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Significance of mitochondrial activity in neurogenesis
and neurodegenerative diseases
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Mitochondria play a multidimensional role in the function and the vitality of the
neurological system. From the generation of neural stem cells to the maintenance

of neurons and their ultimate demise, mitochondria play a critical role in regulating

our neural pathways’ homeostasis, a task that is critical to our cognitive health and
neurological well-being. Mitochondria provide energy via oxidative phosphorylation for
the neurotransmission and generation of an action potential along the neuron’s axon. This
paper will first review and examine the molecular subtleties of the mitochondria’s role in
neurogenesis and neuron vitality, as well as outlining the impact of defective mitochondria

Date of decision: January 13, 2021

Date of acceptance: March 13, 2021

Date of web publication: August 30, 2021

in neural aging. The authors will then summarize neurodegenerative diseases related to
either neurogenesis or homeostatic dysfunction. Because of the significant detriment
neurodegenerative diseases have on the quality of life, it is essential to understand their
etiology and ongoing molecular mechanics. The mitochondrial role in neurogenesis

and neuron vitality is essential. Dissecting and understanding this organelle’s role in the
genesis and homeostasis of neurons should assist in finding pharmaceutical targets for
neurodegenerative diseases.

Key Words: Alzheimer’s disease; autophagy; mitochondria; mitophagy; neural stem cells;
neurodegenerative diseases; neurogenesis; Parkin; Parkinson’s disease; PINK1

Introduction

The study of neurogenesis in mature mammalian brains
is a novel and innovative research area that may provide
insight into the pathogenesis of neurodegenerative diseases.
Studying neurogenesis in mature mammalian brains is
considered complicated and controversial (Aimone et al.,
2014; Katsimpardi and Lledo, 2018). While the recognition
of neurogenesis within the adult brains of fish, birds and
reptiles has been accepted, neurogenesis in adult human
brains is still being disputed amongst some (Aimone et al.,
2014; Katsimpardi and Lledo, 2018). Contrary to intuition,
the adult brain is not static and is susceptible to change from
external stimuli (Fares et al., 2019). One contributor to the
brain’s plasticity is neurogenesis, which is the production of
new neurons from neural stem cells (NSCs). In adults, neural
stem cells are located in the subventricular zone of the
olfactory bulb and dentate gyrus of the hippocampus, derived
from neural stem/progenitor cells (NSPC). These stem cells
provide a pool of self-renewing cells able to differentiate into
neurons. In addition, the dentate gyrus of the hippocampus
is essential for retaining memories and other cognitive
functions (Horgusluoglu et al., 2017). Current research
suggests that neurodegenerative diseases such as Parkinson’s
and Alzheimer’s, arise from complications associated with
neurogenesis in adults, making the study of neurogenesis
imperative (Winner and Winkler, 2015).

Though various factors contribute to neural stem cell
differentiation, this paper will focus on the mitochondria’s
role in neurogenesis, including the physical aspects of
mitochondria such as shape and mass of the organelle, as well
as the mitochondrial quality control mechanism, mitophagy
(Figure 1). Additionally, stem cell differentiation requires
substantial energy. Mitochondria play an essential role in
neurogenesis, and a significant aspect of neural regulation and
homeostasis hinges on mitophagy (Chen et al., 2012; Xavier
et al., 2014; Beckervordersandforth, 2017; Bahat and Gross,
2019). Mitophagy is the physiological action that removes
defective mitochondria from cells, providing the cell a method
of self-regulation. In summation, there is a strong relationship
between neurogenesis and mitophagy, as mitophagy ensures
an abundance of operative mitochondria to supply energy for
neurogenesis. Recent research suggests that aging and related
pathologies such as Alzheimer’s, Parkinson’s, and Glaucoma
are linked to an accumulation of dysfunctional mitochondria
(Navarro and Boveris, 2007; Chen and Chan, 2009; Knobloch
and Jessberger, 2017).

