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Abstract

Degenerative diseases cause the breakdown or destruction of a cell or group of cells over a period of time, leading to an array of
physical or cognitive symptoms including impaired motor skills, memory loss and dementia. Often, degenerative diseases have
been characterized as afflictions of the elderly but earlier onset forms of these diseases have been linked to genetic dysfunction.
Mutant forms of genes often lead to the breakdown of the cell via interference with internal pathways involved in the removal
of impaired cellular components and energy production. Mitochondria are dynamic organelles involved in cellular energy
production and in intra-cellular signalling leading to cell death. The proper function and upkeep of these organelles is essential
to maintaining a healthy cellular environment and preventing accumulation of harmful oxidative free radicals. Breakdown
and improper functioning of mitochondria has been linked to the onset of a number of diverse neurological diseases including
Alzheimer Disease, Huntington Disease, Parkinson Disease, Multiple Sclerosis, retinal abnormalities and muscle neuron
linked motor impairment. In this review, we examine the role of mitochondria in degenerative disease and highlight common
mechanisms of disease progression as well as potential targets for future therapeutic approaches.
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Introduction

microorganisms through the ingestion and assimilation of
an aerobic microorganism by an anaerobic one [3]. Sequence
comparisons of mitochondrial DNA have determined their
origins to stem from a single α-proteobacterium [4]. Over the
course of evolutionary history mtDNA has evolved in a speciesspecific manner, hinting that selective pressures may drive the
repositioning of genes from the mtDNA to the genomic DNA
[5]. The mtDNA codes for many important and necessary genes,
although this pressure has resulted in mitochondrial genomes
being much smaller in size than they were originally. Most of
the retained genes function within the ETC of respiration at
the mitochondrial inner membrane [6]. There are three main
theories that seek to explain the conservation of mtDNA.
The first is that genes encoded for and translated within the
mitochondria produce hydrophobic proteins which may be
difficult to import into the inner membrane after translation
outside of the organelle [7]. Alternatively, differences in codon
usage between the genomic machinery and mitochondrial
mechanisms may cause difficulties in proper protein translation,
making it necessary for these proteins to be synthesized within
The evolution of a cellular power plant
the mitochondria. A third theory postulates that mitochondrial
The origin of mitochondria
DNA is conserved as locally regulated expression of these
Mitochondria are unique organelles due to their double integral electron transport genes may be important for
membrane structure and conserved organelle specific DNA metabolic control [8]. It is likely that the true rationale for the
(mtDNA). Evolution of these organelles through Endos- continued conservation of mtDNA encompasses aspects of
ymbiosis is theorized to have involved the amalgamation of all three theories.

Mitochondria are essential cellular organelles that act as the
“power plants” of the cell to provide energy in the form of
Adenosine triphosphate (ATP) by means of the Electron Transport
Chain (ETC). They are key components in mechanisms of cell
growth, cell proliferation and apoptosis. Due to their inability
to derive sufficient energy through glycolysis, neuron-rich
tissues rely greatly upon mitochondria when compared to
those that possess lower energy needs [1]. Since mitochondria
are involved in such diverse and important cellular functions;
it is not surprising that the breakdown or dysfunction of
mitochondrial processes may result in a number of disorders
or diseases. Many of these disorders are caused by defective
degradation of damaged or non-functional mitochondria and
a subsequent lack of de novo synthesis of new replacement
mitochondria [2]. We will highlight the genes and pathways
involved in mitochondrial degenerative disease in order
to determine their potential for future study as targets for
chemotherapeutic treatment and disease modelling.
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Energy and reactive oxygen species production

