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Abstract: Alzheimer’s disease and Parkinson’s disease are the most common forms of neurodegenerative illnesses. It has been widely accepted that neuroinflammation is the key pathogenic mechanism
in neurodegeneration. Both mitochondrial dysfunction and enhanced NLRP3 (nucleotide-binding
oligomerization domain (NOD)-like receptor protein 3) inflammasome complex activity have a
crucial role in inducing and sustaining neuroinflammation. In addition, mitochondrial-related inflammatory factors could drive the formation of inflammasome complexes, which are responsible
for the activation, maturation, and release of pro-inflammatory cytokines, including interleukin-1β
(IL-1β) and interleukin-18 (IL-18). The present review includes a broadened approach to the role
of mitochondrial dysfunction resulting in abnormal NLRP3 activation in selected neurodegenerative diseases. Moreover, we also discuss the potential mitochondria-focused treatments that could
influence the NLRP3 complex.
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1. Introduction
Neurodegenerative diseases (NDs) such as Alzheimer’s disease (AD), Parkinson’s disease (PD), Amyotrophic Lateral Sclerosis (ALS), Huntington’s disease (HD), and Multiple
Sclerosis (MS) negatively affect millions of people worldwide and constitute an enormous
burden on society. The risk of being affected by NDs increases dramatically with age.
Neurodegenerative disorders are a group of congenital or acquired progressive diseases
of the nervous system. The major pathological hallmarks of neurodegenerative diseases
are the abnormal protein aggregation in the central nervous system (CNS). NDs occur
when nerve cells of the brain or peripheral nervous system lose function and ultimately
die. Although NDs are heterogeneous in their clinical images, with a variety of underlying
mechanisms, mitochondrial dysfunction and systemic activation of the immune system
remain common features that are implicated in the progression of these diseases [1].
Alzheimer’s disease is the most common form of dementia worldwide. It is an incurable and progressive neurodegenerative disease that leads to death. It is estimated
that AD accounts for about 80% of all diagnosed cases of dementia [2]. AD was first
described in 1906 by the German neuropathologist Alois Alzheimer [3]. The clinical
manifestation of Alzheimer’s disease appears gradually and develops over the years. In
general, the clinical features can be divided into three categories—cognitive, functional,
and behavioral/psychological symptoms. From a histopathological point of view, the
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neuropathological hallmarks of AD include accumulation of senile plaques (SPs) and neurofibrillary tangles (NFTs) in several brain areas such as the hippocampus and frontal and
parietal cortex [4]. The consequence of plaque and tangles development is loss of synapses,
depletion of neurotransmitters, and, ultimately, neuronal cell death and cerebral atrophy.
Many risk factors may contribute to AD onset. Amongst them are senescence, autophagy defects, genetic factors (i.e., ApolipoproteinaE-allele4 (APOE4), Triggering receptor expressed on myeloid cells 2 (Trem2), microbiota alterations, lifestyle, cardiovascular
and traumatic brain injury, as well as environmental factors (level of education, hypertension, obesity, diabetes, smoking, hearing loss, depression, physical inactivity, social
isolation) [5].
Parkinson’s disease (PD) is a type of neurodegenerative disease characterized by the
progressive loss of dopaminergic neurons in the substantia nigra region of the brain. It
is the most common neurodegenerative movement disorder. PD affects over 6 million
individuals globally [6]. Two forms of family and sporadic PD are known. The family
form is diagnosed in 5–10% of patients. The majority of cases, 90–95%, are patients who
develop a sporadic form of Parkinson’s Disease (sPD). The most common and characteristic
clinical symptoms are motor dysfunctions, including resting tremor, progressive rigidity,
bradykinesia, and postural instability. Disease symptoms result directly from the progressive loss of dopaminergic neurons in the area of the substantia nigra pars compacta, which
leads to a decrease in dopamine (DA) secretion in the striatum and the degeneration of
dopaminergic neurons in this area [7]. A characteristic picture of degenerated neurons in
PD, predominantly seen in the substantia nigra pars compacta, is the presence of Lewy
bodies (LBs) containing mainly α-synuclein (SNCA) deposits in the presynaptic part of
neurons. In addition, the protein aggregates include ubiquitin, α-B crystallin, APP (Amyloid Precursor Protein), MAP-5 (Microtubule Associated Protein-5), a proteasome complex,
and the phosphorylated form of the IκBα protein (pIκBα) [8,9].
