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Abstract

Neurodegenerative diseases (ND) are undoubtedly part of the more important health issues worldwide. The loss of indepen-
dence and decreased quality of life are characteristics of these patients that translate into an economic load on relatives 
and health services. Although myriad factors or metabolic alterations are blamed as causatives, there is a common defect in 
almost every ND, mitochondrial dysfunction. Mitochondria are the cell’s leading energy supplier; therefore, altering its function 
will affect the cellular function with the energy demand. Defects in mitochondrial mechanisms such as ATP synthesis by the 
mitochondrial respiratory chain, mitochondrial dynamics, apoptosis regulation, and oxidative stress are described as part of 
the pathological characteristics of Alzheimer’s, Parkinson’s, Huntington’s diseases, and Amyotrophic Lateral Sclerosis. In this 
review, we will briefly describe the mitochondrial roles in cell life before analyzing the recently published bibliography that 
addresses the mitochondrial dysfunction and mitochondrial mechanisms implicated in ND and will discuss a relevant ques-

tion in the field: is mitochondrial dysfunction a cause or consequence for these diseases?
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Relevancia de las alteraciones mitocondriales en las enfermedades 
neurodegenerativas, una actualización y discusión de la evidencia

Resumen

Las enfermedades neurodegenerativas (EN) son, indudablemente, parte de los problemas de salud más importantes a nivel 
mundial. La pérdida de la independencia y disminución de la calidad de vida son características de estos pacientes que 
se traducen en una carga económica tanto para los familiares como para los servicios de salud. Aunque se han culpado a 
infinidad de factores o alteraciones metabólicas de ser los causantes, existe un defecto en común en casi toda las EN, la 
disfunción mitocondrial. La mitocondria es el principal proveedor de energía para la célula; por lo tanto, al alterar su función 
se verá afectada también la función celular en relación a la demanda de energía. Algunos defectos en los mecanismos 
mitocondriales como son la síntesis de ATP por la cadena respiratoria, la dinámica mitocondrial, la regulación de apoptosis, 
el estrés oxidativo, etc., se han descrito como parte de las características patológicas de enfermedades como Alzheimer, 
Parkinson, Huntington y Esclerosis Lateral Amiotrófica. En esta revisión describiremos brevemente las diferentes funciones 
mitocondriales en la vida de la célula, antes de analizar bibliografía recientemente publicada que aborda la disfunción y los 
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Introduction

Neurodegenerative diseases (ND) are a set of central 
nervous system conditions whose main characteristic 
is the appearance of progressive damage that affects 
cognitive and motor functions. These diseases are usu-
ally of sudden onset, and there are no specific treat-
ments to reverse or stop their progression; therefore, 
the patient’s fate is death1.

There are four NDs with the highest prevalence 
worldwide: Alzheimer’s disease (AD), in the first place, 
is the leading dementia affecting 15/1000 people; Hun-
tington’s disease is a motor disease that afflicts 
12/100000 people; and Parkinson’s disease (PD) oc-
curs in 5 out of 100000; whereas Amyotrophic Lateral 
Sclerosis (ALS) prevalence is 1.75-3/1000002,3.

These diseases burden health systems worldwide be-
cause they are disabling and significantly deteriorate peo-
ple’s life quality and expectancy. In addition, there is a 
negative impact on the family life of affected people related 
to the high costs of the necessary care and treatment.

Although there are numerous theories about the ori-
gin of these ND, there is a lack of precision in pointing 
out the causes of these diseases, which results in the 
absence of etiological treatments; for that reason, ther-
apies are usually only palliative4. A probable cause is 
the alteration in mitochondrial function or mitochondrial 
dysfunction, which is widely studied.

Mitochondria play fundamental roles in the central ner-
vous system, that is, as a supplier of energy that cells 
need to fulfill their functions; therefore, the organelle’s 
function must be kept in optimal condition because they 
are the cellular site for cellular ATP synthesis. Other main 
mitochondria functions are the regulation of intracellular 
calcium concentrations, functioning as transitory calcium 
stores and as a regulator and amplifier for intrinsic apop-
tosis, being a center where different intracellular routes 
converge, and, in addition, mitochondria participate in the 
synthesis of some steroids and neurotransmitters5.

