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ABSTRACT

The incidence of common, metabolic diseases (e.g. obesity, cardiovascular disease, diabetes) with complex genetic etiology has been steadily increasing nationally
and globally. While identification of a genetic model that explains susceptibility and risk for these diseases has been pursued over several decades, no clear paradigm
has yet been found to disentangle the genetic basis of polygenic/complex disease development. Since the evolution of the eukaryotic cell involved a symbiotic
interaction between the antecedents of the mitochondrion and nucleus (which itself is a genetic hybrid), we suggest that this history provides a rational basis for
investigating whether genetic interaction and co-evolution of these genomes still exists. We propose that both mitochondrial and Mendelian, or “mito-Mendelian”
genetics play a significant role in cell function, and thus disease risk. This paradigm contemplates the natural variation and co-evolution of both mitochondrial and
nuclear DNA backgrounds on multiple mitochondrial functions that are discussed herein, including energy production, cell signaling and immune response, which
collectively can influence disease development. At the nexus of these processes is the economy of mitochondrial metabolism, programmed by both mitochondrial and

nuclear genomes.

1. Introduction

Metabolic homeostasis is crucial to health and is maintained by a
complex interaction of mitochondrial biogenesis, bioenergetics, main-
tenance, and response to both exogenous and endogenous changes in
the environment. Since the 1980s the incidence of metabolic diseases
(e.g. obesity, cardiovascular disease, diabetes) has been steadily in-
creasing on both national and global stages [1]. While these diseases
can occur at any age, metabolic and lifestyle changes associated with
aging, poor diet and lack of exercise are implicated as the major con-
tributors to their rising incidence [2-8]. Identification of a genetic
paradigm that explains susceptibility and risk for these diseases linked
with metabolism has been pursued over several decades, and while
multiple single gene mutations in the nuclear genome have been linked
to a variety of metabolic diseases [9], the frequencies of these muta-
tions are generally low and do not account for the increasing incidence
of metabolic diseases observed in the developed world [3]. One ex-
planation is that pre-existent natural genetic variation is the basis for
differential risk among individuals. While genome-wide association
studies (GWAS) have identified numerous gene variants associated with
several diseases [10], as has whole genome sequencing [11,12], no
clear genetic paradigm has yet been found to disentangle the genetic
basis of polygenic/complex disease development. Consequently, while
greater granularity in our understanding of the nuclear genome has

been established, a genetic paradigm for understanding the polygenic
basis for common disease has not yet been clearly defined.

Douglas Wallace formally proposed a “mitochondrial paradigm” for
human disease in 2005 [13]. In this treatise, he proposed that mi-
tochondrial DNA (mtDNA) mutations in our prehistoric ancestors al-
tered mitochondrial bioenergetics, and along with changes in diet,
enabled ancient humans to adapt to climatic changes as they radiated
out of Africa. Further, it was hypothesized that many of these pre-
historic adaptive mtDNA mutations in contemporary Western societies
contribute to risk for metabolic and degenerative disease. A detailed
discussion of the specific features of mitochondrial genetics is not the
focus of this review — several reviews are already available on that topic
[14-19]. Herein, certain characteristics of the mitochondrion in terms
of its origins, genetics and functions are discussed which relate to the
multifunctional role of the organelle, yet also place something we refer
to as “mitochondrial economy” central to these functions. Current
thoughts on the origins of the nucleus and how input from both the
mtDNA and nuclear genome influence cell metabolism via “mito-
Mendelian” processes are also considered. While challenging nuclear-
centric theories derived from Mendelian genetics, we propose that the
mitochondrial paradigm, when combined with Mendelian concepts,
creates a mito-Mendelian genetic paradigm which contemplates the
natural variation and co-evolution of both mtDNA and nuclear back-
grounds on organelle function that can influence cell function and
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disease risk [20-24].
1.1. Mitochondrial Origins

The eukaryotic cell typically contains 100's — 100,000's of mi-
tochondria, depending upon cell type. Multiple taxonomic studies
suggest that the mitochondrion shares a remote common ancestor with
the Rickettsiales lineage, an extant order of aerobic, a-proteobacteria
[25,26]; genomic analyses from numerous a-proteobacteria-related
clades (a group of biological taxa that can be traced to one common
ancestor) suggest that the origins of the mitochondrion predate the
diversification of known a-proteobacterial lineages, meaning that mi-
tochondrial endosymbiotic origins are likely more ancient than ori-
ginally thought [25]. However, it is currently thought that an a-pro-
teobacterial bacteria entered into an endosymbiotic relationship with
an archaeon-like host cell (an archaeon is a single celled prokaryote
characterized by extremely large genomes — see next section, Nuclear
origins) ~1.5 billion years ago [27-33]. While a certain level of con-
troversy also exists regarding the nature of this endosymbiotic re-
lationship in terms of when phagocytosis evolved relative to en-
dosymbiosis [28-34], both phylogenetic and phylogenomic analyses
are consistent with a monophyletic origin of mitochondria [25]. In
terms of the endosymbiotic theory and when phagocytosis became es-
tablished, the “mitochondrion-late” formulation posits that phagocy-
tosis evolved in the host prior to endosymbiosis, whereas the “mi-
tochondrion early” model suggests that phagocytosis evolved after
establishment of metabolic interactions between the archaeon-like host
and its a-proteobacterial resident [34,35]. The latter model, referred to
as “anaerobic syntrophy”, is based upon a process common in the re-
cently discovered deep-sea archaea, which are close archaeal relatives
to eukaryotes [35]. Regardless of whether endosymbiosis had phago-
trophic or syntrophic origins however, our mitochondrial ancestor ap-
pears to have been a small, free-living autotrophic, aerobic, a-proteo-
bacterium that established a symbiotic relationship with its host cell to
convert nutrients (provided by the host) into large amounts of ATP
through oxidative phosphorylation, establishing a mutually beneficial
relationship. As the mitochondrial endosymbiont and its host coe-
volved, the former lost or transferred the majority of its genetic mate-
rial to the “nucleus” of its host, and while losing the ability to survive
autonomously, it retained key catalytic subunits required for electron
transport.

The endosymbiotic theory was first published in 1905 by Konstantin
Mereschkowsky, a Russian botanist, who postulated that ancestors of
plant chloroplasts were free-living cyanobacteria that became sym-
bionts [28,29]. While mitochondria were not part of Mereschkowsky's
theory, approximately a decade later (1918) Paul Portier proposed that
mitochondria were consequent of a symbiotic process [36], a concept
subsequently promoted by Ivan Wallin [31]. However, none of these
theories were seriously considered, and were in fact ridiculed by the
mainstream scientific community at the time; therefore endosymbiotic
origins as an explanation for the chloroplast, the mitochondrion, or
eukaryotic cell were abandoned until 1967, when the theory was res-
urrected by Lynn Sagan (Margulis) in her seminal paper “On the Origin
of Mitosing Cells” [30]. However, much like the response 50 years ear-
lier, her theories regarding the origins of eukaryotic cells and mi-
tochondria were met with much skepticism and criticism [32], until
protein and DNA sequencing data by Robert Schwartz and Margaret
Dayhoff revealed the bacterial origins of mitochondria [33].