Mitochondria produce chemical energy in the form of ATP
by harnessing the gradient created through movement
of electrons from an electron donor such as Nicotinamide
Adenine Dinucleotide (NADH) to an electron acceptor such as
oxygen, in a process known as oxidative phosphorylation. This
process is conducted by five protein complexes (complexes
I – V) located within the inner membrane of the mitochondria
and results in the formation of two water molecules. Complex
I (NADH coenzyme Q reductase) and Complex II (succinate
dehydrogenase) both accept incoming electrons from
NADH and Flavin Adenine Hydrogen Dinucleotide (FADH2)
respectively. Both of these complexes pass electrons to
coenzyme Q (ubiquinone) where they are ferried to Complex III
(cytochrome bc1). From Complex III the electrons are transferred
to cytochrome C then to Complex IV (cytochrome c oxidase)
and from this complex to oxygen to create water [9]. Three
of these complexes (Complexes I, III and IV) pump protons
into the inter-membrane space to create a gradient which is
responsible for generating the mitochondrial inner membrane
potential. This proton motive force is then harnessed by
complex V (ATP synthase) to facilitate the synthesis of ATP
from ADP and Pi.
During the course of this process it is possible for electrons
to leak out of this electron transfer cascade and create
potentially toxic oxygen free radicals. Complexes I and III have
been determined as the two most likely sites for this leakage to
occur [10,11]. These free radicals have the capacity to disrupt a
number of cellular processes and to alter DNA sequences; this
is especially dangerous due to the close proximity between
mtDNA and free radicals formed within the mitochondria.
To combat these potentially negative effects, many proteins,
including the Superoxide Dismutase (SOD) family, counteract
the formation of these Reactive oxygen species (ROS). SODs
are metalloproteins that catalyze the conversion of superoxide
into oxygen and hydrogen peroxide [12]. There are three
distinct types of SOD enzymes: SOD1 and SOD3 operate in
the cytoplasm and extracellular matrix, respectively, and
contain copper and zinc as their metallic components [13].
SOD2, like SOD1 and SOD3, is encoded by the nuclear genome
but following synthesis, is transported across the outer and
inner mitochondrial membrane to function in the matrix.
SOD2 operates by means of a manganese metallic enzymatic
component and is the only SOD that functions within the
mitochondria [14]. Proper function of all three SOD proteins
is essential for regular cellular homeostasis.
Reactive oxygen species negatively impact the cell in two
distinct yet equally important ways. The first is by directly
interacting with and modifying cellular components, leading
to change or loss of function. The second is by altering the
reduction-oxidation (REDOX) state of proteins involved in
signalling pathways and leading to altered activation of
downstream targets [15]. Although the formation of ROS is
generally considered to be harmful in terms of cell function
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and well being, ROS function as signalling molecules that
are necessary for proper cellular control and upkeep [16].
One of the most important and diverse molecules involved
in intracellular cycling, hydrogen peroxide (H2O2), is formed
as a result of electron leakage. H2O2 is a by-product of SODmediated removal of superoxide anions but may be induced
via a number of other cellular mechanisms including NADPH
oxidase [17]. H2O2 is a relatively stable molecule and acts
as a signalling molecule in pathways of cell proliferation,
differentiation, cell growth and apoptosis [18,19]. H2O2 works
mechanistically via the oxidation of thiols, and may result in
an irreversible reaction. A class of enzymes known as catalase
peroxidases function to breakdown H2O2 molecules into water
and oxygen and antioxidant defence mechanisms have been
found to be up-regulated in the presence of increased H2O2
[20]. Coordination of intracellular H2O2 levels is largely reliant
on mitochondria, aberration in this regulation can lead to
wide encompassing negative consequences for cellular health.

Control of mitochondrial upkeep and turnover
Mitochondrial creation and destruction

There are a number of mechanisms through which proper
mitochondrial function is maintained. Some signalling pathways are involved in the diagnosis, repair and breakdown of
organelles while other methods are exploited to produce new
mitochondria via biogenesis. The delicate balance between
organelle biogenesis and turnover not only helps to prevent
the squandering of important cellular materials, but leads to
proper disposal of potentially harmful, abnormally functioning
organelles. Thus, it is not surprising that dysfunction of
genes involved in any number of these upkeep and turnover
pathways has been linked to the progression of multiple
degenerative diseases.
The peroxisome Proliferation activated Co-receptor Gamma
(PCG) family of genes have been found to regulate de novo
mitochondrial synthesis. PGC-1α and PGC-1β are involved in
mitochondrial biogenesis within various tissues including
the liver and brain, and are up-regulated under conditions
requiring increased energy production. PGC-1α-Related Coactivator(PRC) is linked to biogenesis of mitochondria, but
unlike other PGC-1 family members does not vary in abundance
based on the energetic needs of the cell [21,22]. PGC-1 proteins
work by promoting transcription of Nuclear Respiratory
Factor-1 (NRF-1) which leads to de novo mitochondrial
synthesis. In a parallel pathway, Nuclear Respiratory Factor-2
(NRF-2) contributes to this de novo synthesis. Together, the
NRF genes have been found to coordinate expression of all
ten electron transport subunit components coded for by the
mtDNA [23]. Expression of PGC-1 family and NRF family genes
have both been linked to multiple regulators of cell growth,
and proliferation.