In recent years, several reports have described se-
vere alterations in different mitochondrial functions as-
sociated with primary ND (Table 1); however, it is still 
unclear whether mitochondrial dysfunction is a cause 
or one consequence of other pathological mechanisms 
existing in the evolution of these diseases.

Roles of mitochondria in health and 
disease

Mitochondrial ATP is synthesized through a mecha-
nism known as oxidative phosphorylation carried out in 
the inner membrane by a serial group of five protein 
complexes named Electron Transport Chain (ETC) 
(ETC, Fig. 1). The ETC generates an electrochemical 
gradient by pumping protons from the mitochondrial 
matrix to the intermembrane space, using a flow of 
electrons between complexes I, II, III, and IV as an 
energy source. Finally, electrons are used to reduce 
oxygen to water. In contrast, the force generated by the 
proton gradient is used by ATP synthase to convert 
ADP and inorganic phosphate to ATP (the proton-mo-
tive force)6.

On the other hand, the mitochondria are the organ-
elle where more free radicals are produced. In the 
processes of oxidative phosphorylation, oxygen is re-
duced to water by accepting two electrons. Still, this 
reduction can be incomplete and generate the radical 
superoxide in mitochondrial Complex I and IV of the 
ETC as an undesirable product of the ATP synthesis 
(Fig. 1). Under normal conditions, free radicals are pro-
duced in small amounts that either comply with physi-
ological functions or are counteracted by an antioxidant 
system conformed by both enzymatic (superoxide dis-
mutase, glutathione peroxidase, and catalase), and 
non-enzymatic compounds, such as ascorbic acid or 
Vitamin E7,8.

Under pathological conditions, damage to its compo-
nents or overload in the ETC may favor the overpro-
duction of reactive oxygen species (ROS) or free 
radicals. In general, up to 2% of oxygen consumed by 
the ETC is partially reduced to superoxide but may 
increase significantly, forming another ROS like oxygen 
peroxide (Fig. 2). In the development and evolution of 
main ND, environments of high oxidative stress are 
generated9.

Mitochondria, contrasting with other organelles, can-
not be generated de novo; therefore, they must be re-
newed from pre-existing mitochondria. This process, 
called mitochondrial dynamics, consists of two mecha-
nisms: In mitochondrial fusion, two mitochondria come 
together to form one, to exchange their content and 

mecanismos mitocondriales implicados en las EN y discutiremos una cuestión relevante en este campo: ¿Es la disfunción 
mitocondrial la causa o consecuencia de estas enfermedades?

Palabras clave: Enfermedad neurodegenerativa. Disfunción mitocondrial. Enfermedad de Alzheimer. Enfermedad de Parkin-
son. Enfermedad de Huntington.
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Figure  1. Schematic representation of the electrons flow through the mitochondrial electron transport chain, the 
translocation of protons by complexes I, III, and IV, and the synthesis of ATP by ATP synthase from ADP and phosphate; 
additionally, the figure shows the sites identified as the source of superoxide radicals: Complex I and Q-cycle. It was 
modified from Martinez-Abundis et al. 2005.

Table 1. Main mitochondrial alterations associated to clinical manifestations in patients with neurodegenerative 
diseases

Pathology Clinical manifestation Impaired structures Mitochondrial disorder References

Alzheimer – �Episodic and spatial 
memory loss

– Learning difficulty
– Language loss

– Hippocampus – Altered mitochondrial dynamics
– Oxidative stress
– Impaired apoptosis
– Calcium imbalance

Manczak et al. 2018
Reddy et al. 2018
Erickson et al. 2012

Parkinson – Tremors
– Parkinsonian gait
– Hypogenesis
– Dementia

– �Dopaminergic 
system

– Locus niger

– Altered mitochondrial dynamics
– Oxidative stress
– Impaired apoptosis

Borsche et al. 2021
Rao et al. 2014
Lin and Beal, 2006

Huntington – Motor deficit
– �Lack of emotion 

recognition
– �Lower processing 

speed
– �Visuospatial problems

– Cerebral cortex
– Hippocampus
– Hypothalamus
– Striatum
– Putamen

– Altered mitochondrial dynamics
– Oxidative stress
– Impaired apoptosis

Naia et al. 2016
Costa et al. 2010
Benchoua et al. 2006

Lateral amyotrophic 
sclerosis

– �Progressive motor 
deficit

– �Dementia in 5‑15% of 
cases

– Brainstem
– Spinal cord

– Oxidative stress
– Impaired apoptosis

D’ Amico et al. 2013
Simpson et al. 2004
Wiedemann et al. 2002

thereby alleviate defects such as genetic mutations or 
functional damage in proteins resulting from the free 
radicals production10. The second process is fission 
when one mitochondrion divides in a controlled manner 
to generate two smaller organelles. Fission is neces-
sary for generating a higher mitochondrial population 

