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ABSTRACT: Mitochondria are independent organelles with their own DNA. As a primary function,
mitochondria produce the energy for the cell through Oxidative Phosphorylation (OXPHOS) in the Electron
Transport Chain (ETC). One of the toxic products of this process is Reactive Oxygen Species (ROS), which
can induce oxidative damage in macromolecules like lipids, proteins and DNA. Mitochondrial DNA (mtDNA)
is less protected and has fewer reparation mechanisms than nuclear DNA (nDNA), and as such is more
exposed to oxidative, mutation-inducing damage. This review analyzes the causes and consequences of
mtDNA mutations and their relationship with the aging process. Neurodegenerative diseases, related with
the aging, are consequences of mtDNA mutations resulting in a decrease in mitochondrial function. Also
described are “mitochondrial diseases”, pathologies produced by mtDNA mutations and whose symptoms
are related with mitochondrial dysfunction. Finally, mtDNA haplogroups are defined in this review; these
groups are important for determination of geographical origin of an individual. Additionally, different
haplogroups exhibit variably longevity and risk of certain diseases. mtDNA mutations in aging and
haplogroups are of special interest to forensic science research. Therefore this review will help to clarify the
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key role of mtDNA mutations in these processes and support further research in this area.
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Mitochondria biology

Mitochondria are organelles that evolved from an ancient
endosymbiotic purpurbacteria engulfed by an eukaryotic
ancestor approximately 1.5 billion years ago [1]. Due to
this origin, mitochondria have a double-membrane
structure, consisting of an outer membrane, highly
permeable with many pores surrounding the
intermembrane space, and an inner membrane, which is
impermeable and delimits the internal matrix (Figure 1)
[2, 3].

Mitochondria are involved in cellular homeostasis.
They play a role in intracellular signaling and apoptosis,

intermediary metabolism, and in the metabolism of amino
acids, lipids, cholesterol, steroids, and nucleotides. The
most vital function of the mitochondria is their role in
cellular energy metabolism because they generate the
majority of the cell’s supply of ATP (Adenosin
triphosphate) [4, 5].

Oxidative phosphorylation and Reactive Oxygen
Species

Synthesis of ATP occurs via the process of oxidative
phosphorylation (OXPHOS) through the respiratory or
electron transport chain (ETC), which is located at the
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inner mitochondrial membrane and consists of five
protein complexes (complexes | to V) [5]. Various
substrates can be metabolized to produce ATP; reduced
cofactors (NADH and FADH,), generated from the
intermediary metabolism of carbohydrates (via the citric
acid/tricarboxylic, TCA cycle), and proteins and fats (B-
oxidation) donate electrons to complex | and complex II.
These electrons are passed sequentially to ubiquinone
(coenzyme Q or CoQ) to form ubisemiquinone (CoQH)
and then ubiquinol (CoQH2). Ubiquinol transfers its
electrons to complex I, which transfers them to
cytochrome c. From cytochrome c, the electrons flow to
complex IV, which donates an electron to oxygen to
produce water. Each of these complexes incorporates
multiple electron carriers. Complexes I, Il and Il
comprise several ion-sulfur (Fe-S) centers, whereas
complexes Il and IV include the b+c; and atas
cytochromes. The energy liberated by the flow of
electrons is used by complexes I, Il and IV to pump
protons (H) out of the mitochondrial inner membrane into
the intermembrane space. This proton gradient generates
the mitochondrial membrane potential that is coupled
with ATP synthesis by complex V from ADP (Adenosin
diphosphate) and inorganic phosphate (Pi). ATP is
released from the mitochondria in exchange for cytosolic
ADP using a carrier, adenine nucleotide translocator
(ANT) (Figure 2) [4, 6].
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As a by-product of OXPHOS, the mitochondria
generate endogenous Reactive Oxygen Species (ROS)
(Figure 3). Excess electrons from complex I-11l can be
transferred directly to O to generate superoxide anion
(O2). Itis converted into hydrogen peroxide (H202) by the
matrix enzyme manganese superoxide dismutase
(MnSOD or SOD2) or by the mitochondrial
intermembrane space and cytosol enzyme copper/zinc
SOD (Cu/ZnSOD or SOD1). Hydrogen peroxide is more
stable than superoxide anion and can diffuse into the
cytosol and nucleus to activate redox-sensitive signaling.
Hydrogen peroxide is detoxified in water by glutathione
peroxidase (GPx) in mitochondria and cytosol and by
catalase (CAT) in peroxisomes. However, in the presence
of reduced transition metals (like Fe?*), hydrogen
peroxide is converted to hydroxyl radical (OH-) through
the Fenton reaction. Hydroxyl radical is the most reactive
ROS [6-9]. ROS are highly reactive molecules and behave
as oxidants that can extract electrons from DNA, proteins,
lipids, and other molecules. ROS activity can result in
oxidative damage, which ultimately results in the
inactivation of proteins, injury to the integrity of
biological membranes and genotoxicity. Sufficiently high
levels of ROS induce cell death by apoptotic and/or
necrotic mechanisms. Also, low levels of ROS can act as
signaling molecules in the cell [10-12].