Mitochondria and apoptosis

Apoptosis is the process of programmed cell death; a mechanism
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responsible for removing cells via specific pathways for the
purpose of increasing the overall fitness of an organism. Due
to the high incidence of ROS leakage and consequent genomic
damage found within mitochondria, there are organelle specific
mechanisms in place for apoptosis to occur, thereby combating
potentially harmful components from spreading to nearby
cells. These mechanisms generally involve permeabilization
of the outer and/or inner mitochondrial membrane and
release of internal components into the cytosol. Both the
Mitochondrial Outer Membrane Permeability (MOMP) and
Mitochondrial Permeability Transition Pore (PTP or MTP) have
been implicated in this release.
The release of the signalling molecule cytochrome C
triggers a caspase-activated cascade in the cytosol of the
host cell, leading to apoptotic destruction via association with
Apoptotic protease-activating factor 1 (Apaf1) [24]. In addition
to cytochrome C activation of the caspase cascade, Apoptosis
Inducing Factor (AIF) is released from the intermembrane
space and translocates to the nucleus where it binds to DNA
and facilitates fragmentation [25]. This process has been found
to be mediated by Bcl-2 family pro-apoptotic proteins Bcl-2
associated X protein (Bax) and Bcl-2 homologous antagonist
killer (Bak) which form the channel for release of intra-organelle
components by MOMP [26]. Both Bax and Bak are activated
by two other pro-apoptotic Bcl-2 proteins, BH3 interacting
domain death agonist (Bid) and Bcl-2 interacting mediator of
cell death (Bim) [27]. Upon activation Bax translocates to the
mitochondrial membrane where Bak is prelocalized due to
interaction with the membrane bound Voltage Dependent
Ion Channel 2 (VDAC-2) [28]. Activated forms of Bax and Bak
then form a pore in the membrane of mitochondria allowing
pro-apoptotic factors to be released.

Mitochondrial movement and dynamics

The ability of mitochondria to respond to changes in cellular
energy requirements, starvation or dysfunction is necessary for
continued organelle health. The processes of fusion and fission
provide the means of adapting to these changes through
the formation of “new” mitochondria or the assimilation of
multiple mitochondria into a single organelle. The process
of fission is mediated by Drp1, a cytosolic protein that is
recruited to the outer membrane by Mid49, Mid50 and Mff and
functions by pinching the membrane together and allowing
for separation of internal components without leakage [29].
This process occurs most often at sites where the membranes
of mitochondria and endoplasmic reticulum (ER) make contact,
and the inner and outer membranes each have specific
factors that aid in this process; the outer membrane fission
is mediated by Mfn1 and Mfn2 membrane anchored proteins
while the inner membrane is mediated by Opa1 activity [30].
The process of mitochondrial fusion functions to protect
against harmful aggregation of mitochondrial mutations by
allowing a mechanism of organelle complementation [31].
By this process, two mitochondria are able to fuse together
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and share RNA and protein components, providing protection
against mutation of the mtDNA and ensuring the proper
function of each individual organelle. Fusion is increased under
conditions of starvation and works to ensure that mitochondria
are not the active targets of cellular catabolism, thereby
allowing energy production via oxidative phosphorylation
to continue unhampered under extreme conditions [32]. It
has been hypothesized that fission and fusion may work
cooperatively to remove damaged material from organelles
by facilitating fusion of impaired mitochondria with healthy
ones. Such a mechanism would serve to selectively remove
the damaged components via asymmetric fission, where
they will eventually be targeted for lysosomal degradation
[33]. Together, these processes work to provide a healthier
mitochondrial population and conserve cellular energy by
providing more efficient oxidative phosphorylation and
organelle maintenance.
The movement of mitochondria within cells is an important
process that must respond to cellular energy requirements
and is especially significant in specialized cells including
neurons. The movement of organelles is dependent on
force generating motor proteins that allow interaction with
microtubules or actin filaments [34]. Kinesin-1 is the primary
factor that influences mitochondrial anterograde movement
in neurons, and this process is limited by Ca2+ concentration
by the GTPase Miro [35]. A high concentration of cytosolic
Ca2+ will halt this movement from occurring, potentially as
a sensor of organelle dysfunction. Retrograde movement is
mediated by the Dynein-Dynactin complex which connects
to mitochondria via the Huntington Associated Protein (HAP)
[36]. Damage to any of the proteins involved in organelle
transport may lead to an aggregation of damaged organelles
and cell death.

Mitochondria and degenerative disease

Degenerative diseases are defined as afflictions that present
a deterioration of a tissue or group of cells over a period of
time. Types of degenerative disease are generally split into
two main groups. The first, neurodegenerative disease, affects
many functions through damage to the brain and neurons.
The second type, muscle degenerative disease, functions
by gradual disruption of muscle function in different parts
of an organism. Many categories of neurodegenerative
disease also result in muscle degeneration or lead to similar
phenotypes. Degenerative diseases are chronic and in many
cases treatment options seek to slow symptoms of the disease
and do not attempt to combat the initial source or cause of
those symptoms.

