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1 | INTRODUCTION

Modern humans have been subject to varying selective
pressures, such as hypoxia at high altitude, temperature,
dietary shifts, and disease exposure since spreading

| Meagan A. Rubel? |

Theodore G. Schurr!

Abstract

Objectives: Mitochondria are critical for the survival of eukaryotic organisms
due to their ability to produce cellular energy, which drives virtually all aspects
of host biology. However, the effects of mitochondrial DNA (mtDNA) variation
in relation to disease etiology and adaptation within contemporary global
human populations remains incompletely understood.

Methods: To develop a more holistic understanding of the role of mtDNA
diversity in human adaptation, health, and disease, we investigated mitochon-
drial biology and bioenergetics. More specifically, we synthesized details from
studies of mitochondrial function and variation in the context of haplogroup
background, climatic adaptation, and oxidative disease.

Results: The majority of studies show that mtDNA variation arose during
modern human dispersal around the world. Some of these variants appear to
have been positively selected for their adaptiveness in colder climates, with
these sequence changes having implications for tissue-specific function and
thermogenic capacity. In addition, many variants modulating energy produc-
tion are also associated with damaging metabolic byproducts and mitochon-
drial dysfunction, which, in turn, are implicated in the onset and severity of
several different adult mitochondrial diseases. Thus, mtDNA variation that
governs bioenergetics, metabolism, and thermoregulation may potentially have
adverse consequences for human health, depending on the genetic background
and context in which it occurs.

Conclusions: Our review suggests that the mitochondrial research field would
benefit from independently replicating mtDNA haplogroup-phenotype associa-
tions across global populations, incorporating potentially confounding envi-
ronmental, demographic, and disease covariates into studies of mtDNA
variation, and extending association-based studies to include analyses of com-
plete mitogenomes and assays of mitochondrial function.

across the globe and adapting to new environments and
diets (Burtscher et al., 2018; Carmody et al., 2016; Fan
et al., 2016; Gu et al., 2012; Marciniak & Perry, 2017).
These selective pressures may have produced mitochon-
drial DNA (mtDNA) variants that influenced cellular
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energetics or Dbioenergetic phenotypes (Mishmar
et al., 2003; Wallace, 2005, 2013, 2015, 2016). This review
focuses on the way that human mtDNA variation may
have facilitated adaptation to different environmental
conditions and played a role in the etiology of complex
disease.

Mitochondria are eukaryotic organelles that arose
around 2 billion years ago through the incorporation of
alphaproteobacteria, including a non-alphabacterial com-
ponent, into the precursor of modern eukaryotic cells,
resulting in a substantive increase in cell complexity
(Eme et al, 2017; Friedman & Nunnari, 2014;
Gray, 2015; Lopez-Garcia & Moreira, 2020). Importantly,
mitochondria provided eukaryotic organelles with a con-
stant source of energy—adenosine triphosphate (ATP),
the basic unit of cellular energy (Gray & Archibald, 2012;
Margulis, 1970). This symbiotic relationship triggered an
enormous proliferation of increasingly complex eukary-
otic life forms that continue to evolve today. Besides ATP
production for cellular energy, mitochondria play a num-
ber of other crucial physiological and metabolic roles in
eukaryotic cells. They are involved in integrating signal-
ing pathways, responding to stressors, producing macro-
molecule precursors, maintaining ion homeostasis, and
generating and sequestering damaging metabolic
byproducts, including partially reduced forms of oxygens
and superoxides, known as reactive oxygen species (ROS)
(Duchen, 2004; Vyas et al., 2016).

Mitochondria have their own genome, called the
mtDNA. This genome is a double stranded, circular mol-
ecule of ~16.6 kb size in humans. While nuclear DNA is
present as a single copy within a cell, there can be tens to
thousands of mtDNA copies within a single cell
(e.g., there are over 2000 mtDNA copies in liver cells)
(Duchen, 2004; Miller et al., 2003; Reynier et al., 2001).
The mutation rate of mtDNA is ~100-fold higher than
that of nuclear DNA (Wallace & Chalkia, 2013). This dif-
ference arises in part because of the comparatively higher
rate of error introduced during replication and repair by
mtDNA's sole replication and repair polymerase, Pol y
(Lee et al., 2009), and, to a lesser extent, as a result of
damage caused by ROS negatively interacting with bio-
molecules (Radzvilavicius et al., 2016).

The high mutation rate and lack of recombination are
some characteristics of mtDNA that may influence the
rate of adaptation (Gu et al., 2012). For example, the high
mutation rate of mtDNA has produced many of the
haplogroups (matrilineal clusters of sequences, or haplo-
types, sharing a common ancestry) that have arisen in
geographically isolated populations (Wallace &
Chalkia, 2013). Differences in the mutational composi-
tion of haplogroups may further have functional conse-
quences that affect the risk for and protection against

disease (Mishmar & Zhidkov, 2010; Wallace, 2015; Wal-
lace & Chalkia, 2013). The lack of recombination in
mtDNA also increases “genetic hitchhiking,” a process
where alleles may accompany nearby genetic variants
undergoing a selective sweep (Chou & Leu, 2015).

Furthermore, mtDNA is overwhelmingly maternally
inherited (al Rawi et al., 2011; Giles et al., 1980; Luo
et al., 2018; Sato & Sato, 2013). Its matrilineal inheritance
thus offers a unique evolutionary perspective through
which human history can be studied. Extensive research
into human evolution has focused on the phylogenetic
comparison of mtDNA haplotypes (inherited groups of
alleles and single-nucleotide polymorphisms (SNPs)), and
haplogroups (collections of similar haplotypes with
shared common ancestry). Such studies provide an
increasingly clear understanding of the way that modern
humans migrated across the globe over many millennia
(Achilli et al., 2004; Forster, 2004; Hudjashov et al., 2007;
Metspalu et al., 2004).

Although previous studies have focused on mtDNA
variants and their role in disease etiology, the effects of
these variants in relation to disease susceptibility, resis-
tance, and adaptation remains incompletely understood
(Chinnery et al., 2018; Mishmar & Zhidkov, 2010;
Wallace, 2005, 2012, 2016, 2015). Therefore, in this
review, we elaborate on the role of mitochondria in bio-
energetics, human adaptation to climate, and disease risk
within the context of modern human evolution.

2 | MITOCHONDRIAL
BIOENERGETICS

To understand how mitochondrial bioenergetics can
potentially alter human metabolism and the adaptive
responses to environmental challenges, it is necessary to
elucidate the biological basis of this energy production
system. Mitochondrial bioenergetics are regulated by
the oxidative phosphorylation (OXPHOS) pathway
(Freya & Mannellab, 2000). Complex associations
between subunits of the OXPHOS pathway are required
for efficient electron transport and ATP production,
which is the basis of organismal energy production
(Figure 1). The efficiency of OXPHOS subunits function
is directly correlated with the ratio of ATP synthesis per
unit substrate and O, consumed (Lowell & Spiegelman,
2000), a phenomenon known as “mitochondrial cou-
pling respiration.”

Among the four main OXPHOS complexes, Complex
I (NADH dehydrogenase) is both the main electron input
of the mitochondrial respiration chain and the primary
producer of cellular ROS. Increased levels of ROS are
associated with cellular damage, aging, and cancer
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FIGURE 1

Mitochondrial matrix

Oxidative phosphorylation and uncoupling protein. In humans, electrons derived from consumed nutrients are fed into the

electron transport chain (ETC) located in the inner membrane of the mitochondria (Freya & Mannellab, 2000; Friedman & Nunnari, 2014;

Mannella, 2006; Ricci et al., 2004). Electrons enter the respiratory chain at a high potential energy through complex I (NADH:ubiquinone

oxidoreductase, shown as (1)) or complex II (shown reducing FADH2 (2)) and, via redox reactions, are finally delivered to an oxygen sink via

complex IV (3). The energy created by these reactions powers a proton pump which creates a gradient across the inner membrane by

pumping protons into the intermembrane space. The resulting gradient force is used by human mitochondrial (mt) ATP synthase, also called
complex V (FOF1 ATP synthase, (4)), to phosphorylate adenosine diphosphate (ADP (5)) to ATP (6). ATP can then be used in the cell to
generate energy when it is dephosphorylated and returned to its precursor components (ADP + P). Mitochondria also regulate levels of

calcium, reactive oxidative species (ROS, labeled as O2- (7)), and apoptosis in the cell and the disruption of these pathways can also be
characteristic of disease states (Bell et al., 2011; Chan, 2006; Pelicano et al., 2004; Ralph et al., 2010; Takano et al., 2003)

(Baffy, 2017; Davalli et al., 2016; Hussain et al., 2003;
Szatrowski & Nathan, 1991). Changes to the genes
encoding the OXPHOS enzyme complexes can produce a
range of functional differences, including increased or
decreased ATP production seen in tight compared to
looser mitochondrial coupling respiration. If these
changes significantly modify OXPHOS enzyme function,
then they may cause energetic deficiencies such as mito-
chondrial diseases.