Figure 1. Mitochondria structure.
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Figure 2. Oxidative Phosphorylation (OXPHOS). NADH and FADH: are produced from the intermediary metabolism of
carbohydrates, proteins and fats; and they donate electrons to complex I (NADH-ubiquinone oxidoreductase) and complex II (succinate-
ubiquinone oxidoreductase). These electrons are passed sequentially to ubiquinone (coenzyme Q or CoQ) to form ubisemiquinone
(CoQH) and then ubiquinol (CoQHz). Ubiquinol transfers its electrons to complex III (ubiquinol-cytochrome ¢ oxidase reductase),
which transfers them to cytochrome c. From cytochrome c, the electrons flow to complex IV (cytochrome ¢ oxidase or COX), which
donates an electron to oxygen to produce water. The energy liberated by the flow of electrons is used by complexes I, III and IV to
pump protons (H') out of the mitochondrial inner membrane into the intermembrane space. This proton gradient generates the
mitochondrial membrane potential that is coupled to ATP synthesis by complex V from ADP (Adenosin diphosphate) and inorganic
phosphate (Pi). ATP is released from the mitochondria in exchange for cytosolic ADP using a carrier, adenine nucleotide translocator

(ANT).

Mitochondrial DNA

Mitochondria contain their own DNA, which is inherited
through the maternal line. The mitochondrial genome is
composed of approximately 16.5 kilobases of circular,
negatively supercoiled double-stranded molecules (Figure
4). It contains 37 genes, 12S and 16S rRNAsS, 22 tRNAs
and 13 proteins, that are structural subunits of OXPHOS
enzyme complexes, 7 of Complex I; 3 of Complex 1V; 2
of Complex V and 1 of Complex I11 [5, 13]. Nuclear genes
encode approximately 1500 mitochondrial proteins, the
majority of mitochondrial respiratory chain polypeptides,
including all four subunits of complex Il; proteins
implicated in replication such as the mitochondrial DNA
polymerase y (DNA pol y); the mitochondrial RNA
polymerase components; the mitochondrial transcription
factor (mtTFA); the mitochondrial ribosomal proteins and
elongation factors; and the mitochondrial metabolic
enzymes [4, 6, 14, 15].

mtDNA does not contain introns, has no space
between genes and lacks 5 or 3" non-coding sequences [6,
16]. However, it is organized into protein-DNA
complexes, nucleoids, within the mitochondrial matrix,

which protects the genome [17]. The two mtDNA strands
are called the heavy (purine-rich) strand, in which most of
the information is encoded, and the light (pyrimidine-rich)
strand, which contains the information for only one
polypeptide and 8 tRNAs [18]. mtDNA is replicated by
the concerted action of DNA pol v, its accessory subunit,
p55, and replication factors such as the mitochondrial
single-stranded DNA binding protein and the
mitochondrial DNA helicase (Twinkle) [19]. The
replication occurs bi-directionally, initiated at two
spatially and temporally distinct origins of replication OH
and OL, for the heavy and light strands respectively [20].
However, evidence suggests the presence of conventional
duplex mtDNA replication intermediates, indicative of
coupled leading and lagging-strand DNA synthesis [21].

mtDNA is exposed to more damage than nuclear DNA.
However, it has repair mechanisms. The major DNA
repair mechanism is base excision repair (BER), encoded
by nuclear DNA, although it is present at lower levels than
in nuclear DNA [5, 22]. BER is based on a cascade of
reactions, starting with the recognition of damage,
followed by enzymatic processing steps that aim to
remove the lesion and restore genomic integrity [23].
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DNA repair enzymes in the mitochondria include

damage-specific DNA glycosylases, such as 8-
oxoguanine  DNA  glycosylase-1 (OGG1l); an
endonuclease Ill-like protein  (NTH1); apurinic/

apyrimidinic endonuclease (APE); and DNA ligase IlIp.