Degenerative disease and proteostasis

The balance of proteins within a cell or organelle is necessary for healthy cell function. Accumulation of harmful
protein aggregates is a hallmark of many different forms
of degenerative disease including Alzheimer disease,
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Parkinson disease and sporadic Inclusion Body Myositis [37]. mitochondria gradually leads to reduced energy production
Impaired intracellular dynamics or breakdown of intracellular and eventual cell death.
proteosomal machinery and improper processing and
A second hypothesis relating to the importance of mitodestruction of these protein aggregates ultimately leads chondria in AD has recently emerged. The Mitochondia
to impaired mitochondrial function, increased free radical Associated Membrane hypothesis proposes that the proximity
generation and eventual cell death.
of the ER to the mitochondria is a key factor in AD pathogenesis
[47]. This hypothesis postulates that a decreased distance
Alzheimer disease
between the membranes of the ER and the mitochondria
Alzheimer Disease (AD) is a progressive neurological disorder results in altered metabolism and redox states of both
characterized by a degenerative breakdown of neurons in organelles and leads to the hyper phosphorylation of Tau
the cortex and hippocampus of the brain [38]. AD is the most and improper APP processing. Although the aggregation of
common late onset neurodegenerative disease and, although protein plaques has been cited as the direct cause of AD, there
the majority of cases are apparently sporadic in occurrence, is a body of evidence to suggest that these consequences are
mutations in three genes have been found to be directly a function of initial mitochondrial dysfunction [48]. Although
implicated with neuronal breakdown. These mutations are no specific mtDNA mutations have been linked to AD [49],
found in genes encoding the Amyloid Precursor Protein (APP), an initial dysfunction of mitochondrial function causing a
and the two catalytic γ-secretase subunits Presenilin-1 (PSEN-1) change in redox state and oxidative consequences could be
and Presenilin-2 (PSEN-2), and lead to the earliest and most the trigger to all of these processes in sporadic AD.
severe cases of AD [39]. The degeneration of neurons in AD is
catalyzed by harmful presence of two separate protein entities: Parkinson disease
the first is an aggregation of a hyper phosphorylated form of Parkinson Disease (PD) is a common and progressive neurothe microtubule stabilizing protein Tau [40], while the second logical disease that is estimated to afflict 1% of all individuals
is the accumulation of the protein Amyloid-Beta (Aβ) [41]. In worldwide over the age of 60 years [50]. Clinical symptoms
some advanced forms of AD both of these forms of protein include resting tremor, bradykinesia, rigidity and postural
aggregates have been found.
instability. Additional difficulties may include loss of memory
APP under normal physiological conditions modulates and depression [51]. These symptoms are caused by diminished
neuronal growth and plasticity through activation by levels of dopamine availability in the striatum of the brain,
γ-secretase. Amyloid-Beta is a derivative of APP that is post- and are characterized by the accumulation of harmful protein
translationally cleaved by either PSEN-1 or PSEN-2 to remove aggregates known as Lewy bodies within the neurons of the
the C-terminal trans-membrane domain [42]. The Amyloid substantia nigra pars compacta [52]. The eventual dysfunction
cascade hypothesis of AD progression states that an over and breakdown of these neurons is responsible for the
abundance of Aβ leads to an increase in the oxidative stress of symptoms and pathology of PD [53]. A higher mtDNA
the cell [43]. This cascade leads to changes in intracellular Redox mutation rate is present in dopaminergic neurons affected
state which is believed to result in the hyperphosphorylation of by PD compared to wild type controls [54]. Pathology traces
some cellular proteins including Tau. The pathogenesis of Tau directly to mitochondrial dysfunction and cell destruction
protein aggregates occurs through paired helical fragments in these neurons.
termed “Tau inclusions”. These insoluble protein aggregates
A number of genes from human tissue that show importance
are a hallmark of disease and cause a number of problems in in mitochondrial function and PD have been identified. The
neuronal tissues both by preventing the native functions of SNCA gene encodes for the α-synuclein protein, the primary
Tau, as a necessary factor in microtubule stabilization, and by component of Lewy bodies [55]. Lewy bodies can be the result
disrupting other cellular processes [44]. Diseases attributed of a mutant form of SNCA leading to an accumulation of protein
to the accumulation of hyperphosphorylated Tau protein are aggregates within the inner membrane of mitochondria. These
termed “Taupathies”.
protein aggregations disrupt components of the ETC resulting
In mitochondria, Aβ binding Alcohol Dehydrogenase in a higher incidence of oxidative stress [56]. Accumulation of
(ABAD) has been found to bind directly to Aβ and increase Lewy bodies has been found to be associated with malfunthe production of free radicals within mitochondria [45]. A ctioning proteasome function. Parkin is a component of a multibi-product of this reaction is acrolein which lowers activity protein E3 ubiquitin ligase that promotes the ubiquitination
of key components of the TCA cycle and binds with mtDNA and subsequent destruction of cellular proteins [57]. Mutations
preventing interactions and altering activity. Additionally Aβ of the parkin gene result in the degeneration of dopaminergic
has been implicated in impairing the function of SOD2 in the (DA) neurons, most likely by allowing the aggregation of
matrix of mitochondria, thus diminishing the internal defense multiple dysfunctional mitochondria that eventually lead to
against superoxide oxidation and leading to a further increase overall cell death [58]. PTEN induced putative kinase 1 (PINK1)
in ROS formation [46]. The increase in ROS and decrease in is a serine/threonine-protein kinase that can act to recruit
metabolic rate that occurs as a result of an import of Aβ in Parkin to damaged mitochondria [59]. Similarly to Parkin,
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mutations in PINK1 lead to degeneration and dysfunction of
DA neurons [60]. These proteins act in concert to remove any
damaged or dysfunctional mitochondria that may be present.
Mutation of either of these genes negates the cell’s ability
to target and remove dysfunctional mitochondria, which in
turn leads to cell death.
Transcriptional regulation of PGC-1α, linked to the pathology
of PD, is controlled by a negative regulator the “Parkin interacting substrate”, or PARIS. When PARIS is active, it binds to the
upstream region of the PGC-1α gene to prevent transcriptional
activity. In turn, this blocks the occurrence of mitochondrial
biogenesis [61]. Interestingly, PARIS is degraded following
ubiquitination by Parkin [62]. Therefore, Parkin appears to
be a master regulator of both mitochondrial biogenesis and
mitochondria autophagy in human cells and a key component
in the pathogenesis of PD.