A large body of literature provides evidence that mitochondrial dysfunction, both
primary and secondary, is increasingly recognized as a cause of neurodegeneration [10,11].
Moreover, mitochondrial disturbance can be observed even before the appearance of
histopathological hallmarks of the diseases [12].
In recent years, mitochondria have also been described as key signaling organelles
of the innate immune system. Each mitochondrion is a potent agonist of inflammation,
mainly a mitochondrial DNA (mtDNA), which are normally shielded from the rest of the
cell and extracellular environment and therefore do not elicit detrimental inflammatory
cascades [13]. Mitochondrial damage can lead to the cytosolic and extracellular exposure
of mtDNA, which triggers inflammation in neurodegenerative disorders.
There is growing evidence that mitochondrial dysfunction may activate the NLRP3
(nucleotide-binding oligomerization domain (NOD)-like receptor protein 3) inflammasome,
leading to intensified local and systemic inflammation [14].
Inflammasomes are multiprotein immune complexes assembled by pattern recognition receptors (PRRs) in the cytoplasm. Its activation mediates inflammatory responses
to cellular damage, pathogenic microbial infections, and various pathological states [15].
They are important components of innate immunity, and therefore, inflammasomes may
be recognized as central pathogenic factors in various diseases including those of neurodegenerative origin. Indeed, the role of the best-known NLRP3 inflammasome in the
pathogenesis of both Alzheimer’s and Parkinson’s disease is under intensive research.
In this review, we discuss the role of mitochondrial dysfunction in the pathogenesis of
selected neurodegenerative diseases, AD and PD, in the light of over-activated NLRP3. We
also present the therapeutic possibilities of targeting mitochondria and, consequently, also
the inflammasome complex in AD and PD.
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Beyond essential roles in cell physiology, mitochondria are also the major source of
reactive oxygen species (ROS) created as by-products of respiration. Most cell-derived
ROS are generated at Complexes I and III (Figure 1) [26,27]. In turn, ROS oxidize proteins,
lipids, and nucleic acids, inside and outside of the mitochondria, leading to mitochondrial
malfunction and cellular damage. Noticeably, mtDNA is not protected by histones and
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In non-stressful conditions with normal mitochondrial membrane potentials, PINK1
is imported via the translocase of the outer membrane and translocase of the inner membrane (TOM/TIM) complex in a membrane potential-dependent manner into mitochondria,
where the PINK1 is cleaved by mitochondrial processing peptidase (MPP) and presenilinassociated rhomboid-like protease (PARL) [32,33]. Then, the cleaved PINK1 is released to
the cytosol and degraded by the proteasome [34]. In unhealthy mitochondria, the inner
mitochondrial membrane becomes depolarized. Upon depolarization of the mitochondrial
membrane potential, the cleavage of PINK1 is abolished, and PINK1 is stabilized on the
outer mitochondrial membrane. In unhealthy mitochondria, PINK1 with kinase activity
regulates the recruitment and activation of the cytosolic Parkin via direct phosphorylation
of the Parkin Ub-like (UBL) domain or the phosphorylation of ubiquitin. Once active,
Parkin ubiquitinates numerous substrates at the outer mitochondrial membrane, including mitofusin1 (MFN1), mitofusin2 (MFN2), translocase of outer membrane20 (TOM20),
mitochondrial Rho GTPase1 (Miro1), and voltage-dependent anion-selective channel 1
(VDAC1) [35]. In 2019, Bernardini and co-workers reported that the apoptotic protein BAK
is a Parkin target, further connecting Parkin-mediated mitophagy to the regulation of cellular apoptosis [36]. Through controlling these mitochondrial proteins, the PINK1–Parkin
pathway plays a crucial role in maintaining mitochondrial homeostasis by regulating
mitophagy, mitochondrial dynamics, and mitochondria-mediated apoptosis.