and may respond to an increased necessity of energy, 
or like fusion; it represents a way to deal with damaged 
mitochondria since smaller defective mitochondria may 
be eliminated by mitophagy. Mitochondrial dynamics 
are vital for neurons since the energy demand to carry 
out their functions is very high. These organelles’ 
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cellular distribution impacts neuronal function, so even 
a tiny imbalance could be catastrophic for these cells.

Mitochondria regulate the intrinsic pathway of apop-
tosis, serving as a reservoir for some pro-apoptotic 
factors such as cytochrome c, which, once released to 
the cytosol, binds to the adapter protein Apaf 1 and 
procaspase 9 to assemble the apoptosome. This com-
plex’ function favors the caspase 9 self-activation and 
amplifies the apoptotic signaling to cell death11. The 
extrinsic pathway, not dependent on mitochondria, be-
gins with the activation of death receptors, including 
TNF type 1 and Fas, by external stimuli and ends with 
the activation of effector caspases12. The intrinsic and 
extrinsic pathways may converge because caspase 8 
activates Bid, a pro-apoptotic protein that further will 
translocate from the cytosol to the outer membrane of 
the mitochondria, increasing its permeability and allow-
ing the release of cytochrome C13. Intrinsic apoptosis 
is tightly regulated through different mechanisms, for 
example, the Bcl-2 family of proteins (Bcl from B-cell 
Lymphoma) integrated by both pro- and anti-apoptotic 
members. Pro-apoptotic proteins such as Bad, Bid, and 
Bax promote the permeabilization of the outer mito-
chondrial membrane, whereas Bcl-2, Bcl-XL, among 
others, counteract these effects by acting as anti-apop-
totic factors.

The opening of the mitochondrial permeability tran-
sition pore (mPTP), an unspecific transmembrane 
channel in the inner membrane that, once opens, al-
lows the crossing of solutes, is another possible route 
for activating the intrinsic pathway of apoptosis. The 
mPTP is a channel whose structural identity is still un-
der discussion; however, a hypothesis suggests it is 
integrated at least by three proteins: the constitutive 
outer membrane voltage-dependent anion channel, the 
inner membrane adenine nucleotide translocator and 
the isomerase cyclophilin D, located in the mitochon-
drial matrix. This pore is formed to regulate the mito-
chondrial excess of calcium. Still, some stimuli, such 
as the increase in ROS or a calcium overload, induce 
a more extended opening, causing mitochondrial swell-
ing, a massive entrance of water, and the leakage of 
cytochrome c to the cytosol14.

Intracellular calcium levels play a fundamental role in 
neurons’ functions, but high concentrations may disturb 
the bioenergetics and functionality of the mitochondria. 
The largest intracellular calcium reservoir is the endo-
plasmic reticulum; however, the mitochondria may con-
tain it temporarily when a massive release to the cyto-
sol. If the calcium overload is persistent, a collapse in 
the membrane potential, ATP depletion, and the gen-
eration of ROS will promote the activation of cell 
death15.

Figure 2. Schema shows the functions and events that occur in the mitochondria. On the left are the physiological 
processes in healthy neurons and on the right are the conditions in different pathological states associated with 
neurodegenerative diseases.  
ETC: Electron Transport Chain.
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The proper function of mitochondria depends on two 
crucial processes: Biogenesis and mitophagy. The first 
comprises the formation and growth of new mitochon-
dria from pre-existing ones, the mechanism described 
previously as mitochondrial dynamics. The whole pro-
cess includes the replication of mitochondrial deoxyri-
bonucleic acid (DNA), the synthesis of membranes’ 
components, and the synthesis and importation of pro-
teins encoded by both the mitochondrial and nuclear 
genomes. For the successful occurrence of these pro-
cesses, tight coordination between the processing of 
both genomes (nuclear DNA codifies for most of the 
mitochondrial proteins, whereas mitochondrial DNA 
only codifies for a small number) is required.