A large number of mitochondrial genes were trans-
ferred into the nuclear genome of eukaryotes as part of
the process of acquiring new functions during evolution
(Friedman & Nunnari, 2014). Most of these nuclear genes
play a role in mitochondrial function and bioenergetics.
For example, the majority of the subunits for enzyme
Complexes I-V in the inner membrane of the mitochon-
drion, where OXPHOS takes place, are nuclear encoded
and imported into the mitochondrion (Ryan &
Hoogenraad, 2007). Furthermore, nuclear genes encode
for all of the proteins involved in mtDNA replication and
transcription, such as Pol Y, the mtDNA polymerase
(Ryan & Hoogenraad, 2007). As a consequence, the coor-
dinated activity of mitochondrial and nuclear encoded

genes is a complex and dynamic process requiring assem-
bly factors, chaperones for protein folding and structural
support, and protein translocases to integrate the proteins
they produce into the inner and outer membranes of the
mitochondria (Larsson, 1995; Lopes, 2020; Ryan &
Hoogenraad, 2007).

In addition to these loci, uncoupling proteins (UCPs)
are nuclear-encoded mitochondrial transporters that play
a role in regulating the relationship between mitochon-
drial respiration and ATP synthesis (Rousset et al., 2004).
UCPs regulate thermogenesis by uncoupling respiration
and ATP synthesis, which creates more energy that is
given off as body heat (Rousset et al., 2004). This
uncoupling process reduces the amount of ATP pro-
duced, decreasing levels of ROS byproducts (Figure 2).
Accordingly, when mitochondria are tightly coupled,
more ATP and ROS are synthesized, resulting in less
energy lost as heat (Andrews et al., 2005; Cadenas, 2018;
Rousset et al., 2004). Conversely, less tightly coupled
mitochondria generate reduced levels of ATP and ROS,
and produce greater heat as an energetic byproduct. The
expression of UCPs can differ by tissue type and the pro-
cess of uncoupling can be affected by microenvironments
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FIGURE 2
uncoupled respiration and climate. ATP
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in the body, such as the physiological conditions created
by cancer cell growth with high levels of uncoupling pro-
tein 2 (UCP2). These conditions have been reported as
contributing to chemoresistance (Baffy, 2017; Cadenas,
2018; Derdak et al., 2008; Woyda-Ploszczyca &
Jarmuszkiewicz, 2017).

The bioenergetic characteristics of mitochondrial cou-
pling respiration have been associated with different
mitochondrial haplogroups that have evolved over the
past 100-200, 000 years. These features have also been
linked to the predisposition of populations bearing these
mitochondrial haplogroups to certain kinds of diseases
(Fetterman et al., 2013; Mishmar & Zhidkov, 2010;
Wallace, 2013; Wallace et al., 1999). We discuss this issue
in greater detail in the section entitled “Mitochondrial
bioenergetics and disease.”

3 | MITOCHONDRIAL
BIOENERGETICS AND HUMAN
ADAPTATION

The root of the modern human mtDNA tree is based in
Africa, where it arose some 200-300 thousand years ago
(kya) (Behar et al., 2008; Chen et al., 2000; Gonder
et al., 2007; Ingman et al., 2000; Torroni et al., 2020). The

matrix

most ancient mtDNA haplogroups (L0-L7) originated in
Africa, and dates to ~70-100 kya (Behar et al., 2008;
Chen et al., 2000; Gonder et al., 2007). Three L3-derived
macrohaplogroups (M, N, and R) and their sublineages
are common in the rest of the world, reflecting their more
recent emergence and dispersal with modern human
migration out of Africa circa 70 kya (Behar et al., 2008;
Kivisild et al., 2006; Quintana-Murci et al., 2004).
Humans moved across the Eurasian continent and dis-
persed into what is now Australasia around 50 kya
(Hudjashov et al., 2007; Tobler et al., 2017; Torroni
et al., 2020). The Americas were the final continents to be
populated by modern humans, who entered these regions
from the Bering Strait at least ~16 kya (Perego
et al., 2010; Schurr, 2004; Torroni et al., 2020).

During the emergence and later dispersal of anatomi-
cally modern humans across the globe, their mtDNA con-
tinued to evolve, with novel variants arising and
sometimes becoming fixed in a particular maternal line-
age, thus giving rise to new haplogroups. MtDNA vari-
ants associated with favorable adaptations to local
environments (i.e., climate) may have been selected for
based on their coupling efficiency (Table 1). This process
has been posited as a mechanism for producing hap-
logroup distinctions (Mishmar et al., 2003; Ruiz-Pesini
et al., 2004; Wallace, 2013).
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TABLE 1 Temporal and environmental emergence of mtDNA haplogroups
mtDNA Haplogroup Emergence Ave temperature of area
Haplogroup emergence date (ya) geographic area at emergence® Source
LO 200 000-130 000 Sub-Saharan Africa  Equatorial/Arid/Warm Carto et al., 2009; Mishmar
et al., 2003
L1 200 000-130 000 Sub-Saharan Africa  Equatorial/Arid/Warm Carto et al., 2009; Mishmar
et al., 2003
L2 130 000-90 000 Sub-Saharan Africa  Equatorial/Arid/Warm Carto et al., 2009
L5 130 000-90 000 Sub-Saharan Africa  Equatorial/Arid/Warm Carto et al., 2009
L6 90 000-55 000 Sub-Saharan Africa  Equatorial/Arid/Warm Willmes et al., 2017
L4 90 000-55 000 Sub-Saharan Africa  Equatorial/Arid/Warm Willmes et al., 2017
L3 90 000-55 000 Sub-Saharan Africa  Equatorial/Arid/Warm Mishmar et al., 2003; Willmes
et al., 2017
M 90 000-55 000 Asia Boreal/Polar Willmes et al., 2017
M7 55 000-30 000 Asia Boreal/Polar Willmes et al., 2017
M8 55 000-30 000 Asia Boreal/Polar Willmes et al., 2017
M9 55 000-30 000 Asia Boreal/Polar Willmes et al., 2017
N2 55 000-30 000 Asia Boreal/Polar Willmes et al., 2017
N9 55 000-30 000 Asia Boreal/Polar Willmes et al., 2017
A 55 000-30 000 Asia Boreal/Polar Mishmar et al., 2003; Ruiz-Pesini
et al., 2004; Willmes et al., 2017
D 55 000-30 000 Asia Boreal/Polar Mishmar et al., 2003; Ruiz-Pesini
et al., 2004; Willmes et al., 2017
G 55 000-30 000 Asia Boreal/Polar Mishmar et al., 2003; Willmes
et al., 2017
R9 55 000-30 000 Asia Boreal/Polar Willmes et al., 2017
B 30 000-10 000 Asia Boreal/Polar Mishmar et al., 2003; Willmes
et al., 2017
C 30 000-10 000 Asia Boreal/Polar Torroni et al., 1993
90 000-55 000 Middle East/Asia Arid/Boreal Rohling et al., 2013
R 90 000-55 000 Middle East Arid Rohling et al., 2013
N1 55 000-30 000 Middle East Arid Willmes et al., 2017
RO 55 000-30 000 Middle East Arid Willmes et al., 2017
JT 55 000-30 000 Middle East Arid Mishmar et al., 2003; Willmes
et al., 2017
U 55 000-30 000 Middle East Arid Mishmar et al., 2003; Willmes
et al., 2017
H 30 000-10 000 Middle East Arid Torroni et al., 1998
I 30 000-10 000 Middle East Arid Torroni et al., 1998
N1b 30 000-10 000 Middle East Arid Behar et al., 2006, 2012
X 30 000-10 000 North America Polar/Boreal Mishmar et al., 2003; Ruiz-Pesini

et al., 2004; Willmes et al., 2017

Note: van Oven, M., & Kayser, M. (2009). Updated comprehensive phylogenetic tree of global human mitochondrial DNA variation. Human Mutation, 30(2),
E386-E394. http://www.phylotree.org.
#Using Koppen-Geiger Climate Classification.