Mitochondrial fusion and fission are also extremely important processes in the regulation of mitochondrial homeostasis. Besides mitophagy, mitochondrial dynamics ensure
a healthy network through the segregation and subsequent degradation of damaged
mitochondria. Mitochondrial dynamics indicate whether damaged mitochondria are
to be repaired or degraded by mitophagy [37]. The fission and fusion processes are
mainly regulated by proteins that belong to a dynamin-related family of large GTPase,
including conserved dynamin-related GTPase (Drp1), conserved dynamin-related GTPase
mitofusin 1 and 2, and optic dominant atrophy 1 (OPA1) [38]. Mitochondrial fusion is a
two-step process. The fusion of OMM is regulated by MFN1 and MFN2, whereas fusion of
the IMM is mediated by OPA1 and mitochondria-specific cardiolipin [39]. In turn, outer
membrane fission is mediated predominantly by a dynamin superfamily GTPase, Drp1,
that is localized to the cytoplasm and recruited to scission sites by resident outer-membrane
proteins including Mff (Mitochondrial fission factor), Fis1 (Mitochondrial fission 1 protein),
and mitochondrial dynamic proteins 49 and 51 (Mid49 and Mid51) [40].
As it has been shown above, mitochondria could be considered as an integrated,
subcellular system with a complex, highly dynamic transport pathway that is essential
for proper cell homeostasis. Thus, disruption of the above systems can lead to mitochondrial dysfunction and may serve as a central mechanism of many diseases, including
neurodegenerative diseases.
3. Inflammasomes
3.1. Inflammasomes and Mitochondria
Inflammasomes are a group of intracellular complexes located in the cytosol, which
are an element of non-specific immunity, responsible for the detection of molecular patterns
indicative of both DAMPs and the presence of pathogen-associated molecular patterns
(PAMP) and production of pro-inflammatory cytokines [41]. To date, the best-characterized
inflammasomes are NLRP1 (nucleotide-binding oligomerization domain (NOD)-like receptor protein 1), NLRP2 (NOD-like receptor protein 2), NLRP3, NLRC4 (CARD domaincontaining protein 4, also called IPAF (ICE-protease activating factor)), and AIM 2 (absent
in melanoma 2) inflammasome [42]. These high-molecular-weight complexes play a role in
the activation, maturation, and release of the pro-inflammatory cytokines, interleukin 1β
(IL-1β), and interleukin 18 (IL-18).
The inflammasome complex is composed of a pattern recognition receptor acting as the
sensor molecule, an adaptor apoptosis speck protein (ASC), and pro-caspase-1 as the effector molecule. NLRP3 is the best-studied member of the inflammasome family. It has been
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revealed that under normal physiological conditions, the activity of this inflammasome is
extremely low to maintain a low inflammatory state [15]. However, activation of NLRP3
results in the discharge of inflammatory factors, including IL-1β and IL-18. The process of
activation requires two distinct, independent steps, which are priming and activation. The
first signal is started when PAMPs and/or other inflammatory mediators (IL-1β and tumor
necrosis factor α (TNF-α)) bind to their respective receptors (Pattern Recognition Receptors
IL-1βR and TNF-αR) [43] that induce the activation and translocation into the nucleus
of nuclear factor kappa-light-chain-enhancer of activated β cells (NF-κβ). In turn, the
transcription of NF-kβ-dependent genes such as NLRP3, pro-IL-1β, and pro-interleukin-18
(pro-IL-18) is promoted [44–46]. The activation signal includes extracellular stimuli such
as tissue damage, metabolic dysregulation, ATP, cholesterol, uric acid, and amyloid β,
which result in the release of ROS, as well as lysosomal enzyme cathepsins B or L and Ca2+
caused by destabilization and rupture of lysosome or endosome [47,48]. As a consequence
of disturbed ionic flux, mitochondrial dysfunction may occur. The characteristic features of
mitochondrial dysfunction comprise the increase in mitochondrial ROS production, oxidized mitochondrial DNA release to the cytosol, dysregulation of mitochondrial dynamics,
and impaired mitochondrial membrane potential [49,50].
As described in the literature, mitochondria-generated ROS and oxidized mtDNA
serve as DAMPs. They could trigger NLRP3 inflammasome formation and activation [51,52].
In addition, cardiolipin, a mitochondria-specific phospholipid located physiologically in
the inner membrane of mitochondria, after translocation to the outer membrane promotes
the oligomerization of NLRP3 [53].
The process of NLRP3 activation initiates a cascade of events that results in the
discharge of inflammatory factors (including IL-1β and IL-18), cell swelling, membrane
rupture, and eventually triggering a lytic, pro-inflammatory form of cell death, termed
pyroptosis [52,54–56].
Therefore, it could be stated that mitochondria play an important role in the NLRP3
inflammasome activation.
3.2. NLRP3 Inflammasome and AD
NLRP3 inflammasome activation has been implicated in the pathogenesis of AD [1,57].