Defective mitophagy has been implicated in several
neurodegenerative diseases (Navarro and Boveris, 2007;
Chen and Chan, 2009). Functionally, impaired mitochondria
contribute to reactive oxygen species (ROS) production and
interruptions in cellular signaling pathways (Cai and Jeong,
2020). As a result, neurotransmission may be impaired,
and cognitive dysfunction may occur (Khacho et al., 2017).
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Figure 1 | A diagram that organizes the many factors that contribute to
OXPHOS activity in neurogenesis.

These different factors take place at different stages of neurogenesis and are
essential for the switch and establishment of OXPHOS, which contributes

to neural stem cell commitment to a mature neuron. OXPHOS: Oxidative
phosphorylation.

The removal of defective mitochondria, is vital not just to
neurogenesis but to neuron homeostasis and the brain’s
cognitive function as a whole (Knobloch and Jessberger, 2017).

Search Strategy and Selection Criteria

Studies cited in this review published from 1985 to 2020
were searched on the National Library of Medicine database
using the following keywords: Alzheimer’s disease, glaucoma,
metabolic switch, mitochondrial regulation, mitophagy, neural
stem cells, neurodegenerative diseases, neurogenesis, and
Parkinson’s disease.

Mitochondrial Regulation in Neurogenesis

Genetic regulation of metabolic switch

Neurogenesis is a relatively new concept in neuroscience. The
prevailing thought, based on canine and rodent adult models,
is neurogenesis occurs in the dentate gyrus of the human
adult hippocampus, and the subventricular (Spalding et al.,
2013; Toda and Gage, 2018; Bekiari et al., 2020). NSC in these
zones, can transition between quiescent and active states
(Mohammad et al., 2019). When NSC is active, neurogenesis
can be asymmetric or symmetric. Asymmetric division is self-
renewing, and yields an NSC and a progenitor. Symmetric
division yields two NSC or two progenitor cells (Morrison and
Kimble, 2006; Kim and Hirth, 2009).

The process of neuronal differentiation/proliferation and
neuron activity requires a substantial amount of energy.
NSPCs rely on glycolysis for energy because they are in a
hypoxic state (Ito and Di Polo, 2017). As NSPC differentiate
to intermediate progenitor cells (IPCs) rather than remaining
self-renewing NSPCs, their metabolism switches to oxidative
phosphorylation (OXPHOS), reducing glycolytic machinery
and lactate products (Beckervordersandforth, 2015; Wanet et
al., 2015; Ottoboni et al., 2017; Colangelo et al., 2019). Once
mature neurons form, they fully rely on an OXPHOS metabolic
state for neurotransmission (Beckervordersandforth, 2015).

Zheng et al. (2016) documented the transition of metabolism
from anaerobic glycolysis in neural progenitor cells to
oxidative phosphorylation in mature neurons. They found
that the shutdown of glycolysis was essential for neuronal
differentiation and matured neuron survival (Zheng et al.,
2016). Pyruvate kinase mRNA is altered via mRNA splicing,
causing PKM2 to change to PKM1 (Zheng et al., 2016). The
enzyme, PKM1 favors oxidative phosphorylation, and it is

normally expressed in tissues with high aerobic activity (Zheng
et al., 2016). Additionally, hexokinase (HK2) and lactate
dehydrogenase A (LDHA), two key enzymes in anaerobic
glycolysis, disappear upon differentiation. Importantly, the
upregulation of HK2 and LDHA in neurons compromises
the differentiation and causes cell death. Turning on HK2
and LDHA decreases the amount of pyruvate available for
mitochondrial oxidative phosphorylation, as LDHA converts
pyruvate to lactate in the cell (Zheng et al., 2016). Therefore,
the metabolic switch from anaerobic glycolysis to oxidative
phosphorylation is the critical process in providing substantial
energy for neurogenesis.

Genetic regulation of mitochondrial biogenesis
Mitochondrial mass increases to assist the ETC machinery, in
conjunction with OXPHOS metabolism required for neuronal
differentiation (Agostini et al., 2016; Almeida and Vieira,
2017). The proteins Myc, E2F, and PGC1-a are regulatory
components essential to mitochondrial biogenesis during
neurogenesis. Myc and E2F are cell cycle transcription factors
that also promote mitochondrial biogenesis during NPCs
proliferation (Zheng et al., 2016). A study by Zheng et al. (2016)
suggests that PGC1-a, the master regulator of mitochondria
biogenesis, plays a larger role in differentiated cells than in
NPCs. In addition, other studies have proven the increase of
PGC1-a during neuronal differentiation (O’Brien et al., 2015;
Khacho et al., 2016).