Mitochondrial biogenesis is regulated mainly by Per-
oxisome proliferator-activated receptor gamma 1-alpha 
coactivator (PGC-1α), among the nuclear respiratory 
cofactors 1 and 2 as well as receptors activated by 
peroxisome proliferators gamma16. On the other hand, 
mitophagy is the specific process for eliminating dam-
aged mitochondria, being the only way to remove these 
organelles. The whole process is regulated mainly by 
two proteins, Protein Kinase 1 and Parkin, which first 
accumulate in the membrane of damaged mitochondria 
to promote their separation from the mitochondrial net-
work, subsequent ubiquitination, and finally, their 
degradation17.

Alzheimer

Alois Alzheimer first described AD. It is one of the 
most relevant ND and the most frequent form of de-
mentia; additionally, it is an age-specific disease mainly 
affecting people over 60 years18.

The gradual, progressive, and irreversible loss of 
cognitive abilities, such as spatial memory, working 
memory, and motor coordination, characterize AD. Al-
though its origin is still unknown, the main pathophys-
iological characteristics of the disease are well identi-
fied: (1) the hyperphosphorylation of the TAU protein, a 
cytoskeleton stabilizer, induces its dissociation and 
tends to form aggregates called neurofibrillary tangles, 
which alter entirely the cellular structure, inducing its 
death; (2) the β-amyloid peptide is over-produced and 
tends to forms the neurotoxic aggregates called amy-
loid plaques, which alter the cellular structure and func-
tion. These changes usually start in the hippocampus; 
however, in advanced stages of AD, they may extend 
to the cerebral cortex19.

Regarding mitochondrial functions, the interaction 
between the β-amyloid peptide and its protein 

precursor with mitochondria was described within the 
molecular alterations of AD, altering its normal func-
tioning and making this a preponderant damaging 
event in neurodegeneration20. The mitochondrial fis-
sion-associated protein Drp-1 is activated by ni-
trosylation in the hippocampus and cerebral cortex of 
genetically modified mouse models whose overex-
pression generates its accumulation. The expression 
of Fis-1, another fission-associated protein, is also 
increased. These changes also explain another 
pathological finding, the increased number of smaller 
mitochondria. In addition, the down-regulation of fu-
sion proteins OPA 1 and mitofusin 1 and 2 was ob-
served, rendering a lower rate of mitochondrial fusion 
and an imbalance toward fission. As fission is a vital 
process for the recycling of mitochondrial compo-
nents, its stimulation can be interpreted as an indica-
tor of the poor health of these organelles21 and the 
fact that increased fission is associated with the ac-
cidental release of cytochrome C and the activation 
of apoptosis.

In mouse hippocampal neurons treated with β-amy-
loid peptide, considered an in vitro model to study the 
pathogenesis related to the development of AD, mito-
chondrial fission was upregulated, and fusion downreg-
ulated in addition to alterations in both biogenesis and 
mitophagy. In addition, oxidative stress increases con-
siderably due to the treatment22.

According to the previous reports, once in the cyto-
sol, the β-amyloid peptide is internalized into the mito-
chondria through inner and outer membrane-located 
translocases23, which may interfere with the importation 
of nuclear-encoded ETC subunits, affecting assembly 
or function of the mitochondrial complex. There is ex-
perimental evidence of impaired functioning of com-
plexes I (NADH dehydrogenase), III (Cytochrome C 
Reductase), and IV (Cytochrome C Oxidase) as a result 
of β-amyloid peptide interaction. This effect modifies 
the oxidative phosphorylation (electron flow, the proton 
gradient, and mitochondrial potential), which finally will 
affect the synthesis of ATP by complex V (ATP syn-
thase)24 and increase the formation of ROS as sub-prod-
ucts (Fig. 2). 

The triggering of oxidative stress by β-amyloid pep-
tide has different consequences on the central nervous 
system cells; for example, it increases lipid peroxidation, 
affecting mainly the polyunsaturated fatty acids, constit-
uents of biological membranes, which turned into loss 
of membranes fluidity, modification of the membrane 
potential and increased permeability. Proteins undergo 
oxidative damage, such as carbonylation and nitrosylation, 
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which modify their structure and compromise their function-
ality. Increased oxidative stress may also induce mitochon-
drial and nuclear DNA mutations, affecting the proteins’ 
expression and function25.

