and availability to subpopulations within a species, the energy
environment; and (3) the short-term fluctuations in energy availability and demands made
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on the individual during life by biological and environmental cycles, the energy fluctuations
(Fig. 4).

Adaptation to a new energy reservoir requires anatomical changes to exploit adjacent niches
—Darwin's finches. This requires mutations in nDNA-encoded structural genes. However,
the mutation rate of the nDNA is constrained because anatomical changes are only
expressed in the adult organism. Because most mutations are deleterious, a high nNDNA
mutation rate would destroy many of the adults, imposing a severe genetic load on the
species. Hence, the nDNA mutation rate must remain low, in the range of 1076-10~7,
Masked by heterozygosity, this will still permit the accumulation of sufficient variation to
allow anatomical evolution within the time frame of the hundreds of thousands to millions
of years required for speciation.

Adaptation to different energy environments encountered by regional populations of a
species requires more rapid adjustments in a time frame of thousands of years. This rate of
genetic change can only be achieved by the high-sequence evolution rate of the mtDNA.
Whereas such a high mutation rate might be expected to cause severe genetic loads on the
species, this problem has been resolved for the mtDNA by intraovarian selection against
proto-oocytes that harbor highly deleterious mtDNA mutations. This is feasible because
mitochondrial dysfunction can be selected at the cellular level and thus does not require the
full life cycle of the individual to be manifested. Removal of the most deleterious mutations
before fertilization then permits the mtDNA to have a high mutation rate and thus introduce
into the species a wide range of modest bioenergetic alterations that provide the raw material
for rapid genetic adaptation to novel regional energetic environments.

Finally, an individual's environment changes repeatedly throughout daily, monthly, yearly,
and life cycles. These cyclic changes are reversible and thus cannot be mutational. Animals
adjust to these energetic changes by modulating nuclear gene expression through
modification of the epigenome and cellular signal transduction. These changes are mediated
by mitochondrially regulated energetic intermediates, redox state, Ca2*, and ROS signaling.

Therefore, the search for common nDNA variants that predisposed to the common
“complex” diseases may have been unproductive because most of the intraspecific genetic
variation of relevance to the environment and to diseases is localized in the mtDNA and the
epigenome, not in the nDNA.
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ON BIOLOGY & MEDICINE ON BIOLOGY & MEDICINE

DARWINIAN PARADIGM OF + BIOENERGETIC PARADIGM OF

EVOLUTION: Evolution occurs SVOL TTION: Complexity resuits
: : rom the accumulation of energy-

:?;;:;:;:L?gg:on acting on generated information, natural

i selection optimizes efficiency.

ANATOMICAL PARADIGM OF + BIOENERGETIC PARADIGM OF
DISEASE: Tissue-specific DISEASE: Systemic energy
symptoms are the result of deficiency can result in tissue-
tissue-specific defects. specific symptoms.

MENDELIAN PARADIGM OF *  MENDELIAN + MITOCHONDRIAL

INHERITANCE: Genes Mendelize, PARADIGM OF INHERITANCE:
Anatomical genes Mendelize,

non-Mendelian factors are bioenergetic genes may be
environmental. Mendelian or non-Mendelian.

Figure 1.
The anatomical and bioenergetic complementarities in evolution, medicine, and genetics.

Comparison of the three pairs of complementary paradigms derived from the anatomical
perspective and the bioenergetic perspective.
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A MITOCHONDRIAL ETIOLOGY OF COMPLEX DISEASE
mtDNA Variants
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Carbo‘h;dr..nos.. Delo(oriau.'.. Mﬁta!ions.
Fats, Amino Acids Mito Gene Polymorphisms.

Growth, OXPHOS Histone Modifications,
Maintenance, DYSFUNCTION Signal Transduction,

Reproduction - Redox Controls

|

mtDNA Damage & Ne e

Metabolic Somatic Mutations B Deafness

Type |l Diabetes, Obesity AD, PD, Depression
Hypn)ri?nslon, CVD PROGRESSIVE AR

SUOES BIOENERGETIC Myalg 'Faligabil'tv
Thermal, Trauma DECLINE G athy

~tion Predisposition Aging Energy Préduclion.
Sopsis, AIDS Penetrance & Exprossivity ROS & Redox
Delayed-Onset & Progression

Figure 2.
Integrated mitochondrial paradigm to explain the genetic and phenotypic complexities of the