Additionally, the integrity of the mitochondrial electron
transport chain and oxidative phosphorylation machinery
is essential for the proliferation and survival of IPCs
(Beckervordersandforth et al., 2017). The mitochondrial
transcriptional factor A, downstream of PGC1-a, directly
transcribes nuclear-encoded mitochondrial proteins that
are involved in the translation and repair of mt-DNA (Kang
et al., 2018). Deletion of mitochondrial transcriptional
factor A disrupts the mitochondrial electron transport
chain and provokes a depletion of IPCs (Hood, 2001;
Beckervordersandforth et al., 2017). This data substantiates
the significance of a stable supply of energy in neuronal
differentiation. To summarize, mitochondrial biogenesis
increases OXPHOS machinery, integral in the NSPC
commitment to differentiation.

Genetic regulation of reactive oxygen species

The aforementioned genetic findings represent how metabolic
strategy and mitochondrial mass contribute to the energy
supply for neurogenesis. Mitochondrial morphology also
regulates neurogenesis by regulating ROS. ROS, by-products
of oxidative phosphorylation, can mediate signals like Batch
and NRF2 to inhibit proliferation and promote differentiation
during neurogenesis. Mitochondria can change shape via
fusion and fission, resulting in altered function and ROS
levels (Michelakis et al., 2010; Liesa and Shirihai, 2013; Shen
et al., 2013; Jezek et al., 2018). When NSC commits to an
NPC, the mitochondria transform from an elongated shape
to a fragmented form; when converting to a mature neuron,
the mitochondria shifts back to an elongated shape (Seo et
al., 2018; Bahat and Gross, 2019). The fragmented shape
contains reduced levels of complex | resulting in increased
ROS production that is utilized as a signaling complex for
NSC commitment (Bigarella et al., 2014; Khacho et al.,
2016). Mitofusion 1 and 2 (MFN1/2) are fusion proteins
that promote mitochondrial elongation (Hoppins et al.,
2011). Through manipulation of Dynamin-related protein
1 (DRP1) and MFN1/2, changes in mitochondrial shape
and ROS signaling can regulate NSC self-renewal. MFN1/2
double knock-out hinders the self-renewal of NSCs but
enhances the commitment of differentiation. DRP1, a fission
protein, induces mitochondrial fragmentation (Khacho et al.,
2016). The loss of DRP1 promotes the self-renewal of NSCs.
Furthermore, these changes are ROS dependent, indicating
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that mitochondrial morphology regulates NSC differentiation
through mt-ROS signaling.

Mitophagy and neurogenesis

Metabolic switch, mitochondrial biogenesis, and mitochondrial
fragmentation with increased ROS will result in the removal
of “old” or defective mitochondria. Therefore, mitophagy, a
mechanism that clears targeted mitochondria using autophagy
machinery, plays a critical role in ensuring mitochondrial
health and thus, neurogenesis (Priault et al., 2005; Khaminets
et al., 2016). Once a damaged mitochondrion is tagged,
it is engulfed by a double-membraned autophagosome
and degraded by the lysosome (Kraft et al., 2009). Active
mitophagy has been observed in NSC before differentiation,
aiding in the clearance of faulty mitochondria generated by
mitochondrial remodeling (Beckervordersandforth, 2017).
Loss of PINK1, a mitophagy regulator, leads to metabolic
deficits in NSCs and impedes differentiation (Agnihotri et al.,
2017).

Furthermore, mitophagy is crucial in retinal ganglion cell
differentiation. During development, mitophagy in retinal
ganglion cells (RGCs) regulates metabolic reprogramming
which in turn regulates RGC proliferation. This is seen
through the BNIP3L/NIX mitophagy receptor which results
in a glycolytic shift crucial for RGC differentiation (Esteben-
Martinez et al., 2017). Tissue hypoxia can be observed in
mouse embryonic retinal development resulting in increased
expression of BIP3L/NIX mRNA. Deficient levels of BIP3L/
NIX in retinas have been observed to contain reduced mRNA
expression of glycolytic genes Pfkfb3, Hk2, Gapdh, and Pkm2
(Esteben-Martinez et al., 2017). Therefore, one can conclude
NIX-dependent mitophagy is essential for RGC metabolic
reprogramming and differentiation.