These ideas are central to the “mitochondrial climatic
adaptation” hypothesis (Camus et al., 2017; Lajbner
et al., 2018; Mishmar et al., 2003; Wallace, 2005).

According to this hypothesis, mutations that result in
excess heat production and less efficiently produced ATP
were selected for as humans expanded into more
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temperate and colder environments. Various studies have
shown that mtDNA lineages in colder climates are associ-
ated with uncoupled mitochondria that produce fewer
ATP molecules and less energy, but more heat, as a
byproduct of OXPHOS (Balloux et al, 2009;
Tranah, 2011; Wallace, 2015). It has also been suggested
that the greater ratio of mtDNA to nuclear DNA (or the
“mt/n ratio”) in northern populations may have helped
to promote thermogenesis, thus conferring a selective
advantage to these populations (Cheng et al., 2013). Over-
all, higher levels of heat production may have conferred
a survival advantage to humans living in colder environ-
ments (Mishmar & Zhidkov, 2010; Ruiz-Pesini
et al., 2004; Wallace, 2005) (Figure 2).

Conversely, mtDNA haplogroups originating in
warmer climates are associated with tightly coupled
mitochondria that produce more ATP molecules and less
heat as a byproduct of OXPHOS (Camus et al., 2017;
Lajbner et al., 2018; Mishmar et al., 2004; Wallace, 2005).
An additional consequence of tight mitochondrial cou-
pling respiration is increased production of ROS from
OXPHOS activity. High ROS production can lead to cell
stress and contribute to pathogenesis in diseases associ-
ated with oxidative stress and cellular metabolism
(Missanke et al., 2018; Peoples et al., 2019; Trachootham
et al., 2009; Wallace, 2005; Wellen & Thompson, 2010).
Thus, while reduced heat production in warmer environ-
ments was clearly advantageous, the associated thermo-
genic profile also brought with it somewhat greater
oxidative stress due to tighter energetic coupling
(Mishmar & Zhidkov, 2010; Ruiz-Pesini et al., 2004;
Wallace, 2005) (Figure 2).

To date, research on the relationship between mito-
chondrial lineages, general measures of bioenergetic
function (such as oxygen consumption, coupling, ATP
production, and ROS production) and climatic conditions
have been limited, as physiological and environmental
factors are difficult to parse from genetic factors
(Chinnery et al., 2018; Gémez-Duran et al., 2010; Wei &
Chinnery, 2020). As a consequence, the relationship
between haplogroups (i.e., sequence variation) and the
coupling properties of mitochondrial respiration has
mostly been based on correlative evidence for mtDNA
polymorphisms being present in human populations
residing in different and often cold climatic regions
(Balloux et al., 2009; Gu et al., 2012; Mishmar et al., 2003;
Ruiz-Pesini et al., 2004). For example, Ruiz-Pesini
et al. (2004) found evidence of significant positive selec-
tion for mutations defining the haplogroups associated
with the Americas (haplogroups A, C, D, X2a) and
Europe (H, I, N1b, and X), where ancestral populations
are believed to have experienced colder climates com-
pared to ancestral African populations bearing

haplogroup L mtDNAs. In this regard, two significant
SNPs have been associated with American and Eurasian
haplogroups in populations living in circum-arctic envi-
ronments. These include G8701A in the mt ATP6 gene,
thought to be central to proton translocation across the
cell membrane, and G10398A in the mt ND3 gene, which
facilitates electron transfer from NADH dehydrogenase
to the respiratory chain. These SNPs also seem to be asso-
ciated with global climatic patterns, leading Balloux
et al. (2009) to posit that these genes may have been the
site of a selective sweep caused by the lower minimum
temperatures found outside of Africa (Balloux
et al., 2009).

Other examples of mtDNA variation and climate con-
ditions come from studies of Eurasian populations. One
study comparing macrohaplogroup M and N mitogenome
sequences from Han Chinese living in a low altitude
(~44 m) warmer climate and Tibetans living in a high
altitude (~4268 m) cold climate found evidence for possi-
ble adaptive selection to both cold and high-altitude hyp-
oxia in several mitochondrial genes (Gu et al., 2012). This
evidence came from the ratio of nonsynonymous (N) to
synonymous (S) substitutions (the “dN/dS ratio”) in
OXPHOS genes, which indicate whether selection is act-
ing on amino acid variation in encoded proteins. The
dN/dS ratios >1 indicated positive selection on Tibetans
in the ATP8, CYTB, and ATP6 gene, all of which produce
protein components in the mitochondrial respiration
chain. In similar studies, Mishmar et al. (2003) and Ruiz-
Pesini et al. (2004) found that Siberian and Central Asian
mtDNA lineages were associated with increased
uncoupling phosphorylation and metabolic heat produc-
tion. They reasoned that this alteration in metabolic func-
tion provided adaptations critical to human population
expansion into northern climates. Mishmar et al. (2003)
further found that the substitution rate for the ATP6 gene
was higher in arctic and subarctic Siberians and Native
Americans compared to Africans and Europeans in tropi-
cal, subtropical, and temperate environments.

Motivated by similar questions, Leonard et al. (2005)
measured basal metabolic rates (BMR) in indigenous
Siberians. They concluded that the observed elevated
metabolic responses in Siberians were regulated by thy-
roid hormones levels that increased during cold winter
months. Thyroid hormones promote oxidative metabo-
lism in many cells, and are critical to modulating energy
expenditure (Hadley et al., 1996; Leonard et al., 2005).
Although Leonard et al. (2005) did not explore the associ-
ation between thyroid levels and mtDNA haplogroup
composition in the study populations, they proposed that
indigenous Siberians have both short- and long-term
mechanisms for adapting to cold stress in which mito-
chondria play a central role in thyroid hormone
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regulation and the uncoupling process in thermogenesis.
The ability to modulate OXPHOS for heat production
and increase thyroid levels to stimulate BMR would pro-
vide short-term acclimatization to climate and activity
shifts, while functional changes in the mtDNA sequence
governing these responses could provide a long-term
method of adaptation (Gnaiger et al., 2015; Gomez-Duran
et al, 2010; Nishimura et al., 2012; Ruiz-Pesini
et al.,, 2004). Taken together, the studies suggested that
the frequency of these adaptive mtDNA mutations
increased via natural selection, driven by climatic condi-
tions as humans migrated into colder, non-equatorial
environments.

Research into the relationship between mitochondrial
uncoupling respiration, heat production, metabolism and
mtDNA variation in the context of climate has frequently
focused on adaptation within specific bioenergetically
active tissues, such as brown adipose tissue (BAT) and
skeletal muscle. White adipose tissue (WAT) and BAT
are the main components of human fat reserves (Lo &
Sun, 2013; Saely et al., 2011). WAT is used for energy
storage and acts as a thermal insulator, whereas BAT is
comparatively more vascularized and possesses a high
density of cytoplasmic mitochondria (Lee et al., 2009).
Mitochondria in BAT can be “activated” during cold
exposure to express elevated levels of uncoupling protein
1 (UCP1). UCP1 increases oxidative metabolism and gen-
erates heat in a process known as “non-shivering thermo-
genesis” (NST) that helps to maintain core body
temperature (Bertholet & Kirichok, 2017; Chouchani
et al., 2019; Nicholls, 2017).