1.2. Nuclear origins

There are currently multiple hypotheses regarding the origins of the
nucleus [37-44]. Lopez - Garcia and Moreira have proposed a refined
syntrophy (meaning that an interdependency exists) model, that in-
vokes key evolutionary events involving an archaeal - myxobacterial
endosymbiosis as the origin of the eukaryotic nucleus [42]. An
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archaeon is single celled prokaryote that while being morphologically
similar to bacteria, is genetically more closely related to eukaryotes;
myxobacteria, or “slime bacteria” represent a group of organisms pre-
dominantly found in soils and typically feed on insoluble organics;
another characteristic of these prokaryotes is extremely large genomes
[45]. While the syntropic model (also referred to as the “AB” hypoth-
esis) promotes an archaeal — myxobacterial endosymbiosis for nuclear
origins, it also states selective forces of metabolic compartmentation
also occurred/followed with the acquisition of the a-proteobacterium
(ancestral mitochondrion) and genetic transfer of a-proteobacterial
genes to the hybrid archaeal-myxobacterial nuclear material; this was
followed by the origin of the nuclear envelope and the endoplasmic
reticulum. An alternative hypothesis (called the “ABC” hypothesis),
based upon examination of eukaryotic proteins with no significant
homology to archaeal or bacterial proteins, includes an additional cell,
the “chronocyte” [38] that engulfed both archaea and bacteria, forming
the nucleus, and proposes that the host cell was a chronocyte, which
already had a cytoskeleton and extensive membrane system, instead of
a prokaryotic cell (e.g. bacteria). Another theory proposes that the
eukaryotic nucleus evolved from a complex DNA virus, consequent of a
“persistent presence” of the virus in an archaeal host that resulted in
viral acquisition of host genes that created a merged nuclear genome
[37]. Collectively however, while each of these hypotheses propose
different processes for the origins of the nucleus, they all: i) involve
endosymbiotic events, and ii) note that the nuclear genome represents a
genetic hybrid, consequent of symbiogenic events. Hence, the evolution
of the eukaryotic cell involved a symbiotic interaction between the
antecedents of the mitochondrion and nucleus that were required for
survival (Fig. 1). Consequently, it is logical that some form of genetic
interaction or co-evolution remains today - in fact, recent studies are
now showing that nuclear gene expression, regulation, and metabolism
are significantly influenced by different combinations of mtDNA and
nuclear genetic backgrounds [20,21,24,46-48].

1.3. Mitochondrial structure

The mitochondrion consists of outer and inner membranes that
create an intermembrane space (located between the outer and inner
membranes) and a matrix (surrounded by the inner membrane).
Collectively it has been estimated that the mitochondrion contains
~1500 proteins in vertebrates, and ~1000 in yeast [49]. The outer
mitochondrial membrane is structurally similar to the eukaryotic cell
membrane being composed of a 50/50 protein - phospholipid bilayer
that acts as a semi permeable barrier (< 5000-10,000 MW) to the cy-
tosol [50-52]. The outer mitochondrial membrane contains an abun-
dance of voltage-dependent anion channels (VDACs) or porins which
regulate the passage of smaller metabolites and ions into and out of the
mitochondrion [51], while larger molecules are imported via the
translocation of the outer membrane (TOM) complex, which serves as
an entry point for virtually all mitochondrial protein precursors [53].
The outer membrane can also interact with the endoplasmic reticulum,
ribosomes, other mitochondria, and the nucleus [50,54], with the mi-
tochondrial distribution and morphology protein (Mdm10) and mito-
fusin (Mfn) 2, a dynamin related GTPase (also an initiator of fusion)
identified as the membrane anchor of the ER-mitochondrion tether
structure [53,55-58]. The intermembrane space has a relatively low
protein content compared to the matrix, with cytochrome c being a
prominent component in addition to other proteins involved in apop-
tosis, inner membrane remodeling (e.g. Opal), and additional protein
import carrier proteins [50]. The protein rich mitochondrial inner
membrane has lipid content consistent with its bacterial origins (e.g.
high cardiolipin content) and contains the respiratory complexes
(comprised of subunits encoded by both the nuclear and mitochondrial
DNA) required for electron transport and ATP production. Due to its
low permeability, formation of an electrochemical potential across the
inner membrane is possible, which helps drive oxidative
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phosphorylation. The mitochondrial inner membrane is characterized
by the “inner boundary membrane” and the “cristae”. The inner
boundary membrane is the part that comes into close proximity with
the outer mitochondrial membrane, forming contact sites bridged by
outer and inner membrane proteins, including TOM (outer membrane)
and inner membrane translocase complexes (translocases of the inner
membrane, TIM22 and TIM23), that can form super-complexes for
transport of proteins into the inner membrane or matrix [55]. The
characteristic wrinkled appearance of the mitochondrial inner mem-
brane which is the consequence of folds within the membrane are
known as cristae, which although often described as invaginations of
the inner membrane, are actually specialized tubular structures that
regulate diffusion of molecules important for oxidative phosphoryla-
tion. Cristae that jut out into the matrix and form narrow openings at
their base are known as crista junctions [59] — the mitochondrial con-
tact site and cristae organizing system (or MICOS complex) forms the
structural basis for crista junctions, which allow for the formation of
micro-compartments called intracristal spaces that limit the diffusion of
small molecules, ATP and cytochrome c [59]. Cristae are also dynamic —
they undergo remodeling that can modulate reaction kinetics of the
citric acid cycle and oxidative phosphorylation with changes in meta-
bolism, and during apoptosis alter their structure to facilitate the re-
lease of cytochrome c [60-62]. The mitochondrial matrix contains al-
most 70% of the organelle's proteins, representing hundreds of
metabolic enzymes including the citric acid cycle, fatty acid oxidation,
heme synthesis and Fe-S biogenesis. Also located within the matrix,
anchored to the inner membrane is the mitochondrial DNA (mtDNA).
This small, circular DNA encodes key catalytic subunits for electron
transport and oxidative phosphorylation, the translational machinery
for proper generation of these subunits, and a growing number of mi-
tochondrial derived peptides (MDPs) that function to regulate cellular
metabolism [63-65].
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Fig. 1. Origins of the eukaryote nucleus

based upon the AB/ABC hypothesis.
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both involve endosymbiotic events, and

conclude the nuclear genome is a ge-

netic hybrid, consequent of symbio-
genic events.