In conclusion, mitochondrial remodeling and regulation
are essential for neurogenesis in both neuronal and RGC
proliferation and differentiation. Elucidating these mechanisms
will deepen our understanding of brain development
and contribute to finding new pharmaceutical targets for
neurodegenerative diseases.

Neurodegenerative Diseases

The following section is devoted to reviewing pathologies
associated with mitochondrial dysfunction. Mitochondria are
essential organelles for maintaining and supplying the energy
needed for neuronal function and neurogenesis (Mandal and
Drerup, 2019; Rangaraju et al., 2019). As earlier reviewed,
errors in mitochondrial function due to the organelle’s age
or biochemical disorder are tackled by mitophagy, thus
eliminating the problem organelle. However, over time, often
associated with the normal process of cellular aging, but
occasionally due to genetic miscoding, the mitophagy process
is impeded, resulting in a variety of neurodegenerative
diseases such as Alzheimer’s, Parkinson’s, glaucoma,
Huntington’s chorea, and amyotrophic lateral sclerosis
(Hiona and Leeuwenburgh, 2008; Osborne, 2008; Frank
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Figure 2 | A simplified schematic of the PINK1/Parkin pathway.

et al.,, 2012; Ryan et al., 2015; Evans and Holzbaur, 2020).
Understanding the mitochondria’s mechanics, pathways, and
processes, as well as the organelle’s impact on neurogenesis
and homeostasis, will continue to provide researchers with
prospective drug targets and therapies to alleviate aging and
neurodegenerative diseases (Khacho et al., 2019; Nicaise et
al., 2020). This review will examine three diseases prevalent
in aging populations, Alzheimer’s, Parkinson’s, and Glaucoma
(Hiona and Leeuwenburgh, 2008; Osborne, 2008; Frank
et al.,, 2012; Ryan et al., 2015; Evans and Holzbaur, 2020).
These three neurological diseases are well known and affect
a statistically significant proportion of the aging population
(Moon et al., 2018; Licher et al., 2019).

Parkinson’s disease

Parkinson’s disease (PD) characterized by resting tremors,
bradykinesia, postural instability, amnesia, and loss of motor
skills over time results from a progressive loss of dopaminergic
neurons in the substantia nigra (Mhyre et al., 2012; DeMaagd
and Philip, 2015). PD was first described by James Parkinson
in 1817 and was later clinically identified as intracellular
accumulation of a-synuclein in aggregates forming Lewy
bodies via histochemistry (Spillantini et al., 1998; Luk et
al., 2009; Stefanis, 2012). However, researchers have had
difficulties in targeting a-synuclein pharmaceutically (Stefanis,
2012). Several studies have examined the genetic aspects of
the disease. Researchers have identified several genes, such
as PINK1 and Parkin, in the regulation of mitophagy, making
it a disease of mitochondria and aging and the numerous
genes that regulate mitophagy in neurons, which may serve as
potential pharmaceutical targets (Dernie, 2020).