There is some evidence for cold adaptations in
populations ancestral to anatomically modern humans.
Sazzini et al. (2014) analyzed a panel of 28 genes associ-
ated with BAT function in the genomes of modern East
Asian and European populations and those of fossil
hominins (Neanderthals and Denisovans), and found evi-
dence of positive selection on three SNPs in the leptin
receptor (LEPR) gene in East Asians. LEPR is involved in
fat storage and heat dissipation by mitochondria and the
regulation of body weight (Cinti et al., 1997). A different
variant showing evidence of positive selection was found
in the LEPR gene in the Neanderthal and Denisovan
genomes, suggesting the evolution of independent mech-
anisms for adaptation to thermal efficiency in these fossil
hominin populations. It remains to be seen if variation in
cold tolerance response and type of cold acclimatization
in modern and ancestral hominins is potentiated by con-
vergent evolution of these traits, the introgression of
archaic cold-adapted alleles into modern genomes, or
some combination of these and other factors.

Different forms of cold acclimatization have been
identified in modern populations with different mtDNA

m American Journal of Human Biology_Wl L EYJ7—0fZS

EINalmm2004)WIn contrast, non-D participants had an
“insulative” cold acclimatization response wherein core
body temperature was reduced and heat loss was
suppressed at the body's surface.

On the other hand, mitochondrial energy production,
climatic variability, and tissue-specific mtDNA sequence
variation are not always correlated.

Inuit hunters and Danish participants from more temper-
ate environments did not find any significant differences
in the mitochondrial coupling respiration efficiency in
theimskeleralmmuselesi@naiger et al., 2015). Skeletal mus-
cle is a tissue that constitutes a large portion of body
mass, has a higher level of energy turnover capacity com-
pared to other tissues, and was therefore reasoned to
have pronounced coupling efficiency (Gnaiger
et al., 2015; Rivas et al., 2011; Zierath & Hawley, 2004).
After being challenged with exercise in a polar Greenland
climate, the Danish participants began oxidizing fat in
arm muscles at similarly high levels as Inuit hunters.
This similar energy expenditure indicated that mitochon-
drial coupling efficiency is adaptive and dependent on
activity location, and may not have functionality specific
to mtDNA haplogroup. Furthermore, the authors noted
that active Inuit hunters possessed a higher capacity to
oxidize fatty acids than more sedentary Inuit and the
Danes. These findings suggested that lower coupling effi-
ciency with a heritable, genetic component may be iden-
tified by sampling other tissues, such as adipose tissue.

Studies examining the associations between human
mtDNA variation and climate across a wider range of
environments and geography beyond northern climates
have produced controversial results. Some of these stud-
ies suggest that populations from warmer climates may
have increased ATP and ROS production due to more
tightly coupled mitochondrial respiration, which may be
further associated with mtDNA haplogroup. Under this
scenario, tighter coupling optimizes energy production
over thermogenesis in warmer climates that do not
require adaptation to colder environments. This trend
has been shown in African and Near Eastern mtDNA lin-
eages from tropical or arid environments (Balloux
et al., 2009; Fetterman et al., 2013; Mishmar et al., 2003;
Mishmar & Zhidkov, 2010; Ruiz-Pesini et al., 2004;
Wallace, 2005; Wallace & Fan, 2010).

Research conducted by Mishmar et al. (2003) found
significant variation in the nonsynonymous/synonymous
rate ratios (dN/dS ratios) in protein coding genes of
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mtDNA lineages from colder geographic origins com-
pared to African lineages. The authors suggested that this
pattern is an indication of positive selection and adapta-
tion to colder climates. However, Moilanen et al. (2003)
and Elson et al. (2004) were unable to reproduce these
results. Instead, they reported gene-specific differences in
the dN/dS rate ratio between different European
haplogroups (presumably arising in similar climates),
suggesting that climatic selection was not the main driver
in the observed sequence differences.

Moreover, climate as a source of positive selection in
mtDNA lineages continues to be a source of controversy.
Several studies found evidence of possible positive selec-
tion on specific genes in mtDNAs from different lineages,
but not evidence that this selection was linked to climate
(Elson et al.,, 2004; Kivisild et al., 2006; Moilanen
et al., 2003). Populations from Oceania, South, and East
Asia were also not found to possess extensive or signifi-
cant differences in dN/dS ratios in mtDNA sequences
between regions (Sun et al.,, 2007), which would be
expected if selection was acting on mtDNA variation.

Detailed studies associating particular mtDNA
haplogroups or SNPs with tightly coupled mitochondria
and physiological function are presently lacking. Such
studies could identify associations between mtDNA back-
ground and the coupling status of different mitochondria
and then use these data to test hypotheses regarding
increased risk for diseases associated with high ROS pro-
duction resulting from tightly coupled mitochondria. The
identification of mitochondrial haplogroups associated
with high-ROS level diseases could provide an early clini-
cal indicator for the diagnosis and prevention of them.

4 | MITOCHONDRIAL
BIOENERGETICS AND DISEASE

MtDNA variants with deep evolutionary histories in
human adaptation (i.e., mitochondrial coupling variants
and climate) are thought to influence the predisposition
to disease in contemporary populations (Fetterman
et al., 2013; Mishmar & Zhidkov, 2010; Wallace, 2013).
Flucidating the mitochondrial bioenergetic differences
between genetic backgrounds is therefore crucial for
understanding the etiology of diseases associated with
cellular stress. The associations between diseases and
mitochondrial bioenergetics described below are gar-
nered primarily from clinical and epidemiological
research. Where possible, we have endeavored to contex-
tualize these data within an evolutionary framework, as
this approach allows us to assess whether some of the
mtDNA variants predisposing contemporary populations
to complex diseases may reflect ancestral adaptations. We

must note here that inferring selection on the mitochon-
drial genome from events deep in human evolutionary
history remains a contentious and ongoing area of
research (Balloux et al., 2009; Kivisild et al., 2006; Mis-
hmar et al., 2003; Mishmar & Zhidkov, 2010; Moilanen
et al., 2003; Wallace, 2005; Wallace & Fan, 2010).

4.1 | Diseases of oxidative metabolism
Mitochondrial disorders result in part from genetic muta-
tions that affect the mitochondrial respiratory chain by
altering or impairing the assembly and function of the
enzyme complexes involved in the OXPHOS pathway
(Ghezzi & Zeviani, 2018; Greaves et al., 2012;
Larsson, 1995). These disorders can be caused by tissue-
specific somatic mtDNA mutations and by germline
mtDNA variants that are passed intergenerationally
through the maternal lineage and occur within a specific
haplogroup background (Table 2).

The heterogeneous presentation of mitochondrial dis-
eases, which have a variable age of onset, severity, symp-
toms, progression, and outcomes, is explained in part by
the complexity of mtDNA replication and cellular distri-
bution. Usually at birth, the many thousands of intracel-
lular mtDNA copies are predominantly identical or
“homoplasmic.” Healthy individuals may also maintain
low levels of “heteroplasmy” (the ratio of mutated
mtDNA to wild-type mtDNA). If this ratio changes signif-
icantly and begins impairing energy metabolism, then
there may be a presentation of a pathogenic phenotype
(Holt et al., 1988; Payne et al., 2013; Stewart & Chinnery,
2015). In fact, replicative segregation during embryogene-
sis and organogenesis leads to the distribution of different
ratios of wild-type and mutated mtDNAs in different tis-
sues, depending on the initial ratio in the key progenitor
cell types. This phenomenon contributes significantly to
the heterogeneous clinical presentations of mitochondrial
diseases (Haas et al., 2007; Pfeffer et al., 2013;
Rahman, 2020).