Mitochondria

1.4. Genome structure and organization

Within each mitochondrion are several copies of closed circular
mtDNA. As discussed in the “Mitochondrial Origins” section, the mi-
tochondrion has a monophyletic origin in that it arose from a a-pro-
teobacterial ancestor; the original genome contained hundreds of genes,
which over millions of years were lost or transferred to the host (nu-
clear) genome [25,66]. Consequently, the “original” mitochondrial
genome now resides in two compartments, the mitochondrion and the
nucleus. In contemporary vertebrates, the mtDNA is a double stranded,
circular DNA that ranges from 16 to 18 kb (16.5 kb in humans) and
consists of a guanine rich “heavy strand” and a cytosine rich “light
strand”. There are 2-15 copies of mtDNA in each mitochondrion, re-
sulting in thousands of copies of mtDNA per cell [67-71]. The mtDNA
encodes 13 proteins that are key catalytic subunits of the electron
transport chain and ATP synthase. By virtue of having a slightly dif-
ferent genetic code from the nucleus, 22 transfer RNAs (tRNAs) and 2
ribosomal RNAs (rRNAs) also reside in the mtDNA that are required for
translation of mtDNA transcripts. Except for the succinate dehy-
drogenase complex (complex II), each electron transport chain complex
(complexes I, III, IV and V) contains mtDNA encoded subunits — all
complex II subunits are encoded by the nucleus with exception of the
mtDNAs from a photosynthetic red alga, Porphyra purpurea and a het-
erotrophic zooflagellate, Reclinomonas americana [72]. The heavy
strand encodes both rRNAs (12S and 16S), 14 tRNAs, and 12 poly-
peptide subunits for electron transport chain complexes I, III and IV,
and ATP synthase (complex V), while the light strand encodes a com-
plex I subunit (ND6) and 8 tRNAs. In addition to the 13 ETC subunit
proteins encoded by the mtDNA, 8 distinct short open reading frames
have been identified in the mtDNA which encode biologically active
peptides, known as mitochondrial derived peptides (MDPs) [73-80].
The first of these MDPs to be identified, humanin, is encoded within the
16S rRNA, which is exported from the organelle into the cytosol where
it has been shown to have cytoprotective effects [74,77,80-83]. The
16S rRNA also encodes 6 small humanin-like peptides (SHLPs 1-6)



J.A. Brown, et al.

which have roles in cell proliferation, mitochondrial metabolism and
apoptosis [74,75,80]. Unlike the other MDPs discovered thus far, mi-
tochondrial open reading frame within the twelve S rRNA type-c
(MOTS-c) is encoded in the 12S rRNA and is a key regulator of meta-
bolic homeostasis of glucose, fatty acids and protein within the cell,
with decreased levels of MOTS-c implicated in several metabolic dis-
eases including diabetes and cardiovascular disease [74,79,80]. Cur-
rently, MDPs appear to play roles in regulating metabolism and/or
cytoprotection, and importantly, can respond to metabolic stress
[64,65,74,79,84-86]. While the majority of the mtDNA codes for pro-
teins or translational machinery, there is a ~1 kb “non-coding region”
or NCR, which is also known as the “control region” as it contains sites
for the origin of heavy strand DNA replication and transcriptional
promoter sites for both heavy and light strands [87,88]. The NCR also
encompasses the displacement loop (D-loop, a triple stranded region
seen in replicating mtDNAs) region and 3 mtDNA hypervariable se-
quence regions, sometimes referred to as “mutational hotspots” in the
mtDNA [89].

1.5. Genome replication

The mtDNA is maternally inherited, polyploid, replicates and tran-
scribes simultaneously with the accessory subunit of DNA polymerase y
and mitochondrial transcription factor A (TFAM) being necessary for
both replication and transcription [90]. In contrast to the nuclear DNA,
mtDNA replication is not intrinsically tied to cell cycle; further, it is not
clear whether any level of control exists for mtDNA sorting during cy-
tokinesis. For replication, mtDNA aggregate with TFAM, mitochondrial
single-strand binding protein (mtSSBP) and the mtDNA helicase
Twinkle, to form nucleoids [91] which are anchored to the inner mi-
tochondrial membrane. Each nucleoid can contain 5-7 copies of mtDNA
packed into a 70 nm diameter structure, reminiscent of packing den-
sities found in bacteria [69] and the number of nucleoids per mi-
tochondrion vary by tissue [90]. There are two proposed models for
mtDNA replication: i) the strand-displacement mechanism (SDM), or ii)
RNA incorporated throughout the lagging strand (RITOLS) replication
[87,92-94]. In the SDM, mtDNA helicase Twinkle unwinds the double
stranded mtDNA at the replication fork, allowing the DNA polymerase y
to initiate synthesis of the heavy strand (leading strand) at the origin
(Om) [87,92-94]. This displaces the parental heavy strand which is
maintained, stabilized and protected as a single strand by mtSSBP, until
the light strand origin (Oy) is exposed (after about 2/3 of the new heavy
strand has been replicated), and synthesis of the light strand (lagging
strand) is initiated [87,92-94]. In the RITOLS model, as the parental
heavy strand is displaced, it is used as a template for RNA which begins
to form the newly synthesized light strand (lagging strand). When the
Oy, is exposed, DNA replaces the RNA to form the new light strand, a
process called RNA maturation [87,92-94]. This model (RITOLS) was
developed in response to the observation of apparent double-stranded
“intermediates” forming during replication [87,95], which are pre-
served when subjected to protease and phenol-chloroform extraction
but are susceptible to the degrading effects of RNAse H, which only
degrades RNA/DNA hybrids.

Under conditions of nutrient excess, mitochondria appear to be
more fragmented (undergo fission), and therefore mtDNA replication is
more active [96]. Conversely, under conditions of high energy demand,
mitochondrial elongation (fusion) is favored due to activation of
pathways involving mitofusin 2 (Mfn2, a protein essential for mi-
tochondrial fusion) and peroxisome proliferator-activated receptor-
gamma coactivator 1 alpha (PGC-1a, a transcription coactivator that
plays an essential role in the regulation of metabolism). Also, under
conditions of caloric restriction or starvation, dynamin-related protein
1 (Drpl, a GTPase protein involved in the regulation of mitochondrial
fission), is inhibited, and mitochondria appear elongated due to un-
checked mitochondrial fusion [97,98]. A study exposing pancreatic islet
B-cells to varying concentrations of glucose showed that mitochondria
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from cells exposed to 20mM glucose exhibited robust fragmentation
while mitochondria from cells exposed to 5mM glucose appeared tub-
ular [99]. Studies have also shown that under hyperglycemic condi-
tions, expression and/or activity of TFAM is decreased [100]. Specifi-
cally, it has been shown that in HepG2 cells exposed to 30mM glucose,
mitochondrial biogenesis is decreased as compared to cells treated with
5.5mM glucose, and this observation is concordant with a decrease in
TFAM transcripts [101]. Because of its crucial role in mtDNA tran-
scription and replication, it is likely that nutrient excess may regulate
mitochondrial replication through its effects on TFAM.