DNA pol vy is implicated in mtDNA BER [24-27]. In
addition to BER, there is some evidence that mitochondria
possess mismatch repair activities, homologous
recombination, and non-homologous end joining [28-30].

CYTOSOL
ATP—> ADP+Pi
f l OUTER
MEMBRANE
fonsessnse mnm VDAC mmvnmmnmm voac 797
ATP ADP+Pi

INNER
MEMBRANE

ADP+Pi

Figure 3. Generation of mitochondrial ROS. Superoxide is produced by complex I on the matrix side of the inner mitochondrial
membrane and by complex III on both sides of the inner mitochondrial membrane. It is converted to hydrogen peroxide (H202) by the
matrix enzyme manganese superoxide dismutase (MnSOD or SOD2) or by the mitochondrial intermembrane space and cytosol enzyme
copper/zinc SOD (Cu/ZnSOD or SOD1). Hydrogen peroxide can diffuse into the cytosol and nucleus to activate redox-sensitive
signaling. Hydrogen peroxide is detoxified in water by glutathione peroxidase (GPx) in the mitochondria and cytosol. In the presence
of reduced transition metals (like Fe?"), hydrogen peroxide is converted to hydroxyl radical (OH-) through the Fenton reaction.

MtDNA mutations and aging
The oxidative stress theory of aging

According to the “free radical theory” of aging, aging and
associated degenerative diseases can be attributed to
deleterious effects of reactive oxygen species [31]. A
current version of this theory is the “oxidative stress
theory”: “a chronic state of oxidative stress exists in cells
of aerobic organisms even under normal physiological

conditions because of an imbalance of prooxidants and
antioxidants. This imbalance results in a steady-state
accumulation of oxidative damage in a variety of
macromolecules. Oxidative damage increases during
aging, which results in a progressive loss in the functional
efficiency of various cellular processes™ [32]. A variant of
this theory is the “mitochondrial theory”, which predicts
that a “vicious cycle” within the mitochondria contributes
to the aging process. ROS produced in the mitochondria
induce damage to phospholipids, proteins and nucleic
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acids in the mitochondria; producing mtDNA mutations
which lead to the synthesis of functionally impaired
respiratory chain subunits, causing respiratory chain
dysfunction and augmented reactive oxygen species

production, which causes an exponential increase of
mtDNA mutations over time, resulting in aging and
associated degenerative diseases (Figure 5) [33].

Figure 4. Mitochondrial DNA. D-loop is shown in red. The genes that encode the subunits of complex | (ND1-
ND6 and NDA4L) are shown in green; cytochrome c oxidase (COI-COIII) is shown in purple; cytochrome b of
complex I11 is shown in blue; and the subunits of the ATP synthase (ATPase 6 and 8) are shown in orange. The genes
for the two rRNAS (12S and 16S) are shown in pink and 22 tRNAs (F, V, L1, I, M, W, D, K, G, R, H, S1, L2, T, P,
E, S2,Y, C, N, A) are indicated by boxes in yellow. The Origins of Heavy-strand replication (OH) and Light-strand

replication (OL) are shown.

An important role of mitochondrial ROS production
in aging and degenerative diseases is congruent with the
life-extending capacity of caloric restriction. Reduction of
available calories will starve the mitochondrial ETC for
electrons, reducing ROS and protecting the mitochondria
and mtDNAs. In rodent studies, mtDNA base oxidation
and rearrangement mutation levels have been found to
increase with age. Dietary restriction will inhibit the
accumulation of both forms of mtDNA damage [34, 35].

Further evidence that ROS toxicity is a limiting factor
for life span was directly demonstrated in transgenic

Drosophila melanogaster, which express increased Cu/Zn
SOD and catalase the longer they live [36]. Also, mice in
which MnSOD was genetically inactivated died at a mean
age of eight days [37, 38]. More proof that mitochondrial
ROS limit mammalian life span has come from the
targeting of human catalase to the mouse mitochondria in
transgenic mice and observing an increase in life span.
Heart mitochondria in these animals showed an increased
resistance of mitochondrial aconitase to inactivation by
hydrogen peroxide, and the skeletal muscle and heart

Aging and Disease * Volume 4, Number 6, December 2013

368



8. C. Zapico & D. H. Ubelaker

mtDNA mutations in aging, diseases and forensic sciences

mtDNAs showed a significant reduction in the age-related
accumulation of mtDNA rearrangement mutations [39].