functioning mitochondrial quality control. Impaired Parkin or
PINK1 function has also been marked as a potential target for
therapeutic intervention as improved functioning of these
genes would lead to more efficient turnover of damaged mitochondria, a lowered level of oxidative stress and less overall
cellular stress. Intra-organelle components are able to sense
incorrectly folded proteins by manner of a network known
as the unfolded protein response (UPR) [70]. Deciphering the
mechanism of the UPR response including Heat Shock Factor
60 and the protease ClpP and how they are regulated may
lead to potential therapeutic targets to stimulate for proper
removal of protein aggregates [71]. Recent work has found
that Activating Transcription Factor Associated with Stress-1
(ATFS-1) may initiate the cascade leading to UPR activation
[72], although no direct mammalian therapeutic target of
this system has been identified.

Sporadic Inclusion-body Myositis

Degenerative disease and aberrant gene function

sporadic Inclusion-Body Myositis (s-IBM) is the most common The mutation of genes involved in essential cellular processes
muscle degenerative disease of the elderly. Hallmarks of this such as free radical removal, cellular trafficking and energy
disease include gradual weakening and dysfunction of muscle production leads to degenerative disease phenotypes and
tissue, eventually leading to severe disability and wheelchair cellular destruction. Huntington Disease, Multiple Sclerosis,
dependency [63]. Muscle fibre degeneration results from an Amyotrophic Lateral Sclerosis, Kearns-Sayre Syndrome, Leber’s
intramuscular accumulation of harmful protein aggregates Hereditary Optic Neuropathy and Age Related Macular
implicated in the pathogenesis of multiple neurodegenerative Degeneration are all specific diseases resulting from aberrant
diseases including: Aβ, α-synuclein, and p-Tau [64]. The gene function [73]. Although the impaired genes in each
aggregation of these protein clusters in affected cells causes case are unique to one another, the mechanism of disease
a number of harmful consequences.
often follows a similar progression stemming from reduced
The mechanisms of infection are very similar to those efficiency and increased oxidative stress eventually leading
manifested in both AD (in the case of Aβ and p-Tau) and in to cell death.
PD (in the case of α-synuclein) [65]. One of the most puzzling
aspects of s-IBM pathogenesis is the apparent dysfunction of Huntington disease
proteosomal systems in removing harmful protein aggregates. Huntington Disease (HD) is a progressive neurodegenerative
Proteosome subunits appear to be inactivated in muscle cells disease that leads to muscle defects and cognitive decline, all
containing these proteins, and lysosome function is impeded stemming from alterations to a single gene, Huntingtin (Htt).
leading to the formation of large autophagosomal vacuoles Mutation of this gene results in the incorporation of additional
[66]. Within these vacuoles, new protein aggregates form that glutamine residues and elongation of a polyglutamine chain
may then cause increased cellular disruption and damage within the protein is responsible for development of the disease
[67]. Protein aggregates may disrupt the mitochondria either [74]. Mutant Htt is an autosomal dominant mutation but
directly by association within the intermembrane space, two mutant gene copies can result in increased severity and
or indirectly by altering cellular processes such as calcium earlier onset of the disease [75]. Medium-sized spiny striatal
transport leading to impaired cellular respiration, oxidative projection neurons are the first tissues targeted, however as
stress increase and eventual cell death.
the condition progresses other areas of the brain, including
the Basal Ganglia, are affected causing additional symptoms
Therapeutic approaches to proteostatic disorders
[76]. There has been much discussion over the principle site
Pharmacological and therapeutic approaches to dealing of disease pathology within the cell. Evidence may suggest
with imbalances in protein abundance or harmful aggregate that mitochondrial dysfunction is a hallmark of disease,
formation fall into two main areas of concentration. The but whether or not this stems from an initial breakdown of
first addresses the observed breakdown of mitochondrial organelle function or is a secondary effect of other dysfunction
dynamics leading to unhealthy organelles and protein is currently undetermined.
buildup. Pharmacological compounds such as the Drp1
The cascade of consequences associated with HD begins
inhibitor “resveratrol” [68] and M1 hydrazone [69] promote with a lowered metabolic rate and progresses into an increase
fission and fusion processes respectively but have yet to be of ROS and caspase activation [77]. While these are definitive
tested as human therapeutics. The second addresses improper hallmarks of mitochondrial dysfunction, the mechanism
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of this breakdown has not yet been identified and studies
of patient brain activity in the early stages of HD indicate
that the lowered metabolic rate does not occur until later
in disease progression [78]. Mutant Htt protein (mHtt) has
been shown to disrupt the transcriptional regulation of TATA
binding proteins and the transcription factor Specificity 1 (Sp1),
leading to the dysregulation of nuclear transcription genes
including those that code components of the mitochondria
[79]. Two genes that are influenced by this dysregulation
are PGC-1α and Transcription Factor A Mitochondrial (TFAM),
both significant factors in the upkeep and function of new
and existing mitochondria [80].
Additionally, there is some evidence to support that mHtt
may localize to the outer mitochondrial membrane and prevent
the proper function of MPT control and organelle plasticity
through fusion and fission processes [81]. Taken together, it
is clear that mitochondrial function and destruction is a vital
and central process in the middle to later stages of HD.