1.6. Mitochondrial functions

Mitochondria perform a plethora of cell functions beyond the ste-
reotype that they are the “powerplants of the cell”. While indeed im-
portant and critical as sources of oxidative energy production, by virtue
of their endosymbiotic origins and evolution of the eukaryotic cell, they
are multifunctional organelles as well. They are the primary source of
heat in endotherms [102,103], enabling us to maintain a constant body
temperature and moreover, serve as central supply and signaling sta-
tions for the cell, providing energy, oxidants, metabolites and multiple
signaling molecules for a variety of biosynthetic, metabolic and im-
munologic processes required for survival. At the nexus of these pro-
cesses is mitochondrial metabolism, or, the electron transport chain
(ETC) and how efficiently it functions. This mitochondrial efficiency, or
“economy” (utilization of electron flow for ATP generation) can affect a
variety of cell processes, including ATP generation, citric acid cycle
function and oxidant production that impact numerous downstream
pathways including cell signaling, calcium regulation, apoptosis, im-
mune response, glucose homeostasis, and nuclear gene expression
[104-110]. In this respect, reports have shown that different mtDNA —
nDNA combinations associate with different mitochondrial economies
[21,24,47,111]. The mito-Mendelian paradigm proposes that the com-
bined natural variation of both the mitochondrial and nuclear genomes
serve as the genetic basis for programming mitochondrial metabolism,
and thus, different mtDNA — nDNA combinations modulate metabolic
homeostatic systems (Fig. 2) that in turn, influence cellular response to
stimuli [20,22]. The following sections selectively discuss a few of the
many functions performed by the mitochondrion, and conclude with a
discussion on mitochondrial — nuclear (mito-Mendelian) genetic inter-
actions.

1.7. Citric acid cycle

Also known as the tricarboxylic acid or Krebs cycle, the citric acid
cycle (CAC) is an amphibolic cycle - it is the hub of eukaryotic cellular
metabolism, serving as a source of substrates for both catabolic and
anabolic metabolism that are essential for energy generation and mul-
tiple biosynthetic processes including the synthesis of fatty acids, cho-
lesterol, amino acids, purines, porphyrins and carbohydrates that par-
ticipate in lipogenesis, protein biosynthesis, and gluconeogenesis [105]
(Fig. 3A). Anaplerotic reactions replace CAC intermediates that are
utilized in biosynthesis pathways, while cataplerotic reactions remove
excess intermediates [112]. Glucose and glucogenic amino acid carbon
skeletons and triglycerides can be metabolized to pyruvate which is
oxidatively decarboxylated by pyruvate dehydrogenase to acetyl-CoA
(coenzyme A) [105]. Additionally, ketogenic amino acid carbon ske-
letons and fatty acids can be converted directly to acetyl-CoA [105]. In
the initiating reaction of the CAC, citrate synthase catalyzes the reac-
tion of acetyl-CoA with a 4-carbon oxaloacetate to form citrate and CoA
[105]. Glucogenic amino acid carbon skeletons can also enter the CAC
by being metabolized into intermediates such as a-ketoglutarate, suc-
cinyl CoA, fumarate or oxaloacetate [105] which is especially im-
portant for anaplerotic maintenance of CAC intermediate levels during
gluconeogenesis and lipogenesis [112]. During gluconeogenesis, malate
(a CAC intermediate) is shuttled out of the mitochondrion into the
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Fig. 2. mito-Mendelian genetics influences mitochondrial economy for ATP generation, and thus, can modulate metabolic homeostatic systems that influence cellular
response to stimuli. The figure illustrates 2 different nuclear - mtDNA combinations (A"°NA:A™PNA _ plack; B"PNA:B™PNA _ blue), that yield different dedicated
electron flow (e- flow) levels (arrow width) for the generation of heat (red), ATP (green) and oxidant (no fill) production. In the example, A"°N*:A™MPNA dedjcates
more e- flow for ATP production relative to B"™N:B™PNA (pje chart), yet both generate the same levels of ATP (bar graph), indicating a greater mitochondrial
economy for the B"PNA;B™PNA combination (less e- flow/ATP produced). Because the B"PN:B™PNA nyclear-mtDNA combination utilizes less electrons to generate

the same amount of ATP (relative to the A"PNA;AMNA

conditions of energy sufficiency.

cytosol and oxidized (NADH:malate dehydrogenase) to form ox-
aloacetate (while oxaloacetate is a CAC intermediate, it is not trans-
ported across the mitochondrial membrane) that can be decarboxylated
by PEP carboxykinase (PEPCK) to form phosphoenolpyruvate (PEP) and
converted to glucose [112]. Similarly, during lipogenesis, citrate is
shuttled from the mitochondrion into the cytosol and cleaved by ATP-
citrate lyase to yield acetyl-CoA and oxaloacetate. Oxaloacetate can be
reduced to malate (malate dehydrogenase) and converted to pyruvate
by malic enzyme which generates NADPH, which in combination with
malonyl-CoA (formed via carboxylation of acetyl-CoA) and acetyl-CoA
form the building blocks of fatty acids which combine with glycerol to
make lipids [113].

Flux of metabolites through the CAC change with energy demand;
as ATP levels increase with a concomitant decrease in ADP, the demand
for CAC generated reducing equivalents (NADH and FADH,) for energy
production (oxidative phosphorylation) declines, and CAC flux shifts
towards a more anabolic balance (both citrate and a-ketoglutarate, two
of the major CAC metabolites used for a variety of cellular processes,
are generated on the “front end” of the CAC, after production of 1
NADH). Consequently, a decrease in reducing equivalent production
will lead to greater availability of metabolites (e.g. citrate and a-ke-
toglutarate) for other cell processes. Conversely, as energy demand
increases and ADP levels increase, multiple fuel sources can be utilized
via the CAC for NADH and FADH, production to provide electrons for
ETC and oxidative phosphorylation. The mito-Mendelian paradigm
predicts that genetic mutations which convey differences in mi-
tochondrial economy between individuals will therefore impact the
amphibolic balance of the CAC, and thus multiple cellular processes and
systems (Fig. 3B).

1.8. ATP production

Reducing equivalents (NADH and FADH,) generated via the CAC
donate electrons to complex I (NADH-coenzyme Q, or NADH dehy-
drogenase) and complex II (succinate dehydrogenase, a component of
both the CAC and ETC), respectively [105].

These electrons reduce ubiquinone (coenzyme Q) to form ubiquinol,

combination), differences are observed in oxidant production and CAC metabolic intermediates under

that transfers electrons to complex III (cytochrome bc; complex or
ubiquinol-cytochrome ¢ oxidoreductase), which in a two-step process
known as the Q-cycle (involving three subunits of complex III: cyto-
chrome b, cytochrome c; and the Rieske protein), provides electrons
sequentially to reduce cytochrome c [105]. Next, reduced cytochrome c
is oxidized at complex IV (cytochrome c oxidase), which donates
electrons to oxygen, the final electron acceptor, producing water [105].
As electrons are shuttled through the electron transport, energy is uti-
lized to: i) generate heat, and ii) pump protons from the matrix into the
intermembrane space, creating an electrochemical gradient across the
inner membrane. The former contributes to our ability to maintain
thermostability and the “proton” gradient created by the latter is uti-
lized at ATP synthase (complex V) to convert ADP + P; to generate ATP
through oxidative phosphorylation. ATP synthase consists of a hydro-
phobic F, subunit (oligomycin sensitive) that forms a membrane
spanning pore for proton movement attached to the hydrophilic F;
subunit located in matrix that hydrolyzes ADP to form ATP. Recent
studies have shown that different nuclear - mtDNA combinations can
significantly influence individual mitochondrial economy for ATP
production, in vivo [21,24], and in vitro [111]. Interestingly, mtDNA
SNPs linked to these changes in humans [111] have previously been
linked to differences in mitochondrial matrix pH and intra-mitochon-
drial calcium levels, which can impact ATP synthesis [114,115]. As
discussed below (Oxidant production and signaling), as ATP levels rise
and ADP decline, electron carriers remain in the reduced state (in
coupled mitochondria), generating oxidants.