Apart from these studies, a number of transgenic and
knock-in mouse models have been developed to test the
effects of increased mtDNA mutation accumulation in
vivo. Two groups independently generated knock-in mice
containing a point mutation in the proof-reading domain
of DNA pol y. The enzyme had a deficient exonuclease
activity, with no decrease in DNA polymerase activity.
These mtDNA mutant mice resulted in mitochondrial
mutation frequencies that were increased by at least 3 to
11 fold in multiple tissues, with accumulation of mtDNA
base-substitution mutations, suggesting that the mutations
occurs during embryonic and/or fetal development.
Deletions of mtDNA can also be detected in these mice.
The phenotype resembled many characteristics of
accelerating and premature aging: hair graying and loss,
reduced bone density and increased incidence of

_ ELECTRON TRAl\IiSPORT CHAIN

Oxidative Stress

kyphosis, reduced muscle mass, severe reduction in body
fat, early loss of fertility, dilated cardiac hypertrophy,
accelerated thymic atrophy, presbycusis, anemia,
intestinal dysplasia and reduced survival. Also, a decline
in respiratory function was observed. In contrast, it did not
display signs of increased oxidative damage to proteins,
lipids or DNA and antioxidant defense systems were not
upregulated. Increase levels of mtDNA mutations were
not associated with increased ROS production or
increased oxidative stress. These findings imply that there
is no vicious cycle leading to increased oxidative damage.
In contrast, many tissues in this mouse contained
increased levels of caspase-3, a downstream protease
activated during the apoptotic pathway. mtDNA mutation
accumulation was associated with the activation of
apoptosis, leading to cell death [40-42].

‘\ ' ’;?.
Q QQQQQQ ROS mtDNA mutations Z‘%

Figure 5. “Vicious cycle” of mtDNA damage by ROS. ROS can react with mtDNA, inducing mutations. These mutations

cause a decrease in the activity of ETC, producing dysfunction in the mitochondria which can lead to cell death.
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mtDNA mutations and aging

mtDNA mutations are accumulated with aging, although
it is still unclear whether these alterations are a cause or
consequence of the aging process [43]. Somatic mutations
in mtDNA lead to a condition called mtDNA
heteroplasmy, a mixture of normal and mutant mtDNA
molecules in a cell. The typical cell contains hundreds of
mitochondria, each housing 2 to 7 mtDNA molecules
[44].

Age-related somatic mtDNA mutations accumulate
in postmitotic tissues until a certain tissue-specific
threshold in the level of mutant to normal mtDNA
molecules is surpassed and cells become energetically
compromised [45, 46]. For that reason, the main
consequence of mtDNA mutations is an impairment of
energy metabolism, inducing aging effects on tissues that
display high energetic demands, such as the heart, skeletal
muscle, and the brain [47]. The accumulation of mtDNA
mutations, including deletions, duplications and point
mutations, has been found in a variety of tissues during
aging in human, monkeys and rodents [48-53].

The mitochondrial genome contains a non-coding
control region, the displacement loop (D-loop), important
for mtDNA replication and transcription. Different
studies have found an accumulation of point mutations in
this region including A189G, T408A, and T414G with

aging [54-59]. For example, the A189G mutation was
investigated in the muscles of unrelated individuals age 1-
97, a higher percentage of mutations exist in older
individuals [58]. The age-related accumulation of
mutations within this regulatory region of the
mitochondrial genome may influence the activity of this
tissue.

Apart from point mutations, mtDNA deletions are
most likely occurring during the repair of damaged
mtDNA. The mechanism by which mtDNA deletions
arise during mtDNA repair is through exonuclease
activity at double-strand breaks [60]. An age-related
accumulation of various deletions has been shown in
multiple tissues of different species [61-66]. A number of
deletions can occur, however, the most commonly studied
in humans is a 4977 bp deletion, also called “common
deletion”. This deletion removes all or part of the genes
for NADH dehydrogenase subunits, cytochrome c
oxidase subunit 111, and ATP synthase subunits 6 and 8.
An extensive study developed by Meissner et al [66]
found an increase in the 4977 bp deletion with aging in
the brain, heart and skeletal muscle of 92 individual aged
2 months to 102 years old. However, the levels were
highly variable between individuals of the same decade
and among different tissues within a single individual.
This is in agreement with other studies [61, 62, 65].