It must not be forgotten that mitochondrial dysfunction also plays an important role in the
pathological processes occurring in AD.
Misfolded β-amyloid (Aβ), which is the key histopathological feature of AD, acts as a
second signal activator of the NLRP3 complex (Figure 4). Aβ-mediated NLRP3 activation
causes IL-1β secretion in a mechanism of NLRP3, ASC, and caspase-1 activities and requires
cathepsin B released from damaged lysosomes [1,58]. All these events drive microglia
recruitment and result in neuroinflammation. In detail, abnormal microglia-specific NLRP3
activation induces microglia Aβ phagocytic dysfunction, peripheral nerve cell damage,
and other severe pathological processes, including the promotion of Aβ plaque formation
and accumulation [59,60]. Furthermore, inflammatory response due to excessive NLRP3
activation and elevated IL-1β levels in microglia may result in concomitant and intensified neural tau hyper-phosphorylation, neurofibrillary tangles, and synaptic dysfunction
in AD [60].
The interaction between the NLRP3 inflammasome and AD pathology is confirmed by
the findings from clinical and experimental studies. Increased gene expression of NLRP3,
ASC, caspase-1, and pro-inflammatory cytokines IL-1β and IL-18 [61]. Furthermore, exacerbated caspase-1 activity was shown in brain lysates obtained from AD individuals. An
animal transgenic model of AD, amyloid precursor protein (APP)/presenilin (PS1) mutant
mice, has enhanced active caspase-1 levels [1].
It could be stated that in AD, the NLRP3 inflammasome is a part of a vicious cycle
that includes pathological factors and neuroinflammation (Figure 4).
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4. Mitochondrial Dysfunction in Neurodegenerative Disease
Neurons have high energy requirements; therefore, properly functioning mitochondria are necessary for membrane remodeling, synaptic spine formation, and the generation
of transmembrane resting and action potentials in neurons [64]. In nerve cells, a large
proportion of the ATP pool is used to maintain and renew the ion gradients that change
during intracellular signaling, and for the uptake and transformation of neurotransmitters [65]. Thus, the presence of healthy mitochondria in nerve endings is essential for
neurons to communicate with neighboring cells. In addition, the strictly defined location
of the mitochondria in the neuron is also crucial to regulate changes in local concentrations
of calcium ions. Previous studies showed that mitochondrial calcium ions can promote
ATP synthesis by activating multiple components of the tricarboxylic acid cycle (TCA) and
OXPHOS supercomplexes in many cell types, including in neurons [66,67].
Therefore, it is not surprising that mitochondrial dysfunction can have negative effects
on the differentiation and survival of neuron cells. Neurons are usually unable to regenerate,
so in case of damage or death, they cannot be replaced. This phenomenon can lead to the
development of neurodegenerative diseases. In the pathogenesis of neurodegenerative
diseases, both acute (e.g., ischemic stroke, mechanical injuries of the brain and spinal
cord) and chronic (e.g., Alzheimer’s disease, Parkinson’s disease, Huntington’s disease,
Amyotrophic Lateral Sclerosis), the role of mitochondrial dysfunctions is emphasized as
it leads in the final stage to the generation of apoptotic signals and the death of nerve
cells [68–71]. In addition, the process of aging and occurrence of misfolded proteins
increases the risk of intensification of mitochondrial ROS production, accumulation of
the mtDNA mutations, alteration of mitochondrial mass, compromised mitochondrial
functions, chronic immune activation, and accelerated cell death [72].
4.1. Mitochondrial Dysfunction in Alzheimer’s Disease
It should be highlighted that several recent studies have demonstrated a connection
between mitochondrial dysfunction and AD. Moreover, mitochondrial dysfunction was
observed in AD postmortem brains, in platelets derived from AD patients, in AD transgenic
mice, and in cell lines that express mutant APP and/or cells treated with Aβ [49,73]. A
wide spectrum of relationships between mitochondrial dysfunction and the hallmarks of
AD are summarized below.