The tight regulation of calcium concentrations is es-
sential for the properly functioning of the central nervous 
system. In this sense, the previous reports indicate that 
calcium homeostasis is altered in AD, probably because 
mitochondrial dysfunction decreases its capacity to ab-
sorb and retain calcium, specifically in the case of mi-
tochondria located at the synaptic button. These distur-
bances in calcium management produce defects in the 
release of neurotransmitter-carrying vesicles. In addi-
tion, the endoplasmic reticulum releases stored calci-
um, increasing its cytosolic concentration and promot-
ing the opening of pores in the mitochondrial membrane 
that allow the releasing of pro-apoptotic factors, includ-
ing cytochrome C, which finally activate the intrinsic 
pathway of apoptosis26. The decreased size of struc-
tures such as the hippocampus and cerebral cortex that 
characterizes AD is associated with increased apoptotic 
cell death, which is recognized as the leading cause of 
the decline in cognitive abilities that characterize this 
disease27.

There are additional mechanisms reported for mito-
chondrial damage; for example, aging is associated 
with structural and functional changes, including a de-
crease in the number of inner membrane cristae, the 
dissociation of ATP synthetase dimers, and the accu-
mulation of mutations in mitochondrial DNA, which cul-
minates in metabolic alterations, accompanied by an 
environment of high oxidative stress and apoptosis 
which finally is potentiated by the characteristic accu-
mulation of β-amyloid.

Genetics could be a central pathological component 
contributing to the transition from mitochondrial failures 
to dysfunction. The mitochondrial DNA is highly sus-
ceptible to mutations induced by the oxidative stress 
generated by the organelle, which, added to the lack of 
histone protection, may accentuate the failures in en-
ergy metabolism since the mitochondrial genome cod-
ifies for numerous subunits of protein complexes of the 
respiratory chain.

Similarly, lifestyle and environment may increase the 
risk of developing AD. Exposure to toxins such as pes-
ticides, xenobiotics, and heavy metals induces neuro-
toxicity and mitochondrial dysfunction, which causes 
symptoms similar to those of Alzheimer´s disease. On 
the other hand, the consumption of hypercaloric diets 
is associated with a deficit in mitochondrial functioning 
due to an increased generation of oxidative stress28.

The mitochondrial defects mentioned above modify 
the energy metabolism; therefore, positron emission 
tomography and fluorodeoxyglucose (FDG-PET) can 
be used for the diagnosis of the disease because the 
detection of a lower uptake of cerebral glucose is pos-
sible with this technique and may be related to cogni-
tive symptoms in patients with the presence of Alzhei-
mer disease29.

PD

PD was described by James Parkinson in 1817 and 
called palsy agitans2. It is a progressive neurological 
disorder that courses with motor symptoms such as 
bradykinesia (slowness of movement), stiffness, or 
involuntary resistance to movement, besides tremors 
at rest and postural instability due to the difficulty in 
maintaining or changing postures while walking or 
walking stand. Non-motor and psychiatric symptoms 
may also occur as loss of smell, difficulty sleeping, 
REM sleep disorders, constipation, urinary frequency, 
erectile dysfunction, orthostatic hypotension, and 
changes in blood pressure. In addition, symptoms 
such as anxiety, depression, psychosis, apathy, and 
dementia are added30.

The neuropathology of PD involves mainly the dereg-
ulation of dopaminergic neurotransmission, degenera-
tion of nerve fibers, and neuronal death due to α-synu-
clein deposits forming structures known as Lewy 
bodies. The affected structures in the central nervous 
system are the cerebral cortex, the brain stem, the spi-
nal cord, the hypothalamus, and the insula. In contrast, 
at the peripheral level, the enteric neural plexus and 
the vagus nerve are affected31.

According to reports, the mitochondrial damage in 
PD is extensive. The protein α-synuclein accumulates 
inside the mitochondria of people’s brains, interfering 
with the ETC by decreasing the activity of complex I 
(NADH dehydrogenated) and simultaneously increas-
ing oxidative stress by overproduction of ROS32.