Multiple sclerosis

Multiple Sclerosis (MS) is a progressive early onset neurodegenerative disease that, unlike most neurodegenerative
diseases, strikes patients in early adulthood, usually before
the age of thirty. MS pathology progresses in two basic forms;
the first is a stereotypical model of neurological disease
that involves symptoms that become increasingly severe
over time, whereas the second form involves a relapse-andrecovery model in which the patient shows severe symptoms
followed by brief periods of recovery [82]. Both forms of
disease eventually lead to severe loss of motor control and
mental impairment due to neuronal dysfunction. The most
common theory concerning MS pathology is based on an
autoimmune model in which components of myelin are
presented as antigens, with the resulting cellular immune
response acting to target these myelin sheaths for destruction
[83]. Removal of the myelin sheath of an axon prevents signal
transduction, abrogates functional activity and leaves a
characteristic abnormal structure known as a plaque. There
are additional factors that contribute to disease progression
in MS that may make for appropriate therapeutic targets in
disease prevention or symptom control.
Mitochondria have been implicated in a number of potential
factors contributing to MS. Mutation of mtDNA has been
linked with disease risk and mutant forms of ETC complex I
and Mitochondrial Uncoupling Protein 2 (UCP2), a component
of proton transport responsible for the maintenance of
membrane potential, have been correlated with increased
MS occurrence [84]. Mitochondrial DNA deletion has been
shown to be a causative agent of disease in specific cases
[85]. An increase of intra-organelle Ca2+ and conditions of
hypoxia are commonly found in MS neuronal cells. The
reduced amount of ATP production caused by dysfunction
of the enzymes within the ETC results in diminished activity
of the K+, Na2+ exchange pump ATPase activity. This leads to
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an influx of Na2+ and ultimately, membrane depolarization
[86]. In turn, depolarization and increased intra-organelle
Na2+ causes an influx of Ca2+, leading to cellular damage
while simultaneously removing both the action potential
of the cell alongside the nerve transmission function [87].
Another consequence of depolarization is activation of the
MPT via modulation of Cyclophilin D (Cy PD), subsequently
releasing apoptotic factors while increasing ROS production.
Studies in mice have shown that a decrease in Cy PD may raise
cellular resistance to oxidative stress and prevent the cellular
destruction invoked by this membrane change, making it a
potential target for therapeutic intervention [88]. In addition
to these observations, increased accumulation of APP has
been observed in MS plaques, to suggest a potential link to
ER and the mitochondrial associated membrane as proposed
for AD [89]. The origin of MS pathology has not been directly
correlated to mitochondrial dysfunction but progression of the
disease influences and perhaps is influenced by mitochondrial
breakdown.