Table 1. Mitochondrial diseases. The classifications in mtDNA mutations and nuclear DNA defects and the mutations

in the mitochondrial genes.

Rearrangement mutations 4977
miDNA mutations Point mutations tRNA or tRNA EEPES
AB344G
T8993G
G11778A
Point mutations proteins G3460A
T14884C
POLG1
Replication mutations proteins Twinkd
ANT1
TK2
Suclear DN detects Mutations in Thymidine Kinase 2 (TK2)
and Deoxyguanosine Kinase (dGK) dGK
Mutations in Thymidine Phosphorilase ™

(TP)

The increase in 8-0x0-2™-deoxyguanosine (0x0%G)
levels in mtDNA with age appears to be a general
phenomenon, probably due to a decline in the reparation
mechanism with age [67, 68]. Recent studies have

SUBTYPE MUTATION DISEASE

Progressive external ophtalmoplegia (PEO)

Kearns-Sayre Syndrome (KSS)

Pearson Syndrome (PS)

Mitochondrial Encephalopathy lactic acidosis, and stroke-like episodes
(MELAS)

Myoclonus Epilepsy and Ragged-Red Fibers (MERRF)

Neurogenic muscle weakness, ataxia and refinitis pigmentosa (NARP)
Leber Hereditary Optic Neuropathy (LHON)

Leigh Syndrome

Chromosome 15-linked Autosomal Dominant Progressive External
Ophtalmoplegia (adPEO)

Chromosome 10-linked adPEO

Chromosome 4-linked adPEO

mtDNA depletion Syndrome (MDS)

Mitochondrial Neurogastroinstestinal Encephalomyopathy (MINGIE)

investigated point mutations and deletions in single cells;
only one particular point mutation or deletion is found in
a single cell, and the percent of mutant DNA molecules
within a cell increases with age [69, 70]. Skeletal muscle
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develops a mosaic pattern of increasing cytochrome c
oxidase (COX) deficient muscle fibers with increasing
age, and multiple mtDNA alterations (point mutations,
length variations, deletions) were found [57, 71]. A study
of deletions in COX negative muscle fibers from aged rats
showed that >90% of the mtDNA at the site of the electron
transport  system abnormality contained deletion
mutations [72].

mtDNA mutations and diseases

Mitochondrial diseases are a diverse group of human
diseases characterized by defects in any aspect of
mitochondrial function [73]. It can be inherited,
transmitted from the mother to offspring, like patients
with Leber Hereditary Optic Neuropathy (LHON); or
spontaneous. Mitochondrial diseases can be further
divided into diseases related with defects in either
mitochondrial DNA or nuclear DNA (Table 1):

Mitochondrial DNA mutations

1. Rearrangement mutations

Rearrangement mutations can be either inherited or
spontaneous. Inherited mtDNA rearrangement mutations
are primarily insertions, like inherited diabetes and
deafness [74, 75].

Spontaneous rearrangement mutations, primarily
large deletions, are always heteroplasmic, and always
result in the loss of one of the tRNA genes, therefore
affecting translation of all 13 mitochondrial genes [76].
The diseases induced by these mutations include
progressive external opthalmoplegia (PEO), Kearns-
Sayre syndrome (KSS), and Pearson Syndrome (PS). One
third of PEO/KSS/PS patients have the common deletion
of 4977 bp [77, 78].

2. Point mutations affecting tRNA or rRNA

The most common pathological mtDNA mutations
are located in tRNA genes, which produce distinct clinical
syndromes:  MELAS  syndrome  (mitochondrial
encephalopathy lactic acidosis, and stroke-like episodes),
with an A to G transition (A3243G) within the tRNA gene
in the mTERF binding site [79]. Another point mutation,
AB8344G, within the tRNA gene, is associated with
MERRF syndrome (myoclonus epilepsy and ragged-red
fibers), Ragged-red fibers (RRF) are a key indicator of
mitochondrial dysfunction in skeletal muscle [80, 81].

3. Point mutations affecting protein-coding genes

Point mutations like T8993G/C and T9176G/C in
human mtDNA convert a conserved leucine to an arginine
or proline near the C-terminus of subunit 6 of ATP
synthase. If the percentage of T8993G mtDNA in the

blood exceeds 70%, NARP (neurogenic muscle
weakness, ataxia, and retinitis pigmentosa) develops [82].
Other point mutations occur in mitochondrial genes
encoding subunits of complex | like G11778A in ND4,
G3460A in ND1, and T14884C in ND6. These mutations
are associated with LHON and Leigh syndrome [83, 84].