The phenomenon of heteroplasmy and its functional
consequences have been analyzed in single and cybrid
cell studies. Cybrids are eukaryotic cells that retain their
own nuclear genome but have had their native mtDNA
removed and replaced with mtDNA from another cell.
Such studies indicate that the proportion of mutated
mtDNA within a cell must reach a critical level before
causing biochemical abnormalities in the OXPHOS path-
way (the “threshold effect””) (DiMauro & Davidzon, 2005;
DiMauro & Schon, 2003; Rossignol et al., 2003; Wilkins
et al, 2014). When this threshold is exceeded, the
resulting biochemical deficiencies in the OXPHOS path-
way cause chronic energy failure that affects multiple
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TABLE 2 Disease states with associated haplogroups
Phenotype/ Susceptibility/
disease Haplogroup Population resistance Risk Allele Citation
Alzheimer's White No association Hudson et al., 2012
disease U women Europe Decreased risk van der Walt et al., 2004
H men Europe Increased risk van der Walt et al., 2004
H5a Transgenic mice Increased risk 8336G Coskun et al., 2012
H Meta-analysis across  Increased risk Marom et al., 2017
populations
Parkinson's HV Meta-analysis across  Increased risk Marom et al., 2017
disease populations
JTK Meta-analysis across ~ Decreased risk Marom et al., 2017
populations
H Meta-analysis across ~ Increased risk Hudson et al., 2013
populations
JTITK Meta-analysis across ~ Decreased risk Hudson et al., 2013
populations
Multiple sclerosis ~ J Europe Increased risk 13708A Yu et al., 2008
Iran No association 13708A Andalib et al., 2017
Amyotrophic H Ttalian Increased risk Mancuso et al., 2004
lateral sclerosis Germany No association Ingram et al., 2012
United Kingdom No association Chinnery et al., 2018
Osteoarthritis T United Kingdom Decreased risk Soto-Hermida et al., 2014
J Meta-analysis across ~ Decreased risk Fernandez-Moreno et al., 2017
populations
J2 Italy Decreased risk 15257A Dominguez-Garrido et al., 2009
Type 2 diabetes JT Spanish Increased risk Diaz-Morales et al., 2018
JT Southern Brazil Increased risk Crispim et al., 2006
United Kingdom No association Chinnery et al., 2007
NO9a Japan and Korea decreased risk Fuku et al., 2007
N9a Southern China Decreased risk Fang et al., 2018
Obesity T White Australia Increased risk Ebner et al., 2015
IXW White women North  Increased risk Veronese et al., 2018
America
Cardiovascular HV U Europe Increased risk Rosa et al., 2008
disease HK Europe Decreased risk Chinnery et al., 2010
N9 women Japan Decreased risk Nishigaki et al., 2007
N9 Men Japan No association Nishigaki et al., 2007
F1 Taiwan Increased risk Tsai et al., 2020
LOHN JK Multiple Increased risk 11778G Brown et al., 1995, 1997, Hudson
populations 14484T et al., 2007, Johns et al., 1992,
Torroni et al., 1997
H Europe Decreased risk 17778G Hudson et al., 2007
Breast cancer K European American  Increased risk 9055G 10398A  Bai et al., 2007
16 519 T
U European American  Decreased risk Bai et al., 2007
XH Italy Increased risk Tommasi et al., 2014
N India Increased risk Darvishi et al., 2007

(Continues)
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TABLE 2 (Continued)
Phenotype/ Susceptibility/
disease Haplogroup Population resistance Risk Allele Citation
M China Decreased risk Fang et al., 2010
Prostate cancer African United States Increased risk Petros et al., 2005
Lineages
Oral cancer M India Increased risk 10398G, Datta et al., 2007
10 400 T
Thyroid cancer D5 China Increased risk Fang et al., 2010
Gastric cancer M China Increased risk 489C Wang et al., 2014
Cervical cancer D Argentina Increased risk Badano et al., 2018
B2 Mexico Increased risk Bayona-Bafaluy et al., 2011
M India Increased risk Kabekkodu et al., 2014
Sepsis H United Kingdom Decreased risk Baudouin et al., 2005
IWX European Increased risk Samuels et al., 2019
Americans
L3 African American Increased risk Samuels et al., 2019

systems. In the context of replicative segregation, the
ratio of wild-type to mutant mtDNA modulates the
threshold effect in a tissue-specific fashion. As a result,
tissues with high metabolic demands, such as skeletal
muscle, heart muscle, and components of the nervous
system, are preferentially involved in mitochondrial dis-
ease (McFarland et al., 2010).

4.2 |
disease

Mitochondrial bioenergetics and

Germ-line mitochondrial mutations are heritable and can
affect fertility and longevity, serving as human health
indicators (Camus et al., 2015). Significantly, more effi-
cient OXPHOS and increased levels of ROS are associated
with mtDNA damage, and high levels of ROS are associ-
ated with energetic costs and disease states (Baffy, 2017;
Bell et al., 2011; Davalli et al., 2016; Hussain et al., 2003;
Pelicano et al., 2004; Ralph et al., 2010; Szatrowski &
Nathan, 1991). This feature of mitochondrial metabolism
represents a “double-edged sword”—the same variants
that may provide a selective advantage to climatic adapta-
tion or other environmental variables may also produce
deleterious side-effects and/or disease states, depending
on their mutational or genetic context (e.g., haplogroup).
Many mitochondrial diseases are pediatric disorders that
strike early in life and can lead to complex energetic defi-
cits, heterogeneous phenotypes, and premature death. In
the following sections, we review associations between
mtDNA genetic variation and specific disease phenotypes
in adults, since adult-onset mitochondrial diseases are

typically less severe than pediatric cases (Haas
et al., 2007; Pfeffer et al., 2013; Rahman, 2020) and are
thus less likely to impact adult reproductive fitness.

43 |
disease

Age-related neurodegenerative

Mitochondrial dysfunction and oxidative stress are signif-
icant mechanisms in neurodegenerative disease progres-
sion in part because neurons are high-energy demanding
cells (Kann & Kovdcs, 2007; Kausar et al., 2018; Son &
Han, 2018). Mitochondria are involved in neuronal devel-
opment, vesicle fusion, and vesicle cycling, and are vital
to neurotransmitter secretion (Picard et al., 2011; Son &
Han, 2018). As a consequence, diseases linked to the
deterioration of neuronal function have been the focus of
concerted studies examining the role of mitochondria in
their etiology. In what follows, we discuss several kinds
of neurological disorders or diseases in which mitochon-
drial dysfunction is thought to play a key role.
Alzheimer's disease (AD). AD is a degenerative brain
disease characterized by dementia. Although its preva-
lence varies, AD is one of the most common neurodegen-
erative diseases in the world, with an estimated
46 million people globally being afflicted by it in 2015
(Vos et al., 2016). AD is caused by the formation and
accumulation of beta amyloid plaques that clump
between neurons, and twisted, insoluble fibers called
neurofibrillary tangles that collapse the microtubule
structures between neurons (Querfurth & Laferla, 2010).
From an epidemiological perspective, a higher incidence
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of AD was noted in northwestern European countries
compared to southern European countries (Fratiglioni
et al., 2000). While it is tempting to speculate about a pos-
sible correlation between AD incidence and climate
adaptation to colder temperatures in these different coun-
tries, the ubiquity of AD globally, irrespective of tempera-
ture, and the lack of reproducibility in a study using
identical methods (Matthews & Brayne, 2005) indicate
that such a correlation is unlikely. Nevertheless, low rates
of OXPHOS, high ROS production, and increased reli-
ance on glycolysis precede and exacerbate plaque and
neurofibrillary tangle formation, and have been noted in
the postmortem brains of AD patients (Coskun
et al., 2012; Devi et al., 2006; Swerdlow & Khan, 2004).

Association studies examining whether mtDNA SNPs
and haplogroups confer an increased risk of AD have
produced contradictory findings. One study of 3250 AD
patients and 1221 matched controls from two European
and one European descended populations found no sig-
nificant association between mtDNA background and
AD (Hudson et al., 2012). By contrast, other studies have
revealed an association between haplogroup U in men
with increased risk for AD (van der Walt et al., 2004) and
an association of haplogroups H and HV in women with
the development of late onset AD (Coskun et al., 2012).
Although the association between haplogroup H and an
increased risk of AD has been independently corrobo-
rated (Marom et al., 2017), most other AD and mtDNA
haplogroup association studies have not been replicated
or validated experimentally (Ridge & Kauwe, 2018).
Thus, further large-scale studies are needed to under-
stand the exact relationship between mtDNA background
and AD risk in order to discriminate between the effects
of population substructure and heterogeneity.