Amyotrophic lateral sclerosis

Amyotrophic Lateral Sclerosis (ALS) is a progressive degenerative disease of the motor neurons. Early symptoms include
muscle weakness, stiffness or numbness over time, and
individuals frequently experience difficulty moving, speaking
or swallowing. Upwards of 90% of diagnosed cases of ALS are
sporadic in origin with 10% of cases originating from heritable
mutations [90]. A subset of these mutations has been linked
to genes encoding proteins that interact either directly or
indirectly with the mitochondria.
The most studied gene linked to ALS is Superoxide Dismutase
1 (SOD1). It has been found that a mutant form of SOD1 directly
affects motor neuron dynamics, including the transport of
mitochondria within the neuronal cell [91]. An increase of
SOD1 expression correlates with the up-regulation of over
50 mitochondrial proteins including Mfn2, indicating that
SOD1 does not solely function in the destruction of ROS alone,
but acts as a feedback regulator of fusion and membrane
potential within mitochondria [1]. Mutant SOD1 protein is
partial to misfolding and translocates into the mitochondrial
intermembrane space [92]. The presence of this mutant
SOD1 protein has been shown as a necessary component for
causing cell death in ALS models of disease [93]. Currently,
it is unknown if this affect is a consequence of enhanced
oxidative stress of the organelle, abrogating functioning
protein cascades responsible for axonal movement or by
disruption of membrane potential, which would cause the
release of apoptotic factors.
Three other mutations have been implicated in human
ALS pathogenesis. Vesicle-Associated membrane Protein
B (VAPB) is a protein involved in calcium homeostasis and
associates with proteins located in the MAM between the
ER and mitochondria. Mutant forms of this protein cause
increased oxidative stress and cell death [94]. TAR DNA binding
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protein (TDP-43) binds to both DNA and RNA and regulates which eventually lead to activation of pathways involved in
RNA metabolism and pre-mRNA splicing [95]. Loss of this cell death [110]. AMD primarily affects the central portion of
gene activity leads to aggregation of the mutant protein the retina, the macula, and is the primary cause of elderly
in the cytosol of functional cells, potentially in the area of blindness. The main cause of disease progression in AMD is a
previously functional mitochondria [96]. Although no further buildup of debris (known as drusen, dry AMD), or the growth
testing has been carried out in human subjects, experiments of blood vessels (wet AMD), both of which occur between the
conducted using a yeast model suggest that these aggregates retina and choroid [111]. Pathogenesis of AMD originates from
contribute to increased oxidative stress and cell death, while the accumulation of mitochondrial mutations and oxidative
introduction of mutated TDP-43 from humans into mice leads stress over time [112]. The heavy stress imparted upon mtDNA
to mitochondrial depletion in motor neurons [97,98]. Similarly, due to free radicals from the ETC is a potential starting point
a mutant form of the RNA binding protein Fused in Sarcoma for mutation in tissues with high energy requirements, and
(FUS) linked to ALS has been found to induce mitochondrial retinal disease is a prime example of such consequences.
shortening and cytoplasmic aggregation in a mouse model
of disease [99]. Deletion of mtDNA have been implicated in Additional diseases
ALS disease progression [100]. Although it is not clear where Mitochondria influence a substantial number of cellular
the initial site of disease pathology begins, the break down processes through the regulation of energy production; as
and disruption of mitochondria is clearly an important step such they influence a number of diseases that may display
in ALS disease progression.
degenerative pathologies. Diabetes mellitus occurs in some
individuals through mechanisms that are similar to the causes
Retinal disease
of AD, and may arise from an initial change in cellular oxidation
Due to the high energy requirements associated with the optic state, thereby resulting in a lack of energy and leading to cell
nerve and cells of the retinal pigment epithelium, mitochondria death [113]. Heart function relies upon mitochondria to provide
have been implicated in a number of diseases associated with energy in the form of ATP, and changes in mitochondrial
vision loss and metabolic dysfunction of these tissues [101]. function can lead to decreased activity and eventually to
Kearns-Sayre Syndrome (KSS) and Leber’s Hereditary Optic fatality. Infection with Rabies virus has been found to directly
Neuropathy (LHON) have been linked to specific mutations in cause mitochondrial dysfunction and oxidative stress leading
the mtDNA and result in involuntary movements of the eyelid, to cellular destruction and a degenerative phenotype [114]. In
peripheral vision loss, impaired vision and in some forms MS- many forms of cancer, mitochondria are required to provide
like symptoms in later stages [102,103]. Onset of each of these “retrograde” signals to the nuclear machinery, activating
conditions is between 10 to 30 years of age and symptoms pathways and adapting the cell to the needs of the cancer
develop gradually. KSS pathology occurs by systematic and cell. In this case mitochondria are not inactive but actually
degenerative removal of the neurons of the retinal pigment function at a higher rate to provide additional energy for
epithelium and is marked by a decrease in glucose levels, to disease progression [115]. In addition to having a potential
suggest dysfunction of the ETC and subsequent increase of role in many serious physiological disorders and diseases,
ROS as a mechanism of disease [104]. LHON shows a marked mitochondrial dysfunction has also been linked to many
degeneration of retinal ganglion cells and their corresponding psychological disorders via cell disruption in areas of the
axons. The mechanism of disease is thought to involve one brain important in cognitive function.
of two processes related to mitochondrial function; the first
is a potential impairment of mitochondrial dynamics and Gene based therapeutic approaches
movement resulting in a lack of mitochondria at specific Mutations in genes relating to proper mitochondrial function
regions of the neuronal cell [105], the second is by sensitising often lead to a decreased number of organelles which in
the cell to apoptosis via an increased concentration of ROS turn results in lowered energy production and eventual cell
[106]. It is likely that these two factors work in concert to death. Therapeutic approaches to combat mitochondrial
cause disease etiology, rather than each acting individually. impairment often focus around boosting the number of
Age Related Macular Degeneration (AMD) and Glaucoma active mitochondria within a cell or increasing the activity
are two degenerative retinal diseases that have been linked of already present organelles, it has been found that mimicto specific mutations in mtDNA. Unlike KSS and LHON, these king starvation effectively inhibits disease by promoting
diseases are often found only in elderly populations of 50 years this increased activity [116]. Targeting these pathways for
of age and above. Glaucoma pathology is attributed to an therapeutic intervention may be achieved by increasing
increase in intra-ocular pressure causing death of the retinal activity of upstream regulators of biogenesis such as the TOR
ganglion cells [107]. Increased hydrostatic pressure has been pathway, Sirtuins, NAD+ boosters and AMPK [117-119] or by
found to incite an increase in mitochondrial fission processes increasing activity of downstream effectors of biogenesis
and oxidative stress within the cell [108,109]. Coupled with this such as TFAM, PGC-1α and NRF-1 [120]. The most understood
is a characteristic decrease in ATP synthesis and respiration pharmacological agents from these pathways are the SIRT1
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Figure 1. Proteins associated with mitochondria in models of degenerative disease. Mutation of either
UPC2 or CyPD within the inner mitochondrial matrix results depolarization and eventual organelle
breakdown. In the inter-membrane space, harmful aggregation of Aβ and SOD1 have been found to
lead to premature organelle death and increased oxidative stress. Both Htt and VAPB have been found
to associate with the MAM, mutation of these proteins has been shown to lead to degeneration. The
E3 ligase activity of Parkin requires the presence of PINK1 to function properly, mutation in either
component leads to an accumulation of potentially toxic dysfunctional mitochondria. Similarly PGC-1α
is regulated by PARIS, a protein regulated by the ubiquitination of Parkin. Impairment of these proteins
leads to decreased mitochondrial biogenesis and eventual cellular breakdown. TBP-43 and FUS are
proteins involved in mRNA splicing, alteration of their activity leads to transcriptional impairment of
components of mitochondria and regulators of mitochondrial function. Finally, SNCA and Tau are two
proteins which have been found to form harmful aggregates in models of degenerative disease which
leads to the breakdown of microtubules, loss of dynamic movement and increased oxidative stress.
UPC2–uncoupling protein 2, CyPD–cyclophilin D, Aβ–amyloid beta, SOD1–superoxide dismutase
1, Htt–Huntington, VAPB–vesicle associated protein B, MAM–mitochondrial associated membrane,
PINK1–PTEN-induced putative kinase 1, PGC-1α–PPAR gamma coactivator-1 protein, PARIS–Parkin
interacting substrate, TBP-43–tar binding protein 43, FUS–fused in sarcoma, SNCA–synuclein α.