Researchers have pinpointed dysfunction in the PINK1/Parkin
pathway as a significant factor in autosomal recessive early-
onset PD (Kitada et al., 1998; Valente et al., 2004). In the
normally functioning pathway, PINK1 resides in the cytosol
where it is chaperoned to the mitochondria by Hsp90 and
Cdc37. PINK1 first enters the outer mitochondrial membrane
(OMM) via translocase of the outer membrane (TOM)
complex (Figure 2). The protein, PINK1 extends through the
inner mitochondrial membrane (IMM) via Tim23 (translocase
of the inner membrane) into the mitochondrial matrix (Jin
et al., 2010; Sekine and Youle, 2018). Once the N-terminus
of PINK1 reaches the matrix, it is cleaved off by the
mitochondrial processing peptidase (MPP a/B) (Figure 2). The
process of PINK1 import requires an electrochemical gradient
along the mitochondrial membrane. Any compromise of the
electrochemical gradient will impede the protein, Tim23’s
ability to facilitate PINK1’s translocation into the mitochondrial
matrix. A damaged electrochemical gradient will result in the
full length of PINK1, to reside in the mitochondria’s outer
membrane (OMM) (Barazzuol et al., 2020). Lack of electrical
membrane potential is a symptom of a poorly functioning
mitochondrion. In the normally functioning system,
dysfunctional mitochondria are identified tagged and disposed
of in a process known as ubiquitination (Jin et al., 2010). The
protein PINK1 accumulates on the dysfunctional mitochondria,
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The PINK1/Parkin pathway is activated upon loss of mitochondrial membrane potential (A). PINK1 attaches to TOM, and no membrane depolarization causes
PINK1 to not be cleaved and extend into the matrix via TIM. This results in full length PINK1 to remain in the inner membrane. Parkin is then phosphorylated
by PINK1 and recruited to damaged mitochondria, where it ubiquinates and targets the damaged mitochondria for autophagosome recruitment. The auto-
phagolysosome then degrades the damaged mitochondria. IMM: Inner mitochondrial membrane; OMM: outer mitochondrial membrane; TIM: translocase of

inner membrane; TOM: translocase of outer membrane; Ub: ubiquitin.
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acting as a signal to the protein Parkin. Once PINK1 sufficiently
accumulates on the OMM, Parkin is recruited to the OMM and
ubiquitinates, or identifies, the damaged mitochondrion. This
signaling device is referred to as Parkin dependent mitophagy
(Ordureau et al., 2014). After the defective mitochondrion is
ubiquitinated by PINK1/Parkin, an autophagosome is recruited
by the nuclear domain10 protein52 and optineurin (Kim et
al., 2007). The autophagosome attaches and engulfs the
mitochondria, where it eventually binds to a lysosome forming
an auto-phagolysosome. Once in the auto-phagolysosome,
the damaged mitochondrion is degraded (He and Klionsky,
2009; Heo et al., 2015).

The PINK1/Parkin pathway may provide therapeutic answers
to PD, as it is intricate with many possible pharmaceutical
targets (Liu et al., 2020). One thought would be to increase
mitophagy as a mechanism to control and decrease PD
pathogenesis (Truban et al., 2017). A molecule of interest
is celastrol, derived from the Chinese herb Tripterygium
wilfordii, also known as the (Thunder God Vine) was
discovered to activate mitophagy and inhibit dopaminergic
apoptosis (Cascao et al., 2017; Lin et al., 2019). After treating
PD mouse models with celastrol, the group found an increase
in gene transcription of PINK1 and other genes related to
the PINK1/Parkin pathway such as ATG7, ATG12, and LC3.
Celastrol suppressed motor symptoms in the PD mouse
models; additionally, these animals’ necropsies revealed
diminished neurodegeneration in the substantial nigra
and striatum (Lin et al., 2019). Another molecule, BC1464,
increases PINK1 intracellular concentrations, resulting in an
increase of mitophagy. It is hypothesized that the protein the
BC1464 inhibits FBXO7 from degrading PINK1 contributing
to the efficacy of ubiquitination so critical to the process of
mitophagy (Liu et al., 2019). These studies show promising
concepts for PD drugs and treatments targeting mitophagy.

In addition to rescuing PINK1/Parkin mitophagy mechanisms
via drug treatment, utilizing other mitophagy pathways
to increase mitophagy in PD patients may be an option as
well. The BNIP3L/NIX mitophagy receptor has been found
to restore PINK1/Parkin related mitophagy in some PD
patients (Koentjoro et al., 2017). How BNIP3L/NIX can restore
this function in PD is still unclear, but BNIP3L/NIX activity
with PARK2 has been observed. The BNIP3L/NIX protein
is a mitophagy receptor that is observed in reticulocyte
maturation. BNIP3L/NIX can be found located on the outer-
membrane of the mitochondria along with PINK1. PARK2 can
ubigutinate BNIP3L/NIX in response to deficient complex |
activity. This then leads to the recruitment of autophagosome
machinery such as NBR1 and LC3, and degradation of the
targeted mitochondria (Gao et al., 2015). Therefore, BNIP3L/
NIX shows capabilities of rescuing PINK1 function and a
potential target for PD treatment.