Parkinson’s disease (PD). PD is caused by neuron
damage and a reduction in dopamine levels that leads to
impairment of physical movement, and is a common
neurodegenerative disease that affects 3% of the global
population over the age of 80 (Davie, 2008; Poewe
et al., 2017). Mitochondrial dysfunction is thought to play
a role in the onset and development of PD (Di Maio
et al., 2016; Kitada et al., 1998; Valente et al., 2001). For
example, neurotoxins that inhibit complex I OXPHOS
activity are associated with the induction of PD (Hu &
Wang, 2016). Complex I deficiencies were also found in
the brains of PD patients and in cybrid cell lines created
from them (Schapira et al., 1990; Swerdlow et al., 1996).
It is yet unknown if inhibited OXPHOS activity and con-
sequent decreased ATP production are linked in global
populations with uncoupled mitochondrial respiration
and warmer climates. A recent review of the global bur-
den of PD found lower incidence rates of the disease
around equatorial regions (which trend toward warmer

climates) and sub-Saharan Africa, but linked this pattern
to lower socioeconomic status and comparatively less
industrialization in these regions (Dorsey et al., 2018).

Among cases with familial PD, most of the genes with
SNPs associated with these cases (SNCA/PARKI1, LRRK2/
PARKS8, CHCHD2/PARKZ22) also play a role in mitochon-
drial homeostasis (Hu & Wang, 2016; Pickrell &
Youle, 2015; Stoker & Greenland, 2018). Of these nuclear
genes, SNCA/PARK]1 is associated with oxidative stress-
related cell death and mitochondrial fragmentation;
LRRK2/PARKS is involved in mitochondrial regulation
and mutations in this gene result in oxidative stress; and
a missense mutation in CHCHD2/PARK22 was found to
increase ROS production and mitochondrial fragmenta-
tion (Hu & Wang, 2016; Pickrell & Youle, 2015; Stoker &
Greenland, 2018). At the haplogroup level, individuals
with haplogroup HV were found to have an increased
risk of PD, while those within haplogroup JT and hap-
logroup K were associated with a reduced risk of develop-
ing PD (Marom et al, 2017). The similar results
replicated in these studies supports mtDNA background
involvement in PD risk and development.

Multiple sclerosis (MS). MS is a chronic progressive
disorder of the spinal cord and brain which can be
potentially disabling. Mitochondrial dysfunction has
been reported among patients with MS (Mao &
Reddy, 2010) and implicated in disease progression.
Haplogroup J has been suggested as a potential risk fac-
tor for MS in European cohorts (Tranah et al., 2015; Yu
et al., 2008). Within haplogroup J, the nt13708A variant
has alternately found to be associated with MS risk in
case—-control study of Europeans (Tranah et al., 2015),
and to have no association with MS risk in a case-
control study of Iranians (Andalib et al.,, 2017).
Although mitochondrial involvement in the etiology of
MS is generally agreed upon, the specific role of mtDNA
background in disease manifestation still remains
unresolved.

Amyotrophic lateral sclerosis (ALS). ALS causes motor
neuron death, producing progressive weakness and the
inability to move, speak, swallow, and breathe (Chio
et al., 2013; Zarei et al., 2015). ALS has shown a similar
pattern of conflicting associations with mtDNA variation
as MS. One study found an increased risk of disease
among Italian ALS patients with haplogroup H
(Mancuso et al., 2004). However, no such haplogroup
association was found in ALS patients from Germany
(Ingram et al., 2012) or the United Kingdom (Chinnery
et al., 2007). Larger studies involving a variety of
haplogroups and global populations need to be conducted
to corroborate mtDNA background involvement in risk
of ALS to account for population stratification and other
possible confounding factors.
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44 | Mitochondria and complex diseases
Complex or multifactorial diseases are caused by the
interactions of lived experiences, environments, and
genetics (Veronese et al., 2018). The interplay of these
components presents a challenge to researchers looking
to pinpoint the significance of any one of them to the eti-
ology of complex disease. Here, we examine how mito-
chondrial background and the accumulation of mtDNA
mutations throughout life can affect the risk and severity
of complex diseases (Wallace, 2016; Wei &
Chinnery, 2020).

Leber's hereditary optic neuropathy (LHON). LHON
was the first disease shown to be caused by an mtDNA
mutation (Wallace et al., 1988). LHON is a maternally
inherited disease that leads to the degeneration of retinal
ganglion cells and eventual bilateral vision loss in pri-
marily male individuals between the ages of 30-60 years
old (Meyerson et al., 2015; Pilz et al., 2017). Although
LHON is primarily attributed to function-altering point
mutations within Complex I subunits, there is growing
evidence that these mutations are associated with specific
mtDNA haplogroups. Multiple studies have confirmed
that haplogroup J is associated with pathogenic muta-
tions G11778A and T14484C, which increase LHON pen-
etrance and risk (Brown et al., 1995, 1997; Johns
et al., 1992; Torroni et al., 1997). In a pedigree analysis of
thousands of individuals with LHON, the manifestation
of the disease in individuals with haplogroups J and K
sublineages was dependent on the presence of pathogenic
mutations G11778A in sub-haplogroup J2, T14484C in
subgroup J1, and G3460A in haplogroup K (Hudson
et al., 2007). Conversely, the G11778A mutation in hap-
logroup H was associated with significantly decreased
risk of vision failure, indicating that there could be other,
as-yet undiscovered epistatic genetic mechanisms
governing disease penetrance.

Osteoarthritis (OA). OA is a condition characterized
by the progressive degradation of joint cartilage (Pereira
et al.,, 2011). Mitochondrial dysfunction in OA cho-
ndrocytes, specifically that occurring in Complexes I, II,
and III of the electron transport chain (ETC), may play a
role in the etiology of OA (Blanco et al., 2011; Maneiro
et al., 2003), and could be associated with mtDNA back-
ground. Specifically, haplogroups J and T have been asso-
ciated with a reduced risk of OA in a case—control study
of Spanish and United Kingdom patients, respectively
(Soto-Hermida et al., 2014). A meta-analysis performed
by Fernandez-Moreno et al. (2017) validated that hap-
logroup J conferred a reduced incidence of knee OA
among 3214 cases from participants in the Osteoarthritis
Initiative (OAI) and the cohort hip and cohort knee (the
“CHECK” cohort) multi-center studies (Fernandez-

Moreno et al., 2017). Fernandez-Moreno et al. (2017) also
compared mitochondrial cybrids carrying H and J
haplogroups to identify differences in metabolic function.
The researchers found that J cybrids showed decreased
ATP production, reduced ROS levels, and lower grade
apoptosis than H cybrids, suggesting the mitochondrial
behavior of haplogroup J is protective against the devel-
opment of OA.

Type 2 diabetes (T2D). T2D is a member of a group of
metabolic disorders associated with high blood sugar over
a prolonged time interval, and is caused by resistance to
or a lack of insulin (Dandona et al., 2004; Hurrle &
Hsu, 2017). Mitochondrial dysfunction has been linked to
deleterious changes in insulin secretion by pancreatic
beta-cells and insulin resistance in insulin-sensitive tis-
sues, such as adipose tissue and muscle (Kim
et al., 2008), which can increase cell destruction and ROS
production (Fridlyand & Philipson, 2004). An imbalance
in ROS production plays a role in the early etiology of
T2D, and is associated with insulin resistance (Patti
et al., 2003).

T2D has been on the rise in many industrialized
populations, including populations of African, Pacific
Islander, and South Asian descent, although this
increased incidence has been comparatively absent in
populations from Western Europe (Chatterjee et al., 2017;
Diabetes UK, 2019; Diamond, 2003; WHO, 2016). T2D prev-
alence may be influenced in part by climate. Western
European populations that occupy cold climates have asso-
ciations with increased thermogenesis, uncoupled mito-
chondrial respiration, and mitochondrial content (discussed
previously in the section “Mitochondrial Bioenergetics and
Human Adaptation”). Increased mitochondrial uncoupling
can decrease ROS production (Fridlyand & Philipson, 2004;
Turrens, 2003), which could, in turn, decrease insulin secre-
tion and T2D risk (Fridlyand & Philipson, 2004; Fridlyand &
Philipson, 2006). MtDNA variants that allow Western
European populations to better adapt to cold climates may
also confer pleiotropic and/or polygenic effects that mitigate
susceptibility to T2D, partially explaining the ethnic varia-
tion in T2D prevalence.