4.1.1. Deficiency in Mitochondrial Oxidative Phosphorylation in AD
The brain is one of most the high-energy consuming organs, consuming 20% of total
body energy expenditure in a resting awake state. Therefore, neuron cells are exquisitely
sensitive to any disruption or reduction in ATP production by the OXPHOS system. Impaired mitochondrial OXPHOS efficiency, dysfunction of mitochondrial respiratory enzymes, and decreased mitochondrial complex (I–V) activities were detected in the AD
brain and various AD models [69]. Moreover, the clinical study of bioenergetics profiles of
fibroblasts isolated from patients with late-onset AD (LOAD) and healthy controls indicated that cells from LOAD patients present the metabolic shift from the mitochondrial
oxidative phosphorylation system to glycolysis, which indicate reduced mitochondrial
metabolic potential (OXPHOS) in LOAD [74]. A direct effect of Aβ on the respiratory chain
has also been shown. In consequence, disturbances of ETC function occur, although the
exact mechanism remains unclear. A large body of evidence indicates that in AD brains, the
activities of the enzymes involved in mitochondrial energy production, such as Complex
IV cytochrome c oxidase (COX), pyruvate dehydrogenase complex, α-ketoglutarate dehydrogenase (αKGDH), mitochondrial isocitrate dehydrogenase, and ATP synthase complex
were decreased, whereas activities of the succinate dehydrogenase (Complex II) and malate
dehydrogenase were increased [75–77]. The dysfunction of the mitochondrial enzymes
consequently compromises the maintenance of the mt∆Ψ and decreased mitochondrial
ATP production [78]. Beck and co-workers reported a reduction in synaptic mitochondrial
Fo-ATP synthase activity by 67% in an AD mouse model compared to control groups.
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They also observed that decreased ATP-synthase activity resulted in a reduction in ATP,
increased oxidative stress, and reduced ∆Ψm due to the opening of the mitochondrial permeability transition pore (mPTP), which leads to the release of apoptotic effectors into the
cytoplasm [78]. In agreement with the previous findings, our research also described that
Aβ treatment decreased mitochondrial activity and mt∆Ψ in differentiated SH-SY5Y cells,
which consequently led to the death of neuronal cells [49]. In an animal study, Carvalho
and co-workers observed that mitochondria isolated from triple transgenic AD model mice
(3xTg-AD) brains have a decrease in mt∆Ψ, ATP/ADP ratio and an impairment of the
respiratory activities [79]. In another study, the Zhang team revealed that the brain tissue
of APP/PS1 AD model mice contained fewer ATP contents compared to the wild-type
mice brain samples from 5-month-old animals [80].
However, the question could be raised of how Aβ accumulates inside the mitochondria. It is known that both the amyloid-β protein precursor (AβPP) and Aβ accumulate
within the mitochondria of AD brain tissue [81–83]. It was shown that both AβPP and
Aβ were deposited in the mitochondrial protein import channel of the human AD brain,
forming protein complexes with the translocase of the outer mitochondrial membrane
(TOM) and with the translocase of the inner mitochondrial membrane 23 (TIM23) [83,84].
This accumulation of AβPP in the mitochondrial membrane translocases could prevent the
normal import of nuclear-encoded OXPHOS proteins, including components of Complex
IV, which in turn reduce COX activity [85].
Damage to the OXPHOS machinery not only hinders sufficient ATP production, but
also increases the production of free radicals, which in turn damage mitochondrial proteins,
influence mPTP activation, and lead to mtDNA mutagenesis, further contributing to the
deterioration of the OXPHOS system.
4.1.2. Disruption of Mitochondrial Homeostasis in AD
With age, the capacity of mitochondrial biogenesis declines and consequently increases the risk of the development of neurodegenerative disease. Many researchers have
reported changes in the expression of transcription factors that are associated with the
regulation of mitochondrial biogenesis in the brain of AD patients and animal models of
amyloidosis. Gong and colleagues in their study found that the expression of PGC-1α
was significantly decreased in the brains of aging Tg2576 mice (the mice overexpressing
APP with the familiar Swedish mutation) [86]. Reduced expression of PGC-1α was also
observed in APP/PS-1 double transgenic (2xTg-AD) mice [87]. Moreover, Wang and coworkers found that overexpression of PGC-1α, caused by an adeno-associated virus (AAV),
in the hippocampus of 2xTg-AD mice resulted in a significant reduction in the expression
of Aβ plaques and 8-oxo-dG [87]. The Qin team made similar observations on human
post-mortem brain (hippocampal formation) samples from AD cases [88]. For the first
time, they described that PGC-1α expression was decreased in the brain of AD individuals,
reflecting dementia severity. In turn, Oka and colleagues focused on the mitochondrial
biogenesis of PGC-1α effectors downstream, such as mTFA. They examined the effects
of human mitochondrial transcriptional factor A (hmTFA) on the pathology of a mouse
model of AD (3xTg-AD) [89]. In the study, the authors observed that increased expression of hmtTFA in 3xTg-AD significantly improved cognitive function, reduced oxidative
stress and intracellular Aβ, and increased expression of transthyretin known to inhibit
Aβ aggregation. Recently, in the AD mouse model (mutant human transgenes of APP
and Presenilin-1 (PS1)), the mitochondrial biogenesis markers (PGC-1α, NRF1 and 2, and
mTFA) were also declined, particularly in the hippocampus region [90]. Based on the above
results, it could be suggested that therapeutic preservation of neuronal PGC-1α expression
and its downstream effectors can prevent the generation of amyloidogenic Aβ peptides.