Glaucoma

Glaucoma is the leading cause of blindness in older
populations. The disease is insidious, frequently without pain
or obvious symptom until irreparable damage to the optical
nerve has occurred. The optic nerve also referred to as the
second cranial nerve, sits in the posterior portion of the
eye which is composed of several axons that come together
to form a network of RGCs. There are a large number of
mitochondria located in the axon (Lascaratos et al., 2012;
Van Bergen et al., 2015). Retinal ganglion cells require a
tremendous amount of energy; and RGCs depend on the
mitochondria for synaptic energy as well as the generation
of ROS as part of their cellular regulation (Lascaratos et
al., 2012). Currant research suggests mitophagy, plays an
important role in ocular health (Gupta and Yucel, 2007;
Weinreb et al., 2014; Calkins et al., 2017).

The leading mechanical cause of glaucoma is either acute or
chronic increase of intraocular pressure, but once started, it

snowballs and leads to the destruction of RGC, damaged optic
nerves, impaired vision, and subsequent blindness (Gupta
and Yucel, 2007; Weinreb et al., 2014; Calkins et al., 2017).
Although mitochondrial dysfunction has not been linked to
causing glaucoma, mitochondrial dysfunction plays a role in
the originating cellular damage associated with glaucoma’s
pathogenesis (Ito and Di Polo, 2017). The premise is mtDNA
mutations create a snowballing effect of mitochondrial
dysfunction, which in turn, generates increases in ROS. The
increase in ROS causes cell death and contributes in turn to
further cellular and mitochondrial dysfunction, leading to
RBG damage and rising intraocular pressure (Wu et al., 2015).
To better understand the relationship between intraocular
pressure and mitochondria, studies have been performed in
glaucomatous mice predisposed to high intraocular pressure
(Ju et al., 2008). Van Bergen and Ju’s electron microscopy
indicated that the mitochondria in glaucoma mice exhibited
structural changes, such as mitochondrial fission, smaller
cristae, and expanded matrixes (Ju et al., 2008). Additionally,
mitochondria damaged due to intraocular pressure exhibited
lower rates of ATP synthesis from complex | despite higher
mitochondrial numbers (Ju et al., 2008; Lee et al., 2012;
Van Bergen et al., 2015). Low PGC1-a levels confirmed that
the increased number of mitochondria was not a result of
mitochondrial biogenesis (Coughlin et al., 2015). Other studies
have correlated patient age and mitochondrial efficacy with
glaucoma’s progression (Lascaratos et al., 2012).

In primary open angle glaucoma, the most prevalent form
of glaucoma, the increase in ocular pressure is caused by an
obstruction in trabecular meshwork that prevents the outflow
of the aqueous humor, which results in an increase of ocular
pressure damaging the RBGs. These axon heads are heavily
populated by mitochondria which are responsible for the
energy supplying nerve impulses. Defects in the PINK1/Parkin
pathway have been implicated in glaucoma progression. Parkin
overexpression has been found to protect RGCs in studies
utilizing rats, receiving translimbal laser photocoagulation to
the trabecular mesh to induce glaucoma (Dai et al., 2018).
Two proteins, optineurin (OPTN), a multifunction protein that
works in addition to other tasks as an autophagy receptor,
and TANK binding kinase 1 are associated with the Parkin
pathway and are intrinsic to the maintaining of homeostasis
by assisting in the coordinating vesicle trafficking and removal
of debris (Fingert et al., 2016; Minegishi et al., 2016; Weil et
al., 2018). OPTN is involved in multiple autophagy pathways
such as aggrephagy, mitophagy, and xenophagy. As part of
mitophagy, after recruitment by Parkin, OPTN facilitates
the final fusion of the autophagosome with the lysosome.
Researchers have identified OPTN missense mutations in
primary open angle glaucoma which is the prevalent form of
the disease (Ying and Yue, 2012). Duplications of TANK binding
kinase 1, a modifier of OPTN, are present in roughly 1% of
normal tension glaucoma (Ritch et al., 2014). Together these
two mutations account for 2-=3% normal tension glaucoma
(Wiggs and Pasquale, 2017).