agonists SRT1720 and SRT 2104 both of which have been
shown to increase lifespan in mice [121]. Future studies into
SIRT1 agonists may lead to new pharmacological treatments
for mitochondrial disease but no current clinical study has
shown a positive effect in human hosts.

Conclusions

Mitochondria are essential cellular organelles that when
damaged can lead to grave and often irreversible cellular
consequences. They are related to or are affected by the
consequences of all age-related degenerative disorders
and may impact the pathogenesis of many non-age related
disorders through their function as energy providers and
protectors against oxidative stress. Many diseases related
to mitochondrial dysfunction have therapies that target the
symptoms rather than the cause of disease itself, leading

to a diminished quality of life and lower life expectancy
among patients. A number of these approaches have sought
to prevent mitochondrial degeneration as a method of
controlling disease, but due to the dynamic and complex
multifunctional nature of the organelle, many have yet
to demonstrate significant in vivo results. Future drug
development and disease models should look to advance
upon the knowledge gained from these previous efforts.
An important next step in creating models of mitochondrial
disease is to determine specific mechanisms of oxidative
damage, or specific triggers for cell death cascades and
whether or not these are conserved between distinct causes
of pathogenesis. Figure 1 shows that many of these diseases
share pathways of pathology or commonly disrupted genes,
comparing and contrasting these genes may lead to a pathway
of regulation involving specific targetable genes to combat

8

Merzetti and Staveley Neuroscience Discovery 2013,
http://www.hoajonline.com/journals/pdf/2052-6946-1-8.pdf

doi: 10.7243/2052-6946-1-8

mitochondrial dysfunction across a broad range of disease.
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