Results from experimental models indicate that 
blocking complex I of the ETC induces dysfunction in 
dopaminergic neurotransmission33; the main transmis-
sion route affected in Parkinson’s disease is the sub-
stantia nigra, which initially decreases the complex I 
activity. In addition, reports indicate that mitochondrial 
complex I subunits are oxidized, and activity is reduced 
in multiple tissues from individuals with sporadic PD, 
probably associated with incorrect assembly and an-
choring of complex I to the inner mitochondrial mem-
brane34. These effects are associated with an increase 
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in the mitochondrial permeability transition, which rais-
es the generation of ROS and, therefore, a state of 
oxidative stress in the central nervous system35.

Mitochondrial dysfunction may also result from de-
fects in biogenesis, as suggested by the analysis of the 
substantia nigra samples obtained from autopsies of 
patients with PD, where the coactivator of transcription 
factors PGC-1α expression was downregulated36; such 
a result correlated with the increased expression and 
oligomerization of α-synuclein37. On the other hand, an 
increased expression of Pink and Park, the main pro-
teins involved in mitophagy regulation, suggests this 
process is also affected9.

There are rare, autosomal, and dominant forms of the 
disease that include mutations in the PINK1 (PTEN-in-
duced kinase 1) and PARKIN (ubiquitin ligase) genes, 
which were described as causing a pathology very 
similar to sporadic PD; however, they could be consid-
ered more a type of parkinsonism than the true disease 
whose primary etiological agent is accumulations of 
α-synuclein38.

These genes control the elimination of defective mi-
tochondria, adjusting the mitochondrial network and 
thus maintaining the homeostasis of energy metabo-
lism. PINK1 regulates the translocation of PARKIN in 
damaged mitochondria and promotes its elimination 
through a type of selective autophagy (mitophagy); as 
these genes are mutated and the consequent defective 
production of these proteins, as well as the lack of ex-
pression of the same, they interrupt the signaling for 
the initiation of mitophagy, therefore, there is an accu-
mulation of damaged mitochondria, and accumulation 
of more failures in energy metabolism39.

Huntington disease

It is an autosomal dominant disease, described first 
by George Huntington in 1872, who discovered its he-
reditary nature. Huntington’s disease (HD) is a motor 
disorder such as chorea (involuntary and irregular 
movements of extremities) and loss of coordination, 
with the appearance of psychiatric symptoms such as 
depression, psychosis, and obsessive-compulsive dis-
order. The brain structures damaged in this disease are 
the caudate nucleus and the putamen; both are part of 
the striatum. In addition, there is a loss of spinous ef-
ferent neurons and a thinning of the cerebral cortex, 
which occurs at the early stages of the disease and 
may explain its heterogeneity40.

The HD-associated disturbs result from mutations in 
the gene that codes for Huntingtin. This 350  kDa 

protein contains uninterrupted repeats of CAG triplets 
in its first exon. While the normal allele includes a max-
imum of 35 repetitions, the mutant allele contains 36 
or more. Significant findings are that only a small num-
ber of patients with 36-41 repeats have symptoms and 
that at a higher number of repetitions, the age for the 
onset of symptoms is lower41.

Postmortem studies carried out either in the brains 
of patients with HD or in experimental models showed 
a dramatic decrease in the activity of mitochondrial 
complexes II, III, and IV in both the caudate nucleus 
and putamen42,43 which is associated with low ATP 
levels, increased oxidative stress and cell dysfunction44 
These disturbances may result from a decrease in glu-
cose metabolism since alterations in the function of the 
enzyme glyceraldehyde 3-phosphate dehydrogenase 
were detected (GAPDH)45.

On the other hand, mitochondria’s morphology is 
abnormal due to an imbalance between fusion and 
fission, assessed as an increased expression in the 
fission-related proteins Drp-1 and Fis-1, besides a de-
crease in the fusion-related proteins, mitofusins, and 
OPA-1 (Fig. 2). As described above, this modification 
in either the brains of patients with the disease or in 
experimental models leads to excessive mitochondria 
fragmentation46.