“complex” human diseases. An integrated model for the genetics and pathophysiology of
complex diseases, aging, and cancer. The top of the figure indicates the three types of
variation that impact individual mitochondrial oxidative phosphorylation (OXPHQOS)
robustness and hence risk for developing disease symptoms. These include nuclear DNA
(nDNA) variation encompassing DNA sequence changes and epigenomic modification of
gene regulation and signal transduction pathways, mitochondrial DNA (mtDNA) variation
including recent deleterious mutations and ancient adaptive polymorphisms, and
environmental influences encompassing the availability and demand for calories and
inhibition of mitochondrial function by environmental insults. The central oval encompasses
the pathophysiological basis of disease processes and the basis of disease progression. The
primary defect is reduction in the energy transformation capacity of OXPHQOS. This can
result in reduced energy output, increased reactive oxygen species (ROS) production, altered
redox status, and altered calcium homeostasis. The decline in OXPHOS efficiency can in
turn perturb mitochondrial biogenesis, increase ROS production, impair mitophagy, and so
on, resulting in the progressive increase in MtDNA damage and somatic mutations and
further decline in mitochondrial function. Once mitochondrial function falls below the
bioenergetic threshold of a tissue, symptoms ensue. Continued energetic failure can initiate
cell destruction by apoptosis or necrosis. The lower five derived disease categories
summarize the phenotypic outcomes of perturbed mitochondrial energy transformation. The
bottom arrow shows the effect of the stochastic accumulation of somatic mtDNA mutations,
resulting in delay-onset and progressive course of diseases and aging. The right arrow
indicates clinical problems that can result from reduced energy production in the most
energetic tissues, the brain, heart, muscle, and kidney. The number and severity of
symptoms in these organs reflect the degree and specific nature of the mitochondrial defect.
The arrow to the left indicates the metabolic effects of mitochondrial dysfunction that result
in the perturbation of the body's energy balance. This results in the symptoms of the
metabolic syndrome. The arrow toward the lower right corner indicates mitochondrial
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alterations that are critical for cancer initiation, promotion, and metastasis. The arrow to the
lower left corner outlines the hypothesized inflammatory and autoimmune responses that
may result from the chronic introduced into the bloodstream of the mitochondria's bacteria-
like DNA and N-formyl methionine proteins.
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Figure 3.
Mitochondrial energy production and its reaction to the pathophysiology of disease. Five

features of mitochondrial metabolism are central to the pathophysiology of the common age-
related diseases: (1) energy production by OXPHOS; (2) regulation of cellular oxidation—
reduction (redox) state; (3) ROS generation as a by-product of OXPHQOS; (4) buffering of
the cytosolic and mitochondrial Ca2* levels; and (5) regulation of apoptosis through
activation of the mtPTP. ADP or ATP, adenosine di- or triphosphate, ANT, adenine
nucleotide translocator; cytc, cytochrome c; GPx, glutathione peroxidase-1; LDH, lactate
dehydrogenase; MnSOD, manganese superoxide dismutase or SOD2; NADH, reduced
nicotinamide adenine dinucleotide; TCA, tricarboxylic acid cycle; VDAC, voltage-
dependent anion channel; I, 11, 111, 1V, and V, OXPHOS complexes 1-V. Complex | is
composed of 45 polypeptides, seven (ND1, 2, 3, 4L, 4, 5, 6) encoded by the mammalian
mtDNA,; complex Il consists of four nDNA-encoded polypeptides; complex Il consists of
11 polypeptides, one (cytb) encoded by the mtDNA; complex 1V is composed of 13
polypeptides, three (COI, 11, I11) encoded by the mtDNA; and complex V is composed of
~15 polypeptides, two (ATP6, 8) encoded by the mtDNA. (Modified from Wallace 2005,
2007; Ruiz-Pesini et al. 2007.)
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BIPARTITE CELLULAR MODEL FOR EVOLUTION AND DISEASE
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Figure4.
Three hypothesized levels of animal adaptation to energy resources and demands. The

primary contributor to the biological environment is the flux of energy through the
biosphere. The dichotomy between structure and energy in eukaryotes results from the
symbiotic origin of the eukaryotic cell involving the proto-mitochondrion and the proto-
nucleus—cytosol. The mitochondrion is specialized in energy production and retains the core
genes for controlling energy production within the mtDNA. The nucleus—cytosol is
specialized in encoding structure. Because growth and reproduction must be coordinated
with the availability of energy, the status of the energetic flux through cellular bioenergetic
systems, particularly the mitochondrion, is communicated to the nucleus—cytosol by
alterations in nDNA chromatin, the epigenome, and cytosolic signal transduction systems,
based on the production and availability of high-energy intermediates, reducing equivalents,
and ROS produced primarily by the mitochondrion. As a consequence, biological systems
interface with the energy environment at three levels: the species level, at which nDNA gene
variation alters anatomical forms to exploit different environmental energy reservoirs; the
species subpopulation level, at which primarily mtDNA bioenergetic genetic variation
permits adaptation to long-term regional differences in the energetic environment of the
species' niche; and the individual level, at which the epigenome and signal transduction
pathways are modulated by the availability of high-energy intermediates in response to
cyclic fluctuations in the individual's energy environment (Wallace 2009, 2010). (Reprinted,
with permission, from Cold Spring Harbor Laboratory and Proceedings of the National
Academy of Sciences.)
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