In the early stage of AD, studies have also revealed that there is a greater increase in
Drp1 compared to Mfn2 expression, which results in disturbed mitochondrial dynamics.
As mentioned above, mitochondria are highly dynamic organelles that are continually
altering morphology by rapid and reversible fission and fusion. The fission and fusion
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processes are essential for cell survival and are strongly linked to mitochondrial signaling
via reactive oxygen or nitrogen (RNS) species. Neurons affected by AD present unbalanced mitochondrial dynamics, which results in structural and functional abnormalities
leading to neuronal damage [91,92]. In studies using electron microscopy, dysfunctional
mitochondrial morphology was observed in AD brains [93]. Unbalanced mitochondrial
dynamics (increased mitochondrial fission and decreased fusion) may explain the increased
mitochondrial fragmentation and defective mitochondrial function observed in neurons
affected by AD. In in vitro models of AD, it was illustrated that overexpression of APP or
Aβ treatment causes profound fragmentation of mitochondria with elevated Drp1 levels
and altered distribution of mitochondria, which likely trigger Aβ-induced synaptic defects
in neuronal cultures [49,94]. Increased mitochondrial fission is also well documented in
AD patients and animal models of AD [95,96]. The feasibility of mitochondrial dynamics
could be another treatment target for neurodegeneration in AD.
Under normal conditions, when mitochondria become damaged, mitophagy is activated. It is a selective type of autophagy, by which faulty mitochondria are sequestrated
into autophagosomes for subsequent lysosomal degradation. It has been shown that in the
initial stage of the disease, mitophagy is activated to protect neuronal cells from death. In
our previous study, we showed that Aβ treatment significantly increased mRNA levels of
PINK-1 and PARKIN in differentiated SH-SY5Y cells [49]. Similar results were presented
by Ye and colleagues, as the authors showed that the Parkin pathway is robustly induced
upon progressive Aβ accumulation and mitochondrial damage in both human patient
brains and animal models of AD [97]. However, over the disease progression, the cytosolic
Parkin is depleted in AD brains, resulting in mitophagy pathology and augmented mitochondrial defects. Electron microscopy studies showed the accumulation of damaged
mitochondria, characterized by the swollen appearance and distorted cristae in biopsy of
human AD cases and transgenic animal models of AD [98,99]. Another study by Fang
and co-workers indicated that the levels of mitophagy-associated proteins Bcl2 L13 , PINK1,
and BCL2/adenovirus E1B 19 kDa protein-interacting protein 3-like (BNIP3 L/NIX) were
reduced and mitophagy initiation proteins such as phospho-ULK1 (Ser555) and phosphoTBK1 (Ser172) were inactivated in AD patient samples [100]. Martin-Maestro with a team
showed a reduction in PINK1 and Parkin translocation to damaged mitochondria in APPand tau-overexpression models, suggesting the role of compromised mitophagy in the
accumulation of damaged mitochondria in AD models [101]. Taken together, the above
results indicate that defective mitophagy is likely involved in AD-associated neurodegeneration, and that pharmacological reinstallation of mitophagy could mitigate amyloid and
tau pathologies.
4.1.3. Mitochondrial Dysfunction and Neuroinflammation in AD
Mitochondrial dysfunction and neuroinflammation are observed in AD. It has been
noted that mitochondrial dysfunction and inflammation are interdependent lesions. Mitochondrial dysfunction and its associated oxidative stress and inflammation are increasingly
appreciated as common features of neurodegeneration. The dysfunction of both organellar and molecular levels of mitochondria homeostasis mechanisms leads to irreversible
damage of mitochondria and consequent release of its components, ROS, mtDNA, mTFA,
membrane lipid cardiolipin, and proapoptotic proteins (including cytochrome c), into the
cytosol. In turn, the leakage of mitochondrial components can act as intrinsic dangerassociated molecular patterns (DAMP). Then, it could activate the oligomerization domainlike receptor family members 3 (NLRP3 inflammasome complex), which in turn boosts the
production of cytokines such as IL-18 and IL-1β and induces pyroptosis in cells [14].