Nuclear DNA defects

Most of the 1500 mitochondrial proteins are encoded in
nuclear DNA, and for that reason defects in nuclear genes
can affect mainly mitochondrial metabolism and
OXPHOS [85, 86].

1. Defects in the replication proteins

Autosomal  dominant  progressive  external
ophthalmoplegia (adPEO) is characterized by multiple
large deletions of mtDNA in the ocular, skeletal muscles
as well as brain and heart [87-90].

Mutations in the POLG1 gene produced chromosome
15-linked adPEO. Amino-acid position 955 of POLGL,
located in the C-domain, is the most frequent mutation site
[90, 91].

Chromosome 10-linked adPEO is caused by
mutations in Twinkle, a DNA helicase. Mutations include
various missense mutations and an in-frame duplication
of 13 amino-acid (dup352-364) [92].

Mutations in adenine nucleotide translocator 1
(ANT1) cause Chromosome 4-linked adPEO. It is
produced by a substitution of proline for alanine at
position 114 in ANTL1 protein [93].

2. Thymidine Kinase 2 (TK2) and Deoxyguanosine
Kinase (dGK)

Mutations in the genes encoding these proteins are
associated with mtDNA depletion syndrome (MDS). Both
TK2 and dGK are required for the synthesis of
deoxyribonucleoside triphosphates (dNTPs). Patients
develop tissue-specific depletion of MtDNA, with its level
in the liver dropping to less than 10% of normal [94, 95].

3. Thymidine Phosphorylase (TP)

Mutations in this gene are associated with depletion
and/or multiple deletions of mtDNA in the muscles of
patients with MNGIE (Mitochondrial neurogastro-
intestinal encephalomyopathy). Although TP is not in the
mitochondria, it is implicated in the conversion of
thymidine to phosphoribose and thymine. The mutations
induce a decrease in enzyme activity, producing an
accumulation of thymidine [96, 97].

mtDNA mutations and degenerative diseases

An increased accumulation of mtDNA mutations has also
been found in a variety of age-related degenerative
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diseases, like patients with chronic coronary artery
disease [49, 98]. Particularly in the case of
neurodegenerative diseases; the central nervous system
has intense metabolic requirements, reduced energy
production can have a severe impact on neural functioning
[99].

Damage to mtDNA could potentially result in
bioenergetic dysfunction and consequently aberrant nerve
function. Neurodegenerative diseases are associated with
a progressive loss of neurons through apoptosis and/or
necrosis [5]. An accumulation of mutations and deletions
in mtDNA with corresponding defects in energy
metabolism have been found in Parkinsons disease (PD),
Alzheimer disease (AD), Amyotrophic Lateral Sclerosis
(ALS), and Huntingons disease (HD) (Table 2) [3, 6,
100].

Idiopathic PD is associated with mitochondrial
defects, particularly in respiratory complex 1. Also, the
detection of the common LHON np 11,778 mutation as
well as the 10398A mutation indicates a mitochondrial
etiology of PD [6, 101, 102]. Loss-of-function mutations
in the PTEN-induced kinase 1 (PINK1), or Parkin genes,
which encode a mitochondrially localized serine/
threonine kinase and an ubiquitin-protein ligase
respectively, result in recessive familial forms of
Parkinsonism. These proteins maintain mitochondrial
integrity by regulating diverse aspects of mitochondrial
function [103, 104]. The rare autosomal dominant form of
PD is due to mutations in a-synuclein, which produce an
alteration in mitochondrial function [105-107].

Similarly to PD, AD also appears to involve
mitochondrial dysfunction. The 4977 bp and 10398A
common mutations have been shown to be elevated in
Alzheimer’s brain tissue [102, 108]. Also, heteroplasmic
levels of the T414G and T477C mutations were found in
the brain tissues of Alzheimer’s patients [109]. Patients
with these mutations exhibit reduction in the mtDNA L-
strand ND6 transcript and the mtDNA/nuclear DNA ratio,
suggesting that these bases may play an important role in
genome  maintenance  and/or  expression.  The
identification of familial and inherited forms of AD as
autosomal-dominant disorders linked to mutations in the
gene that encodes the amyloid precursor protein (APP), or
genes that encode presenilin proteins [110-115] display a
relationship to mitochondrial dysfunctions.