Dysfunctional mitophagy contributes to the cycle of glaucoma
as poorly functioning mitochondria can lead to an increased
production of ROS. An increase in ROS levels causes oxidation
and induces cell death by apoptosis (Jiang and Wang, 2004;
McMonnies, 2018). Therefore, even though glaucoma is not
initiated by the mitochondria, dysfunction can escalate the
cycle of RGC destruction. Consequently, halting or controlling
excess ROS production is critical to prevent irreversible
damage to the RGC (Frost et al., 2014). PINK1/Parkin
mitophagy can be induced by a loss of iron, so one possible
candidate, is the iron chelator deferiprone which has been
shown to induce autophagy (Rosignol et al., 2020). Rosignol
et al. (2020) found that incubating primary RGC cells with
the iron chelator deferiprone increased mitophagy, which
increased the removal of damaged mitochondria. This in turn,
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resulted in an elimination of ROS, lessening the oxidative
stress and appears to rescue the RGC with regards to some
glaucoma-related stress factors.

Alzheimer’s disease

Alzheimer’s disease (AD) is a progressive neurodegenerative
disease associated with aging populations. The disease is
recognized as the leading cause of dementia in the elderly
population, with a small subset afflicted with the autosomal
familiar Alzheimer disease (FAD) that appears within families
prior to the age of 65 (Reddy and Beal, 2008; Alzheimer’s,
2016). The aging process is typified by changes in cellular
function and oxidative stress both associated with changes
in mitochondrial function. Recent studies have indicated that
targeting mitochondrial dysfunction in the initial phase of
the disease could prove beneficial (Reddy and Beal, 2008;
Hauptmann et al., 2009). AD is caused by accumulation
of insoluble amyloid B (AB) peptide deposits and tau
neurofibrillary tangles at the synaptic junction, which disrupts
transmission between the neural synapses (Wong et al., 1985;
Grundke-lgbal et al., 1986; Erkkinen et al., 2018). In AD, the
build-up is located primarily in the hippocampus whereas in
the unafflicted but older individual (AB) peptide deposits and
tau neurofibrillary tangles appear in the cerebellum (Wong et
al., 1985; Grundke-lgbal et al., 1986; Erkkinen et al., 2018).
There are multiple hypotheses proposed regarding, how these
insoluble proteins affect the development and progression of
AD. Some researchers hypothesize the AB aggregates initiate
the AD process while the malformed Tau proteins within the
neurons further the disease (Selkoe and Hardy, 2016). Other
researchers argue that the Tau proteins actually play a larger
role in the development and progression of Alzheimer’s. A
hypothesis stemming from data received regarding the drugs
targeting AR aggregates have proved ineffective (Kametani
and Hasegawa, 2018).

Tau proteins appear to play a significant role in the
progression of AD. Tau acts as a structural stabilizer within
the neuron. In AD, the protein becomes malformed, creating
tangles that are no longer structurally relevant, which affect
signaling. Additionally, the protein aggregates appear to
impact the PINK1/Parkin mitophagy pathway, confirmed
in Cummins et als study (2019) involving Caenorhabditis
elegans. In this study, the central nervous system of the
Caenorhabditis elegans carried pathogenic Tau mutations,
which were found to inhibit the proper translocation of
Parkin to the mitochondria completely (Cummins et al.,
2019). Mitophagy will not occur without the translocation
of Parkin to the mitochondria, disrupting homeostasis and
consequently shortening the cell’s life. Another contributor to
mitochondrial dysfunction within the central nervous system
is AB plaques. AB peptides are generated by the amyloid
precursor protein (APP) and presenilins 1 or 2 (PS1/2). In
FAD, an autosomal dominant form of Alzheimer’s that affects
individuals 65 years of age or less, missense mutations in
APP and PS1/2 contribute to the development of plaques
that impede synaptic and mitochondrial function (Rovelet-
Lecrux et al., 2006; Lanoiselee et al., 2017; Reddy et al., 2018;
Arboleda-Velasquez et al., 2019). PS1/2, is a transmembrane
protein complex that cleaves APP releasing AB peptides. In
AD, the PS1/2 substrate structure changes and no longer
effectively cleaves the APP, resulting in longer AR peptides
(Szaruga et al., 2017). Over time, the longer AB peptides
bind together to create plaques. A plaques and mutant APP
impact the neurons’ function and durability. The plagues
inhibit mitochondrial biogenesis, synaptic protein production,
dendritic spines, and mitophagy (Rovelet-Lecrux et al., 2006;
Lanoiselee et al., 2017; Reddy et al., 2018; Arboleda-Velasquez
et al, 2019).