As with other studies of mitochondrial involvement
in disease, diabetes researchers have sought to find asso-
ciations between disease state and specific mtDNA
haplogroups and variants. As an example, haplogroup JT
has been associated with increased risk of T2D develop-
ment in a case-controlled Spanish population due to
decreased glycemic control and renal function (Diaz-
Morales et al., 2018), and in White-Brazilian patients in
Southern Brazil due to increased insulin resistance
(Crispim et al., 2006). However, a large UK case-control
study (Chinnery et al., 2007) found no association
between European haplogroups and increased risk of
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T2D. In other studies, T2D has been variably associated
with mitochondrial haplogroup N9a. While one study
indicated that there was a decreased risk of disease with
the N9a lineage in populations from Japan and Korea
(Fuku et al., 2007), another study reported an increased
risk of T2D among people with N9a mtDNAs in Southern
China (Fang et al., 2018). The latter study also found that
cybrid cells carrying N9a mtDNAs had impaired mito-
chondrial function, increased ROS levels, and a less
active insulin pathway than non-N9a cells. This cybrid
study, which included oxidative stress results, represents
a more direct examination of metabolic and mitochon-
drial influences on the development of T2D. Additional
studies including the use of the same oxidative stress
measurements will be important in understanding the
etiology and risk of T2D among haplogroups.

Obesity. Obesity is characterized by the accumulation
of surplus body fat and is associated with adverse health
outcomes (Eaaswarkhanth et al., 2019). Mitochondria are
an integral part of the conversion of calories into energy,
where dietary glucose sugar is chemically converted into
ATP in a process known as “glycolysis.” Mitochondrial
dysfunction can affect glycolytic processes and potentially
result in obesity (Bournat & Brown, 2010; Veronese
et al., 2018; Wortmann et al., 2009). An increase in die-
tary fructose sugar has been shown to decrease ATP
levels and ROS production, which can potentiate mito-
chondrial dysfunction (Softic et al., 2019). In different
study of white Austrian juveniles and adults, obese indi-
viduals had an increased frequency of haplogroup T com-
pared to their matched controls (Ebner et al., 2015).
However, this same study found no association between
any haplogroup or mtDNA polymorphisms associated
with other characteristics of obesity (including choles-
terol, blood pressure, triglycerides, and blood glucose
concentration) and thus could not identify any functional
pathways connecting haplogroup metabolism and obe-
sity. In a separate large, longitudinal cohort study of
white women from North America, researchers found an
association between haplogroup IWX and an increased
risk for obesity (Veronese et al., 2018). The replicability
of studies of mitochondrial background and obesity risk
may be obfuscated by other, thus far untested, genetic
interactions and environmental variables such as diet
and lived experience (Hu, 2008). In general, these find-
ings highlight the complex interplay of diet, mitochon-
drial function, and disease development.

Cardiovascular disease (CVD). CVD is characterized
by inflammation which has been attributed to behavioral,
environmental, and genetic factors. Mitochondrial dys-
function and oxidative stress caused by increased levels
of ROS can contribute to a pro-inflammatory state that
increases CVD susceptibility (Harrison & Gongora, 2009;

Krzywanski et al., 2011; Venter et al., 2018). In European
populations, haplogroups H and K are reported to have
protective effects for CVD risk, while HV and U appear
to increase risk of disease development (Chinnery
et al., 2010; Rosa et al., 2008). Another study of white
individuals from the United States found that
haplogroups J and T were associated with reduced CVD
risk (Veronese et al., 2019). Haplogroup N9 was found to
be protective against CVD in Japanese women, but not
men (Nishigaki et al., 2007). In a Taiwanese population,
an association was found between haplogroup F1 and
increased risk of ischemic stroke (Tsai et al., 2020). This
same study also observed a decrease in oxygen consump-
tion, increased ROS production, and lower mitochondrial
membrane potential in cybrid cells with haplogroup F1,
suggesting that the F1 background is involved in the
increased risk of CVD.

Taken together, these studies suggest that the rela-
tionship between different mitochondrial haplogroup
and CVD risk varies in different populations. However,
many of these studies did not incorporate dietary and
environmental factors into their analyses, which are
known risk factors for CVD. Diets high in polyunsatu-
rated/saturated fats (i.e., nuts, fats from vegetable oils,
fish, red meats, and butter) (Hu, 2003; Hu et al., 2003; Iso
et al., 2001; Simon et al., 1995) and high-fat, low carbohy-
drate ketogenic diets (Maalouf et al., 2007) have been
shown to modulate ROS production and CVD (Gano
et al., 2014; Siri-Tarino et al., 2015). Environmental fac-
tors such as family history, age, tobacco smoke exposure,
and hypercholesterolemia are also estimated to contrib-
ute anywhere from 70% to 80% of CVD risk (Krzywanski
et al., 2011; Willett, 2002). Thus, dietary and environmen-
tal covariates will need to be incorporated into studies of
the influence of mitochondrial function and haplogroup
background to fully understand the process of CVD onset
and progression in global populations.

4.5 |
cancer

Mitochondrial bioenergetics and

The “somatic mutation theory” posits that a single
somatic cell develops multiple DNA mutations that pro-
mulgate cancer, which causes the cell to go through atyp-
ical proliferation via mutations in genes controlling cell
cycle and cell proliferation (reviewed in Soto &
Sonnenschein, 2004). Unlike healthy cells, which primar-
ily use OXPHOS to generate cellular energy, cancerous
cells preferentially use glycolytic activity and have
reduced mitochondrial respiration, a phenomenon
dubbed the “Warburg effect” (Heiden et al., 2009; Vaupel
et al.,, 2019). As mitochondria are central to cellular



MW] LEY_T‘:’J: C ’ﬂ

American Journal of Human Biology

FRIEDRICH ET AL.

metabolism, they have been hypothesized to have a sub-
stantial role in carcinogenesis. In this regard, 66% of the
cancerous cells across 20 different types of cancer were
found to contain mtDNA with at least one somatic point
mutation (Hsu et al., 2016; Lee et al., 2014). Thus, mito-
chondrial dysfunction is essentially involved in the can-
cer phenotype (Nunnari & Suomalainen, 2012; Rossignol
et al., 2004; Wallace, 2005, 2013; Yu et al., 2015), and dif-
ferences in cancer risk may be associated with mtDNA
background.

Several association studies examined the potential
heritable links between mitochondrial haplogroups and
risk of breast, prostate, oral, thyroid, gastric, and cervical
cancer. In different studies, haplogroups M, D5, K, X, H,
J, and N have all been associated with breast cancer risk.
Macrohaplogroup M, which encompasses a large number
of Asian mtDNA lineages, including haplogroup DS5,
were significantly associated with breast cancer risk in
Chinese individuals, although haplogroup M was under-
represented in patients with metastatic breast cancer
(Fang et al., 2010). By contrast, the risk of developing
breast cancer has been found to increase among individ-
uals with haplogroup K and decrease in women with
haplogroup U among European American women (Bai
et al., 2007). Haplogroups X and H were also enriched
among patients with oncogenic genes BRCAI and
BRCA2, respectively (Tommasi et al., 2014). An analysis
of mtDNA variation in Ashkenazi Jewish women, who
have a higher incidence of breast cancer than non-Jewish
women, revealed that specific sublineages of
haplogroups X, H, J, and K were also present at a higher
frequency than in non-Jewish women (Behar, Metspalu,
et al., 2008; Feder et al., 2007). A re-analysis of around
1000 human mitochondrial genomes found that
macrohaplogroup N was associated with increased risk of
sporadic breast cancer, and these results were validated
in a case-control study of 124 patients and 273 controls
(Darvishi et al., 2007). Together, these data suggest that
differences in mtDNA sequences and their consequent
changes to oxidative function might play a role in breast
cancer carcinogenesis.

Petros et al. (2005) reported both germ-line and
somatic mutations in the mitochondrial cytochrome oxi-
dase subunit 1 (CO1) gene in prostate cancer tumors.
They found that African haplogroups harbored more
ancient CO1 variants than other maternal lineages com-
pared to controls. The authors suggested that these
ancient variants may predispose African American men
to developing prostate cancer in comparison to European
American men. Due to the maternal inheritance of COI
mutations and the later onset of prostate cancer, though,
deleterious CO1 mutations may not affect male fitness,

thereby remaining in the genome and being common in
the general population.