1.9. Heat production

As electrons shuttle through the ETC, energy is used for work
(pumping protons) and lost as heat. In this fashion, mitochondrial re-
spiratory function can be modulated to aid thermogenic homeostasis.
Albeit controversial, Chretien and coworkers have reported that a
temperature shift exists between the mitochondrion and surrounding
cytosol with up to a 10 °C differential, which could be modulated
through depletion of the mtDNA or inhibition of respiration [102,103].
In 2004, Ruiz-Pesini and coworkers hypothesized that mutations in the
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economy.
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mtDNA enhanced the thermogenic capacity of the organelle and thus,
enabled the expansion and survival of prehistoric humans in colder
climates as they migrated out of Africa [116]. As part of the mi-
tochondrial paradigm for common diseases, Wallace proposed the
bioenergetic changes that accompanied increased/decreased thermo-
genesis impacted individual risk of contemporary disease development
[13]. Several reports using insect models have provided experimental
results consistent with the concept that environmental characteristics
(e.g. temperature) can impact mitochondrial function and mtDNA
haplotype fitness [117-123], as have correlative studies in humans
regarding adaptation to cold climates [115,116,124,125]. Interestingly,
two mtDNA polymorphisms (np 10,398 — ND3; np 8701 — ATP6), pre-
viously shown to have a “robust” association with climate [115] have
also been linked to differences in longevity and susceptibility to a
variety of neurological diseases, cancer and diabetes [126-133]. These
same polymorphisms have also been associated with differences in ATP
production, matrix pH and intra-organelle calcium levels [111,114].
Additionally, another study that compared wild-type nematodes (Cae-
norhabditis elegans) from different climates (England and Hawaii) found
that mtDNA haplotype variation directly impacted several parameters
of mitochondrial metabolism in response to environmental tempera-
tures — further, those studies also examined the effects of different
mtDNAs on the same nuclear background and found effects on lifespan
[134]. Consequently, while clearly provocative — accumulating evi-
dence appears consistent with the concept that climatic challenges can
influence mitochondrial genome variation, and importantly, can
convey changes in organelle function.

Manipulation of mitochondrial metabolism using uncoupling agents
such as 2, 4 dinitrophenol (DNP) as a means for weight loss was
widespread in the U.S. in the 1930s [135,136], but also had adverse
side effects including fatal hyperthermia, resulting in action by the FDA
by 1938, declaring DNP toxicity was too great to be used under any
circumstance [137]. More recently, low dose DNP or MP201 (prodrug
of DNP) administration has been used as a tool for inducing mi-
tochondrial uncoupling in animal disease models with noted reported
beneficial effects in neurodegenerative disease (attributed to adaptive
responses, including decreased oxidants and stabilization of membrane
potentials) and diet induced obesity [138-141]. While perhaps con-
tentious (in the use of DNP), these studies suggest that pharmaceutical
targeting of mitochondrial metabolism may be of potential utility for
treating or preventing common diseases.

1.10. Oxidant production and signaling

Fig. 4 summarizes the various effects of mitochondrial generated
reactive oxygen species (ROS) on cell signaling. ROS are produced by
mitochondria as a consequence of electron transport and oxidative
phosphorylation [142-147], usually in the form of the free radical su-
peroxide (O,7), that can be spontaneously converted to the freely dif-
fusible oxidant hydrogen peroxide (H,0,) [148-152] and even more
rapidly in the presence of superoxide dismutase of which mitochondria
have 2 isoforms: SOD1 and SOD2 found in the intermembrane space
and mitochondrial matrix, respectively [153-158]. Thus far 11 sites of
ROS production have been identified in mammals including 4 NAD-
linked dehydrogenases, 4 ubiquinone-linked dehydrogenases, two sites
on complex I and one on complex III of the electron transport chain
[149,150]. Although previously thought of as harmful by-products, at
low levels mitochondrial ROS participate in cell signaling
[106,153,159-162], and acutely at higher levels, are important in
cellular defense mechanisms (apoptosis, autophagy, mitophagy and the
inflammatory response) [148,153,163-165]. Interestingly, MDPs have
also been implicated in ROS signaling — Kim and coworkers showed that
one MDP, mitochondrial open reading frame of the 12S rRNA-c (MOTS-
c), can translocate from the mitochondrion to the nucleus in response to
oxidative stress [85]. This translocation was AMP activated protein
kinase (AMPK) dependent, and once inside the nucleus, MOTS-c
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directly bound at antioxidant response element (ARE)-containing pro-
moter regions of target genes for Nuclear factor erythroid 2-related
factor 2 (Nrf2), a transcription factor which responds to ROS. In this
manner it was found that MOTS-c was able to regulate gene expression
in manner that increased cellular resistance to oxidative stress.

However under chronic conditions, sustained oxidant production
leads to mitochondrial and cellular damage, can trigger innate immune
response (covered in next section), and be pathogenic
[159,161,166,167]. Indeed, increased mtDNA damage has been linked
to several common diseases known to have an oxidative stress com-
ponent, including diabetes, cardiovascular disease, neurodegenerative
disease, and aging [168-171]. Similarly, sustained increases in mi-
tochondrial oxidant stress have been shown to increase disease sus-
ceptibility [169,172]. Mitochondrial oxidant production is linked to
organelle function and mitochondrial economy under coupled condi-
tions [24,111]. For example, under conditions of low ATP/ADP and
high energy demand, electron carriers remain in a more oxidized state,
with low electron flow resistance that results a relative decrease in
oxidant production; as energy demands are met and ATP/ADP levels
increase, electron carriers remain in a more reduced state which in-
creases electron flow resistance. With increased resistance, more elec-
tron “leak” from the ETC occurs, and reaction with oxygen forms, su-
peroxide (O57), which is converted to hydrogen peroxide (H,0,), a
freely diffusible oxidant that can act as cell signaling molecule
[70,173]. Thus, mitochondrial oxidant production serves as a metabolic
signal to the cell, regulating energy production, storage and other cel-
lular functions [108,174-177]. In this respect, different nuclear —
mtDNA combinations that convey differences in mitochondrial
economy will also have effects upon organelle oxidant production
(higher economy will also be linked to increased levels reduced electron
carriers) [21,24,111]. This may help to explain the disparity in sus-
ceptibility to metabolic diseases reported in the literature where
African Americans have been shown to have increased susceptibility to
metabolic diseases including cardiovascular disease, type 2 diabetes
and obesity compared to European Americans [178-182]. Human
umbilical vein endothelial cells generated from African Americans have
more tightly coupled (or more economical) mitochondrial electron
transport, having a lower oxygen consumption rate to produce the same
level of ATP, as well as increased mitochondrial DNA damage compared
to European American derived cells [183]. Work in mitochondrial nu-
clear exchange mice [184] have shown that switching mitochondrial
DNA background can alter mitochondrial economy and/or disease
progression in mouse models of non-alcoholic fatty liver disease, car-
diovascular disease, obesity, breast cancer and premature infant lung
development [20,24,46,47,185].