ALS is a neurodegenerative disease that specifically
affects the motor neurons. In familial cases, ALS is caused
by mutations in the Cu/ZnSOD (SOD1). This familial
form appears to be due to a failure in the SOD17s ability
to detoxify mitochondrial superoxide anions, which are
released into the mitochondrial inner membrane space
from ubisemiquinone bound to the Qo site of complex 11
[6, 116].

Table 2. Neurodegenerative diseases. Mutated genes related
with mitochondrial function in neurodegenerative diseases.

MUTATION

11778
10398A
PINK
Parkin
a-synuclein
4977
10398A
T414G
T477C
Amyloid Precursor Proteins
(APP)
Presenilin
Cu/ZnSOD

DISEASE

Amyotrophic
Lateral Sclerosis

mtDNA mutations and cancer

Cancer cells produce ATP through glycolysis and lactic
acid fermentation rather than oxidative phosphorylation
[117]. For that reason, it is suggested that mitochondria
are involved in carcinogenesis through respiration
alterations [118]. Indeed, an increase in MtDNA
mutations has been observed in a variety of cancer types:
prostate, thyroid, oral cancer, vulvar cancer,
hepatocellular carcinoma [119], colon, bladder, head and
neck, lung and a number of blood cancers [120-122].
Mutations are often found in primary tumors, but not in
surrounding tissues. The main characteristics of mtDNA
mutations common to all tumor types are: the majority of
the mutations are base substitutions; mutations occur in
all protein-coding mitochondrial genes; the D-loop region
is the most frequent site of somatic mutations across
tumor types; the mutations are homoplasmic in nature
[123].

Deletions, point mutations, insertions, and
duplications are reported in many kinds of cancer [124].
The homoplasmic nature of mutated mtDNA suggests the
possibility that some mutations are involved in
tumorigenesis by affecting energy metabolism and/or
ROS production. For example, some studies have
observed decreased nuclear and mitochondrial hOGG1
expression in human lung cancer [125]. Moreover,
mitochondria play a key role in apoptosis. Another study
showed that specific point mutations in mMtDNA
accelerate growth and reduce apoptosis in a variety of
tumors, supporting the idea that some mtDNA mutations
in tumors have functional advantages that promote tumor
growth [126].
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mtDNA mutations in forensic science. Estimation of
age-at-death

One of the goals of forensic investigation is to estimate
the age-at-death of a single individual in order to identify
a victim. However, it is often difficult to determine adult
age. Although there are several anthropological methods
to determine age-at-death, the new developed
methodologies are based in the natural process of aging,
which leads to alterations of tissues and organs on
different biochemical levels [127]. One of these
alterations is the mtDNA mutations.

Few authors tried to find a correlation between
mitochondrial mutations and age in order to apply to
forensic practice. The studies of Meissner et al. [128, 129]
in skeletal muscle showed a correlation between the
common mutation 4977 bp and age. Their calculation
allowed a rough estimation of the age-at-death and can
discriminate between young and elderly persons.
Moreover, this methodology, using Polymerase Chain
Reaction, can be used in tissue that has undergone
extensive putrefaction.

The studies of Theves et al. [58] analyzing the A189G
mutations were developed using three different
approaches: automated DNA sequencing, Southern blot
hybridization using a digoxigenin-labeled oligonucleotide
probe, and peptide nucleic acid (PNA)/real-time PCR, due
to the fact that this method is more sensitive than DNA
sequencing. They demonstrated the accumulation of this
mutation in mitotic buccal cells and postmitotic muscle
tissue reached very high levels in individual 60 years of
age or older. Lacan et al. [130] demonstrated with the
same methodology that this somatic point mutation occurs
in bone tissue and it is related to age.

Other authors looked for disease mutations like the
transition mutation in MERRF syndrome. Munscher et al.
[51], using PCR methodology, found an association of
this mutation with age in postmortem specimens of
extraocular and skeletal muscle from healthy people.
Other authors looked for general deletions in
mitochondrial DNA. Papiha et al. [131] analyzed blood
and bone samples from patients who had undergone
orthopaedic surgery. They only found mtDNA deletion in
bone from patients up to 70 vyears old with
osteoporosis/rheumatoid arthritis, but not in the blood. In
wisdom teeth from healthy subjects, Mornstad et al. [132],
used the PCR amplification of hypervariable region 2
(HV2) of the mitochondrial D-loop to demonstrate a
decrease in the amount of mtDNA in dentine with age.
This decrease is highest in the oldest age groups.