Another significant contributor to the development of
AB plaques is mutations in the PSEN1 gene. Mutations in

the PSEN1 gene may kick-start plaque development by
increasing AB,, (Kelleher and Shen, 2017). This protein is
also responsible for encoding the protein Presenilin-1 (PS-1).
PS-1 mutations are associated with early-onset Alzheimer’s
(FAD) (Kelleher and Shen, 2017). An asPect that needs to be
examined is the impact PS-1 has on Ca“" levels as disruptions
in signaling have been noted in FAD patients (Tu et al., 2006).
Mechanistically, PS-1 regulates Ca** levels in mitochondria,
which downstream affects ATP production and the ion level
within the cytosol (Malli et al., 2003; Fairless et al., 2014). Ca**
concentration in the cytosol contributes to neurotransmission
capability and if the neuron is unable to properly regulate
Ca” levels, transmission falters (Lee et al., 2018). The PS-1
mutation impacts other organelles within the cell. By opening
1,4,5-triophophate channels, Ca’ is released from the
endoplasmic reticulum. In response to the accumulation
of Ca®" within the cell, the mitochondria increase their
Ca’' uptake to the neuron’s detriment. This uptake leads
to increased ROS levels, decreased ATP production, and
subsequent death of the neuron (Toglia et al., 2016;
Alzheimer’s Association Calcium Hypothesis, 2017).

Locating effective AD therapies has proven difficult as the
mechanisms triggering plague development, mitochondrial
dysfunction, and general neural death are involved. There
are two thoughts or paths to arresting the progression of AD:
the first, targeting the proteins responsible for the network
of tangles, and the second, unraveling the mitochondrial
mechanisms and correcting pathway dysfunction. First, though
AB and tau aggregates have been identified as contributing
significantly to signal impairment, combating these specific
proteins with targeted drug therapy has not been effective.
The second implicates defective mitochondria and related
products that contribute to the pathogenesis of AD. Currently,
two treatments are being investigated that target the AD
related mitochondrial dysfunction and excess ROS production
(Oliver and Reddy, 2019). The first, methylene blue already has
FDA approval for the treatment of malaria, cyanide poisoning,
and ischemic brain injuries (Yang et al., 2020). Methylene blue
can cross the blood-brain barrier to donate electrons to the
ETC resulting in increased ATP production. In randomized,
double-blind studies, both AD patients and AD animal models
showed cognitive improvement and vascular blood flow
within the brain following methylene blue treatment. The
second, photobiomodulation, also known as low-level laser
therapy, has been utilized to stimulate vascularization in
damaged muscle tissue with minimal side effects (Yang et al.,
2020). Photobiomodulation can target mitochondria because
complex IV absorbs light between 665 nm and 810 nm. In AD,
the premise is the low-level laser appears to directly target the
mitochondria by donating photons to the Complex IV, which
stimulates the consumption of excess oxygen, alleviating the
excess ROS production generated by damaged mitochondria
AD (Yang et al., 2020).

Summary

Within the field of neuroscience, there is growing interest
in the mitochondria and its related pathways, as it becomes
increasingly evident that mitochondrial function impacts
the body’s neurons from development to destruction.
As mentioned before, there are no cures at this time for
Alzheimer’s, Parkinson’s, or Glaucoma. However, there is
evidence that unraveling and identifying the mitochondria’s
role in these pathologies may well serve as a source of
information that will allow researchers to locate therapeutic
targets to slow the progression of these diseases (Chaturvedi
and Beal, 2013; Kamat et al., 2014).
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