1.11. Immune functions and cell signaling

It has been shown that components of the mitochondrion can in-
itiate innate immune response and related signaling cascades (Fig. 5)
[109,186]. The a-proteobacterial origin of the mitochondrion is likely
the basis of these responses; mtDNA and other mitochondrial con-
stituents such as N-formyl peptides or cardiolipin, upon release from
the organelle, can elicit the innate immune response, acting as damage-
associated molecular patterns (DAMPs) [109,186]. Outside the mi-
tochondrion, the mtDNA interacts with TLR9 (toll-like receptor 9)
which activates NF-xB (nuclear factor kappa B) signaling and tran-
scription of proinflammatory cytokines such as TNFa (tumor necrosis
factor alpha) and IL-6 (interleukin 6) [187-189]. Both mtDNA and
mitochondrial reactive oxygen species (mROS) can activate the nu-
cleotide-binding oligomerization domain (NOD), leucine-rich repeat
(LRR)- containing protein (NLR)-like receptor family pyrin domain
containing 3 (NLRP3) inflammasome triggering inflammation (pro-
duction of IL-1$ and IL-18) and cell death [190-192]. N-formyl pep-
tides stimulate the secretion of cytokines by activating the formyl
peptide receptor 1 (FPR-1) receptor [188]. Mitochondria also have
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Fig. 4. Mitochondrial oxidant production and cell signaling. Mitochondrial ROS generated during electron transport diffuse out of the organelle, affecting expression
of several transcription factors, including HIF-1, NFkB, and NFAT. At high or chronic levels, ROS causes damage to the mtDNA and organelle proteins, which can
initiate innate immune responses via damage associated molecular patterns (DAMPs) release (see text, Immune functions and cell signaling). Similarly, in response to
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binds several genes, including those with antioxidant response element (ARE)-containing promoter regions, and interacts with associated transcription factors such as

Nrf2 to protect the cell against oxidative damage.

mitochondrial anti-viral signaling (MAVS) proteins on their outer mi-
tochondrial membrane which are activated by proteins that detect viral
RNA [193]. MAVS proteins can induce immune and inflammatory gene
expression through the regulation of NF-kB and interferon regulatory
factor [194,195]. As with the NLRP3 inflammasome, mROS can acti-
vate MAVS proteins, independently of the cytosolic viral sensors [186].
MAVS also promotes the oligomerization and activation of the NLRP3
inflammasome, while cardiolipin recruits NLRP3 to the outer mem-
brane during mitochondrial membrane depolarization when it trans-
locates from the inner to the outer membrane [196].

1.12. Calcium regulation

Ca®™" uptake and storage by the mitochondrion regulates cell sur-
vival, metabolism, secretion and signaling. It was in the 1960's when
the initial papers describing the capacity of mitochondria to uptake
Ca®* [197,198]. Interestingly, when the uptake system was better
characterized, it was found that it had a relatively low affinity for Ca®*,
and it was not until the advent of targeted Ca®* probes to the mi-
tochondrion in living cells [199] that it was discovered this low affinity
for Ca2+ was overcome via direct organelle interactions with the en-
doplasmic reticulum (ER), creating microdomains of high [Ca2+]
[200-202]. Mitochondria can form junctions with the endoplasmic
reticulum (ER), sarcoplasmic reticulum or plasma membrane to reg-
ulate Ca®" levels in these microenvironments [110]. The formation of
junctions in the ER involves the association of mitochondrial fusion

proteins mitofusin 1 and 2 (MFN1 and MFN2) on both membranes
[203,204]. It is also well established that regulation of mitochondrial
Ca2™ levels impacts cell survival. Whereas the processes and proteins
responsible for the control and regulation of Ca®* flux in the mi-
tochondrion have been sought for over 4 decades, a series of reports,
initially describing the mitochondrial Na*/Ca®* exchanger (Na™/
Ca®* Li* -permeable Exchanger — NCLX) [205], which regulates mi-
tochondrial Ca®* efflux, the mitochondrial calcium uptake 1 protein
(MICU1, also known as CBARA1 or EFHA3), involved in organelle Ca*t
uptake [206], and the identification of the Ruthenium Red sensitive
Ca®* channel that resides in the mitochondrial inner membrane, called
the mitochondrial calcium uniporter (MCU) [207,208] which is con-
served in metazoans (e.g. multicellular animals with differentiated tis-
sues) [209], were published, followed by several papers [210-214]
identifying additional regulators of mitochondrial Ca®* influx. Overall,
there is agreement that the MCU complex is a multi-molecular complex
that functions as a regulator of Ca>* uptake in vivo, and perhaps not
surprisingly, its components may be tissue/cell specific. While beyond
the scope of this review, several reviews are available regarding Ca**
regulation in the mitochondrion and the MCU complex [215-219].
Ca®* overload with increased oxidant production influences
opening of the permeability transition pore (PTP) that causes collapse
of membrane potential and mitochondrial swelling, loss of pyridine
nucleotides, and cytochrome ¢ which result in bioenergetic failure and
necrotic death [220,221]. Sustained Ca?* level elevation in the mi-
tochondrion can also result in apoptosis, both by triggering PTP
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Fig. 5. Mitochondrial mediated immune functions and cell signaling. Mitochondria can release molecules such as N-formyl peptides, mtDNA, ROS, and cardiolipin
that initiate an immune response and related signaling pathways. N-formyl peptides are released and act as chemoattractants for neutrophils, binding to the FPR-1
receptor and promoting their activation and release of pro-inflammatory cytokines including TNFa, IL-1f3, and IFNy. MtDNA fragments (e.g. when the mtDNA is
damaged by ROS) released from the organelle can also bind TLR9 receptors on neutrophils and likewise initiate the NF-xB pathway and release of TNFa and
additional cytokines. Mitochondrial anti-viral signaling (MAVS) located on the outer membrane can be activated by viral RNA and/or. ROS, also triggering activation
of the NF-xB pathway and the release of interferon regulating factors (IRFs). Additionally, MAVS can promote the oligomerization and activation of the NLRP3
inflammasome which triggers Caspase-1 cell death pathways and the activation of the pro-inflammatory forms of IL-13 and IL-18. In addition to being activated by

MAVS, NLRP3 can also be activated by ROS, mtDNA, and cardiolipin.

opening and by causing fission of mitochondria which results in cyto-
chrome c release [222,223]. Increased expression of anti-apoptotic
proteins such as Bcl-2 (B cell lymphoma 2) which reside in both the
mitochondrion (where it interacts with VDAC2) and the ER (where it
interacts with ER Ca?* transporters to inhibit ER Ca?* release), to in-
hibit apoptosis can provide a degree of protection [110,224] — aspects
of mitochondrial mediated apoptosis are discussed below.