Similar comparisons have been made for other types
of cancer. Indian patients with oral cancer were enriched
for macrohaplogroup M variants 10398G and 10400T as
compared to healthy controls and patients with precan-
cerous lesions known as leukoplakia (Datta et al., 2007).
Haplogroup M males who smoked showed the most sig-
nificant increases in cancer risk, hinting that lived experi-
ence or sex-specific factors with certain mitochondrial
backgrounds may increase cancer risk. Since the 10398G
and 10400T variants are central to the differentiation
between macrohaplogroups M, N and R (e.g., Quintana-
Murci et al., 2004), these results also indicate that further
investigation of oral cancer prevalence within lineages
deriving from these macrohaplogroups is warranted.

Several studies have been conducted on the associa-
tion between different cancers and mitochondrial
haplogroups in Chinese populations. In one study, hap-
logroup D4a was associated with an increased risk of thy-
roid cancer in a Southern Chinese population (Fang
et al., 2010). In a separate study, macrohaplogroup M
was associated with poorer postoperative survival out-
comes in gastric cancer patients as compared to
macrohaplogroup N gastric cancer patients (Wang
et al, 2014). The authors suggested that the
macrohaplogroup M-specific 489C SNP in the D-loop,
the control region of the mitochondrion, was involved in
the development and progression of gastric cancer. As
the D-loop encodes elements critical to mitochondrial
transcription and replication, SNPs in this region could
potentially alter ROS levels leading to DNA damage
(Wallace, 2005).

Finally, studies in cervical cancer have shown a link
between cancer development and mtDNA haplogroup
background. Argentinian women with African haplogroups
were at an increased risk for human papilloma virus (HPV)
infection and high grade lesions indicative of cervical can-
cer compared to those with European or Amerindian mito-
chondrial backgrounds (Badano et al., 2018). Similar
studies conducted in Mexico and India have reported an
overrepresentation of mtDNA haplogroups B2 and M,
respectively, among cervical cancer patients, suggesting
these haplogroups might confer an increased risk for the
disease (Bayona-Bafaluy et al., 2011; Guardado-Estrada
et al., 2012; Kabekkodu et al., 2014). Overall, it appears that
mtDNA variation may play some role in carcinogenesis
among HPV positive women.

Several studies have shown that, beyond the somatic
point mutation hypothesis, environmental factors, modi-
fiable habits and ways of life as well as comorbidities
contribute to cancer risk, including chronic conditions
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such as obesity, T2D, and CVD (Sartorius et al., 2016).
Industrialized societies have the highest rates of cancer,
obesity, T2D, and CVD in the world, even when control-
ling for variables such as age (Gurven & Kaplan, 2007).
These data indicate that cancer also has a metabolic com-
ponent (Coller, 2014), and the backdrop of human
adaptation to a particular nutritive environment, and dis-
turbances to that environment (e.g., through change in
subsistence practice, diet, activity pattern, etc.) (Carrera-
Bastos et al., 2011; Crittenden & Schnorr, 2017; Lin-
dgirde et al., 2004; Young et al., 2016) may promote
cancer risk. Accordingly, high carbohydrate/high
insulinemic diets characteristic of industrialized socie-
ties can generate oxidative stress, which, in turn, could
cause genomic instability and mtDNA damage (Kopp,
2017). This association could partly explain the higher
rates of cancer in industrialized societies. Overall,
more thorough investigations of cancer risk associa-
tions with mitochondrial haplogroup in the context of
metabolic adaptations in response to increased indus-
trialization are needed.

4.6 | Infection and sepsis

Researchers have suggested that there is a relationship
between recovery from sepsis (microorganism infection
in the bloodstream), mitochondrial function, and mtDNA
variants that affect the physiological process of infection
after a physical trauma. Some studies have indicated that
mitochondrial involvement may explain inherited pat-
terns of premature death from infection (Jepson
et al., 1995; Lin & Albertson, 2004; Serensen et al., 1988).
As an example, in the United Kingdom, haplogroup H
was associated with an increase in survival after admis-
sion to the hospital following a 180-day period as
compared to individuals with a non-H background
(Baudouin et al., 2005). Similarly, European Americans
with haplogroups I, W, and X had an increased risk of
sepsis-associated delirium compared to those with hap-
logroup H. Along the same lines, hospitalized patients
with haplogroup L3 showed an increased risk for sepsis-
associated delirium compared to patients with hap-
logroup L2 (Samuels et al., 2019). This same study found
that L3 patients had decreased cerebral metabolic perfor-
mance compared to L2 individuals, suggesting the L2
background may reduce the risk of delirium episodes
(Samuels et al., 2019). Further research is needed to iden-
tify the biological pathways leading to these different dis-
ease phenotypes, and determine whether there are any
associated adaptive interpretations for why certain
haplogroups may confer a protective benefit against sep-
sis and sepsis-associated delirium.

5 | LIMITATIONS AND FUTURE

DIRECTIONS

While not exhaustive, this review has broadly explored
the associations between mtDNA genetic variation
with bioenergetic function, climate adaptation, and
adult mitochondrial disease. Adding to the complexity
of this research area, all three of these topics are cor-
related with one another. Pleiotropy and epistasis
make it difficult to parse out the mitochondrial under-
pinnings of various diseases, particularly in smaller
studies, and research efforts must be specifically con-
structed to investigate mito-nuclear genomic interac-
tions, a key part of mitochondrial evolution and
function (Ballinger, 2013; Burton et al., 2013; Chou &
Leu, 2015; Marom et al., 2017). Thus, large scale stud-
ies and meta-analyses are needed to identify mtDNA
haplogroup associations that independently replicate
findings across global populations. Furthermore, care
must be taken to control for a wide range of poten-
tially confounding effects including differences in
demography, environment, and comorbidities.

Most mitochondrial bioenergetics and adaptation
studies rely on haplogroups from predominantly
European and Asian origins, with very few studies
incorporating African and indigenous haplogroups
(Bentley et al., 2017; Kelly et al., 2017; Popejoy &
Fullerton, 2016; Sirugo et al, 2019). MtDNA
haplogroups are correlated with somewhat different
phenotypes, creating a more complicated picture of
population stratification. The comparative exclusion of
non-European and non-Asian populations has resulted
in the association of only a small fraction of total mito-
chondrial genetic diversity with potential adaptive and
disease phenotypes. To date, haplogroups associated
with European populations H, J, and T are overrepre-
sented in mitochondrial disease studies (Torroni
et al., 1997). Thus, the increased inclusion of
non-European haplogroups into analyses of the func-
tional effects of mtDNA variation can inform our
understanding of the risk for disease development.
Shifting focus to underrepresented populations in
mtDNA research can improve our understanding of
mitochondrial involvement in disease progression in
different global populations, and, in turn, provide
inclusive clinical targets for disease treatment and
prevention.

Mitochondrial association studies suffer from a lack
of reproducibility. Many of the sample sizes are small,
representing few (primarily European and Asian)
populations, and often produce results that cannot be
replicated in other studies using different populations
and methods. Global surveys of the coupling efficiency
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and bioenergetics across mitochondrial haplogroups
using the same units of measurement would provide
baseline information to better explain bioenergetic differ-
ences and their implications across populations. Such
surveys could also support or repudiate the “mitochon-
drial climatic adaptation” hypothesis that links adapta-
tion to climate through the mechanism of some
haplogroups being more bioenergetically efficient than
others.

Expanding partial genome or haplogroup-only mito-
chondrial analyses to interrogate full nuclear and
mitochondrial genomes will certainly enhance our
understanding of functional pathways involved with dis-
ease risk and adaptive processes. These types of whole
genome sequencing strategies are becoming increasingly
tenable with decreased costs and expanded access to
computational and experimental tools. Finally, it is
important to move beyond studies that are wholly asso-
ciative to those including assays of mitochondrial func-
tion (i.e., mitochondrial respiration and ROS function,
measures of adaptive response in the host). Such studies
are positioned to greatly advance the understanding of
mitochondrial variation in human adaptation, and are
of significant clinical importance to establishing risk of
and treatment for disease.
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