Lacan et al. [133], using capillary electrophoresis,
detected three types of miniduplications in bone and
muscle samples. Three duplications were never observed
in bone in the oldest individuals, but at least one can be

detected in individuals over 38 years old. In contrast, the
duplicated fragments have been observed in individuals
around 20 years old and accumulated in the most aged
individuals, carrying several duplications. It seems that
strong tissue specificity exists for this type of
rearrangement.

Although this methodology could be simple, easy and
affordable for forensic laboratories and it is possible to use
in tissue that has undergone putrefaction, further research
is needed in order to apply this technique to forensic cases.

Haplogroups. Their role in aging, diseases and
forensic sciences

A haplogroup is a particular mutation that is well
established and widely distributed among individuals of
populations  [134].  Restriction  fragment-length
polymorphism studies of mtDNA from a wide range of
human populations have revealed sets of ancestral
mutations that define these haplogroups that have
common ancestry and, because of uniparental inheritance,
evolve independently from each other. Each of these
haplogroups, which include evolutionary related types of
mtDNAs, is defined by specific sets of associated
mutations, thus allowing for a quick and precise
classification of the mtDNA molecules within a certain
population [135]. More than two dozen mtDNA
haplogroups are known among human populations around
the world [16]. The human mtDNA tree is rooted in
Africa, and it has specific arms radiating into different
geographic regions [6].

African mtDNAs are the most diverse and thus most
ancient. African mtDNAs fall into four major
haplogroups: LO (oldest), L1, L2, and L3 (youngest).
From them, different haplogroups were spawned due to
migrations, into Europe and Asia, enriching the
haplogroups. This phylogeographic distribution of
mtDNA is a useful tool in forensic science to determine
the geographic origin since 35% of the mutations were
continent-specific and therefore useful for this purpose [6,
136-139].

Also, different studies have associated these
variations in mtDNA with human longevity and aging.
These studies describe associations between specific
inherited MtDNA haplogroups (C150T polymorphism)
and extended lifespan in Finish and Japanese subjects
[140-142]. Also, haplogroup J is over-represented in the
long-living and centenarian northern Italian males [135,
143]. This haplogroup is over-represented in Irish
nonagenarians and centenarians and long-living Finish
people [141, 144]. In contrast, this haplogroup is
underrepresented in Chinese Uygur nonagenarians [145].
Haplogroups are also associated with the risk of diseases.
Studies in Japanese centenarians and super-centenarians
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revealed that these people are resistant against diseases
such as type 2 diabetes, myocardial and cerebrovascular
infarction, Alzheimer disease (AD) and Parkinson disease
(PD). In noncentenarians, mitochondrial haplogroups F
and A exhibit risk factors for diabetes and haplogroup N9a
was found to be protective against diabetes, especially in
females [146, 147].

In Europeans, males with haplogroup U showed an
increase in risk of AD, whereas this haplogroup decreased
the risk in females. Haplogroup J has a decreased risk of
PD versus individuals with the most common haplogroup
H [148].

Different studies have described the risk of cancers
associated with various haplogroups. Verma et al [149]
analyzed 30 haplotypes and their relation with cancer in a
Japanese hospital, finding that one of the haplogroups
(M7b2) increased the risk for hemopoietic cancer, a risk
factor for leukemia. In Northern Americans, the
haplogroup U was associated with an increased risk of
renal cancer [150]. Also in breast and esophageal cancers,
the polymorphism mtG10398A in haplogroup N and its
sublineages provides a risk toward this cancer in Indian
populations [151].

The results of these studies support the idea that the
effect of haplogroups and mtDNA variants on longevity
and risk of diseases is population- and possibly sex-
dependent, due to differences in genetic background.

Conclusions

Although it is not still clear if mtDNA mutations are the
cause or consequence of aging, it is known that these
mutations increase with age and play a key role in this
process leading to mitochondrial dysfunction. As a result,
mtDNA mutations are related to several diseases,
particularly neurodegenerative diseases. Also, the
alterations in the mitochondrial function due to mtDNA
mutations seem to promote tumor growth via inhibition of
apoptosis. mtDNA haplogroups can not only be used for
the determination of geographical origin, but also
different haplogroups can influence longevity and risk of
disease. Further research is needed in this field in order to
improve the understanding of the role of mtDNA mutation
in aging, disease and its application to forensic science.
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