1.13. Apoptosis

Mitochondria are involved in both intrinsic and extrinsic pro-
grammed cell death pathways [162]. In the intrinsic pathway, pro-
apoptotic stimuli activate Bcl-2-like protein 4 (BAX) and Bcl-2 homo-
logous antagonist/killer (BAK) proteins, which inhibit the protective
effects of Bcl-2, causing an influx of calcium into the mitochondrion
while also promoting outer mitochondrial membrane permeabilization,
inner mitochondrial membrane cristae remodeling and permeability
transition pore opening, which releases cytochrome c and second mi-
tochondria-derived activator of caspases (SMAC) [110,162]. Cyto-
chrome c is a caspase cofactor that is sequestered in inner mitochon-
drial membrane cristae, however, when released into the cytosol it
interacts with apoptotic protease-activating factor 1 (APAF1) to form an

apoptosome which recruits pro-caspase 9 and results in a proteolytic
cascade and apoptosis. SMAC binds to the inhibitor of apoptosis pro-
teins (IAP), resulting in the activation of caspases and initiating apop-
tosis [162]. In extrinsic apoptosis, the death receptor, located in the cell
membrane, binds to the ligand which activates caspase-8 in the cytosol
at the intracellular tail of the receptor [162]. Some cells require mi-
tochondrial outer membrane permeabilization (MOMP) for extrinsic
apoptosis (type II cells) while other cells do not require MOMP and can
activate executioner caspases directly causing more rapid apoptosis
(type I cells) [162]. In type II cells, cardiolipin in the outer mitochon-
drial membrane recruits and activates caspase-8 [162]. With caspase-8
in close proximity to the mitochondrion, it cleaves and activates the
BH3 (Bcl-2 homology domain 3) interacting-domain death agonist
(BID), leading to BAX and BAK activation, mitochondrial outer mem-
brane permeabilization and apoptosis [225].

1.14. Glucose homeostasis

Mitochondria play an integral part in normal glucose metabolism
and homeostasis. When blood glucose levels increase, glucose is con-
verted to reducing equivalents which the mitochondrion uses to make
ATP. This ATP binds to ATP-sensitive potassium (Karp) channels in the
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insulin secreting pancreatic beta cells, closing them and causing an
influx of calcium through voltage dependent calcium channels and the
exocytosis of insulin containing vesicles into the bloodstream, whereby
insulin can bind insulin receptors in the muscle, liver and adipose tis-
sues leading to increased expression of the glucose transporter, GLUT4
in muscle and adipose, decreased gluconeogenesis and glycogenolysis
in the liver, increased glycogen synthesis in liver and muscle, increased
fat storage (increased lipid synthesis, decreased lipolysis, increased
esterification of fatty acids), decreased proteolysis and increased amino
acid uptake via the CAC to provide intermediates for biosynthetic
pathways including those stimulated by insulin such as gluconeogenesis
and lipogenesis [112].

1.15. Epigenetic signaling

Mitochondria can regulate, and be regulated by the epigenome
[226]. While histone acetylation influences chromatin structure and
thus, can regulate gene expression [227,228], mitochondrial metabo-
lism regulates the level of acetyl CoA, which is utilized by histone
acetyltransferases; further, levels of a-ketoglutarate and succinate im-
pact both histone demethylases (Jumonji-C domain, JmjC) and the ten-
eleven translocation (TET) family of dioxygenase activities, which play
roles in histone and DNA demethylation, respectively (Fig. 6)
[108,229,230]. In addition to a-ketoglutarate and succinate, it has been
reported that other intermediates and metabolites (i.e. fumarate, 2-
hydroxyglutarate, and NAD ") also have roles in epigenetic signaling
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[231-233]. For example, cancer studies have shown that when fuma-
rate hydratase is mutated there is an increase in fumarate (a CAC cycle
intermediate) which is a competitive inhibitor of several a-ketogluta-
rate dependent dioxygenases including histone demethylases
[231,232]. D-2-hydroxyglutarate, formed from a-ketoglutarate in re-
sponse to mutations in IDH and IDH2 [234,235], is able to competi-
tively inhibit dioxygenases due to its structural similarity to a-ke-
toglutarate [233,236]. NAD " regulates epigenetic signaling through its
interaction with sirtuins [237-239]. Sirtuins are a class of histone
deacetylases which remove acetyl groups from lysine residues on pro-
teins and transfers them to the ADP-ribose component of NAD " [237].
Therefore, these proteins are classified as NAD* dependent deacety-
lases [238]. The activity of sirtuins has been shown to be dependent on
several factors including nutrient availability. For example, caloric re-
striction results in an increased NAD " :NADH ratio and therefore high
sirtuin activity and increased deacetylation of histones; whereas caloric
excess results in a decreased NAD * :NADH ratio, low sirtuin activity and
decreased deacetylation [239].

Another form of epigenetic modification has recently been dis-
covered — histone lactylation, which involves the transfer of lactyl
groups to lysine residues in histones [240,241]. When mitochondrial
metabolism is increased, pyruvate from glycolysis is transported into
the mitochondrion where it enters the CAC. However, under hypoxic
conditions or when mitochondrial respiration is inhibited (i.e. by ro-
tenone), pyruvate is converted to lactate which after conversion to
lactyl-CoA, transfers a lactyl group to histones [240]. Histone
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Fig. 6. Mitochondrial regulation of the epigenome. Mitochondria produce citrate which when converted to acetyl CoA is utilized by histone acetyltransferases (HAT)
for histone acetylation. Levels of a-ketoglutarate (a-KG), succinate, fumarate and D-2-hydroxyglutarate (see text) also impact histone demethylase activities
(Jumonji-C domain, JmjC) and the ten-eleven translocation (TET) family of dioxygenases, which regulate histone and DNA demethylation, respectively. Sirtuins act
as deacetylases by transferring acetyl groups from histones to NAD +. Through histone lactylation, lactate-derived (Lactyl-CoA) lactyl groups are transferred to
histones promoting transcription of homeostatic genes.
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lactylation promotes transcription of homeostatic genes including Tnf.
It has been suggested that histone acetyltransferase p300 may be the
enzyme which facilitates lactylation [240].