ALS

It is a progressive motor disease described by the 
French physician Jean-Martin Charcot in 1869. The 
main feature of this disease is the degeneration of 
both the upper motor neurons that connects the cortex 
with the brainstem and spinal cord, as well as the 
lower motor neurons that link the brainstem and spinal 
cord with the muscle; that is why the symptoms are 
usually motor and extra-motor47. Signs that progress 
over weeks or months include dysarthria, slurred 
speech, spasticity or muscle stiffness, dysphagia or 
difficulty swallowing, and muscle weakness. Unlike 
other motor diseases, such as PD or Huntington’s 
chorea, psychiatric symptoms do not manifest in ALS. 
Patients suffering from this disease and their families 
may improve their quality of life with palliative and 
supportive therapies.

The pathophysiology of ALS is partially unknown; 
however, aggregates of a protein called TDP-43 were 
identified in people with this disease. This protein is 
encoded in the TARDBP gene, and the formation of 
aggregates is associated with the misfolding induced by 
genetic mutations48. Like the other ND, mitochondria 
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may be one of the most affected organelles since ATP 
generation is decreased, possibly due to reduced activ-
ity of complexes I, II, III, and IV49,50. In addition, there 
is an increase in the production of ROS, oxidative 
stress51, and, finally, a high rate of lipid peroxidation52.

Alteration in genes involved in mitochondrial function 
and homeostasis have been described in patients and 
mouse models with the disease; for example, mutations 
in the antioxidant enzyme Superoxide dismutase 1 
gene, which has cytosolic and mitochondrial isoforms, 
favors the formation of mitochondrial aggregates, inhib-
iting respiration53. On the other hand, the gene that 
encodes the C9ORF72 protein suffers mutations in 
ALS, which trigger the formation of toxic mitochondrial 
aggregates, and increases the mitochondrial mem-
brane potential along with the formation of ROS. In 
addition, this protein participates in the assembly of 
Complex I and interacts with the ATP5A subunit of 
Complex V; hence, its mutations may translate into a 
dysfunctional Complex I and a decrease in ATP pro-
duction, respectively.

It has been reported that the gene that encodes the 
RNA- binding protein FUS (FUS) is altered at the early 
stages of ALS. This protein is responsible for directing 
the mRNA encoding the respiratory chain proteins, 
which hinders their expression with consequences 
such as disruption of the mitochondrial network, de-
creased oxygen consumption, and increased ROS 
production.

Mutations in the gene that encodes the Vesicle-as-
sociated membrane protein B that participates in the 
transfer of lipids, as well as calcium ions, have diverse 
effects on mitochondrial function as a lower importation 
of calcium from the endoplasmic reticulum to mitochon-
dria, reduction in the activity of the respiratory chain 
and, it has also been associated with defective 
autophagy.

Similarly, mutations in other genes responsible for 
mitochondrial quality control and mitophagy, such as 
Valolin-containing protein, Optineurin, and TANK-bind-
ing kinase 1, which hinders proper mitochondrial trans-
port and recycling, were described. Mutations in the 
SIGMAR1 gene that encodes the Sigma 1 opioid re-
ceptor induce a rupture of mitochondrial membranes, 
resulting in a loss of membrane potential and a de-
creased ATP production.

Finally, the gene for the Kinesin family member 5, a 
protein that participates in the transport of organelles, 
including mitochondria, is affected, resulting in its in-
correct distribution through the neuron53.

Conclusion

Mitochondrial dysfunction is a common characteris-
tic in the main ND, which is unsurprising, considering 
its relevance for the ATP supply to cells. The energy 
supply to neurons is compromised under pathophysi-
ological environments, with a collapse in ATP produc-
tion and an increase in ROS generation; both are com-
monly found and, even more, may be considered 
markers for the pathophysiology of ND. In addition, 
some mitochondrial mechanisms, such as fission and 
fusion, biogenesis, and mitophagy, which participate in 
the recycling and maintenance of the organelle are 
often affected. Neurons’ functionality depends on a 
strictly controlled environment; these changes can ul-
timately lead cells to apoptotic death and neurodegen-
eration (Fig. 2). Nowadays, the evidence of mitochon-
drial alterations’ participation in ND is abundant; the 
evidence also indicates that preventing mitochondrial 
dysfunction may diminish or stop the progression of 
neurological damage, placing mitochondrial dysfunc-
tion as an essential part of the disease process over 
a single consequence.
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