Mitochondrial function also regulates histone/DNA methylation via
S-adenosyl methionine (SAM, is required for both histone and DNA
methylation) levels which are dependent upon both the folate cycle
(required for the conversion of homocysteine to methionine) and ATP
(required for phosphorylation of methionine to SAM). Interestingly, it
has been reported that enzymes important for demethylation have been
found in the mitochondrion — consistent with reports that the mtDNA
has no or very low levels of methylation compared to the nuclear DNA
[242-244]. The physiologic significance of these differences in me-
thylation between the mtDNA and nuclear genome currently remain
unclear. Recently, changes in heteroplasmy associated with a known
pathogenic mtDNA mutation [tRNA™"(YU®) 3243A > G] have been
shown to not only affect mitochondrial metabolic function (as ex-
pected), but also alter nuclear gene expression through histone mod-
ifications that are regulated by acetyl CoA and a-ketoglutarate levels
[245]. Because mitochondrial function has been shown to decline with
age (which is also accompanied by increased mtDNA damage and so-
matic mutagenesis), and since differences in metabolism and gene ex-
pression have been linked with mtDNA-nDNA background combina-
tions [20,21,24,246], it is reasonable to consider they are integrated in
a manner that also impacts the epigenome. Consequently, different
nuclear — mtDNA genetic combinations capable of altering organelle
economy should also significantly impact the availability of CAC in-
termediates such as citrate and a-ketoglutarate, and thus, impact in-
dividual levels of epigenetic modifications.

1.16. Mito-Mendelian genetics

As the mitochondrion and “host” co-evolved, the former lost the
majority of its genetic material to the nucleus, but retained key catalytic
subunits for ETC and essential components for the translation (tRNAs,
rRNAs) of the mtDNA encoded subunits. Many studies have examined
the impact of pathogenic mtDNA mutations upon cell function and
disease development [171,247-254]. While studies coming from the
viewpoint of “normal” mtDNA polymorphisms or heterogeneity on cell
function are less common, reports of mitochondrial — nuclear interac-
tions as a normal process for maintaining metabolic homeostasis be-
yond anterograde or retrograde signaling are perhaps even less fre-
quent, and studies that consider genetic interaction between the
mitochondrion and nucleus as the basis for common disease risk even
more rare. This is likely due to the taught viewpoint that the genetic
etiology for normal cell physiology is based upon Mendelian paradigms
originally defined and developed a century before the discovery of the
mtDNA [255]. Studies in the cancer literature were perhaps among the
first to reveal a direct role for nuclear-mtDNA heterogeneity in disease
progression using in vitro and orthotopic approaches [256,257], which
were later followed using “Mitochondrial — Nuclear eXchanged” (MNX)
in vivo models [21,258]. Use of congenic breeding strategies has also
provided evidence consistent with the concept that different nuclear —
mitochondrial genetic background combinations can impact longevity
and metabolism [48,259-261]. More direct approaches utilizing MNX
models have now shown that different nuclear — mitochondrial com-
binations impact cancer, heart failure, whole body metabolism, body
composition, gene expression, and susceptibility to hyperoxic injury
[20,21,24,47,258]. A recent study has shown that nuclear — mi-
tochondrial background combination collectively forms a genetic
complement that regulates response to stimuli which is consistent with
the notion of nuclear and mitochondrial co-evolution. Dunham-Snary
and coworkers have shown that the presence of either the nucleus or
mtDNA from particular mouse strains directionally altered differential
expression of genes in response to diet, and importantly, while ~40% of
gene expression could be linked with either a particular nuclear or
mtDNA background individually, the majority (~60%) of the genes

11

Redox Biology 36 (2020) 101568

found to be differentially expressed were linked with specific nuclear-
mtDNA genetic combinations - further, differential expression of genes
associated with metabolic processes and biological regulation were
those most impacted by different nuclear-mtDNA genetic combinations.
Interestingly, these differences were also linked to changes in adiposity
and whole body metabolism [20]. Another recent report by Kopinski
and coworkers revealed that changes in mitochondrial bioenergetics,
mediated by a pathogenic mtDNA mutations impacted epigenetic sig-
naling and thus gene expression [245]. Overall, the notion that mito-
Mendelian genetic processes define cellular response to environmental
stimuli is consistent with these findings, and importantly, the symbio-
genic origins of the eukaryote [20,22].

Of the 89 known protein subunits involved in mammalian ETC and
ATP synthase, 13 and 76 are encoded by the mtDNA and nucleus, re-
spectively. Studies that have compared the mutation rates between the
two genomes have consistently shown a higher mutation/fixation rate
in the mtDNA compared to its nuclear counterpart [262-266]. This
poses an interesting dynamic in terms of their co-evolution which
suggests the higher rate of mutation in the mtDNA may drive selection
and fixation, and thus, adaptation; several studies have shown a strong
correlation between nuclear encoded proteins that interact with mtDNA
encoded ETC subunits [263-265,267-269]. In this respect, studies have
shown that co-evolution or co-adaptation occurs in a manner that alters
metabolic function in a fashion favorable to environmental adaptation.
Studies in several vertebrate species have supported these concepts
[270-274], consistent with the hypothesis that genes associated with
metabolism (mitochondrial and nuclear encoded), play a role in adap-
tive metabolism and natural selection in vertebrates. Because the mu-
tational load of mtDNA exceeds that of nDNA by an order of magnitude,
the higher mutational load of mtDNA may be compensated by tran-
scriptional flexibility that involves coadaptation of pleiotropic genes.
Consequently, the mitochondrial genome appears to have evolved to
modulate key aspects of organelle function, which based upon en-
vironmental stimuli, can activate processes that regulate many aspects
of cell function, including gene expression and adaptive response. In-
terestingly, while these concepts have been considered for many years
in the field of evolutionary biology and genetics, a lag exists regarding
their embracement concerning the basis of normal physiologic response
or development of disease. A cognitive gauntlet is the lack of appre-
ciation of how a single, non-pathogenic mtDNA mutation can change
mitochondrial metabolism. As discussed herein, we propose that even
subtle changes in mitochondrial economy (utilization of electron flow
for ATP generation) can manifest in differences in oxidant signaling,
metabolites and immune response, which over time, collectively impact
a multitude of cellular pathways/functions (Fig. 7). From a genetic
perspective, there are mutations (e.g. pathogenic) in both genomes that
are highly penetrant, and therefore exhibit either Mendelian or mi-
tochondrial genetic transmission [248,275-278]; however, we predict
that the bulk of heretofore “complex polygenic” diseases will have a
mito-Mendelian component in which penetrance of potentially patho-
genic mutations will be modulated by mitochondrial metabolism that is
guided by mtDNA — nDNA background combination and environmental
stressors (Fig. 7). While features of anterograde and retrograde sig-
naling have been known for some time [279], and have been in-
vestigated and discussed as a means of influencing cell function in re-
sponse to significant or acute cell stress, the concept of nuclear -
mitochondrial genetic interaction as a means of central control for
cellular function has not been generally considered outside of evolu-
tionary biology. However, because the genetics of the eukaryote are the
result of endosymbiotic events [280,281], it is logical to consider en-
dosymbiotic or mito-Mendelian genetics as a means for explaining
complex disease development and susceptibility.
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