As mentioned before, NLRP3 inflammasome activation has been implicated in the
pathogenesis of AD.
It has been described that mtDNA induces neuroinflammation in vivo. Wilkins et al.
showed that injection of mitochondrial lysates or mtDNA into the hippocampal dentate gyri
triggered the pro-inflammatory signaling in the mouse brain, suggesting that mitochondria-
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derived DAMP molecules can also influence AD-associated biomarkers [102]. These
authors also observed that hippocampal injection of extracellular whole mitochondria
lysates or mtDNA led to NF-κβ phosphorylation, induction of TNFα mRNA, and a decrease
in TREM2 (Triggering receptor expressed on myeloid cells 2) expression, all of which are
closely associated with AD pathology. The authors showed that mitochondrial lysates also
upregulated endogenous APP and Aβ. These findings strongly support the correlation
between mtDNA and AD pathology.
Another pro-inflammatory factor released from damaged mitochondria is mTFA. It
was observed that this factor could also play a role in the CNS inflammation observed in
neurodegenerative diseases. In an in vitro study, Little and colleagues showed that mTFA
applied at low µg/mL concentrations to human microglia-like THP-1 monocytic cells
and peripheral blood monocytes increased the expression of IL-1β, Interleukin 6 (IL-6),
and Interleukin 8 (IL-8) [103]. They also observed the decreased viability of human SHSY5Y neuronal cells exposed to supernatants from monocytic cells treated with mTFA and
IFN-γ (Interferon γ). In another study, Schindler et al. indicated that injection of mTFA
into the cisterna magna of male Sprague–Dawley rats triggered neuroinflammation in
the hippocampus and frontal cortex, which are the predominant brain areas affected by
neurodegeneration in AD [104]. Better understanding the mechanisms by which molecules
released from damaged mitochondria act may result in an indication of therapeutic targets
in the treatment of AD.
4.2. Mitochondrial Dysfunction in Parkinson Disease
The pathophysiology of PD is complex and remains poorly understood, but growing evidence implicates mitochondrial dysfunction as a possible primary cause for cell
death in PD [105,106]. Mitochondrial dysfunction in PD can result from several causes,
including impairment of mitochondrial biogenesis, increased ROS production, mtDNA mutation, defective mitophagy, compromised trafficking, OXPHOS dysfunction, imbalanced
mitochondrial dynamics, and calcium (Ca2+) imbalance, which we discuss below.
4.2.1. Deficiency in Mitochondrial Oxidative Phosphorylation in PD
Parkinson’s disease is associated with a decrease in the activity level of the mitochondrial Complex I (NADH dehydrogenase). Complex I is a key entry point for electrons into
the ETC and is responsible for approximately 40% of mitochondrial ATP production [107].
This complex can be damaged both as a result of the action of free radicals and the wrong
folding of proteins that make up its subunits. Moreover, inhibitors of Complex I such
as MPP+ (1-methyl-4-phenylpyridinium), rotenone, 6-hydroxydopamine, and annonacin
all induce PD-like phenotypes, suggesting that mitochondrial dysfunction is sufficient to
promote neuronal dysfunction in PD [108–110]. The action of these toxins lowers ATP
levels and induces the production of ROS, resulting in oxidative stress. Damage to Complex I of the respiratory chain is observed in PD patients, both in the mitochondria of the
dopaminergic neurons of the substantia nigra, as well as in lymphocytes, platelets, and
skeletal muscle tissue [111]. The dysfunction of Complex I reducing the activity Complexes
II and III in ETC and mTFA have also been reported in PD patients [112]. These changes
lead to ROS production and cell death.
4.2.2. Disruption of Mitochondrial Homeostasis in PD
In 2006, Barsoum and colleagues presented for the first time the results of research
conducted on live dopaminergic neurons in which changes in the dynamics of mitochondria
under the influence of oxidative stress, not related to mutations in nuclear DNA, were
determined [113]. Their studies on the rat dopaminergic N27 neuron line showed that the
inhibition of Complex I by the administration of MPP+ and the related oxidative stress
led to fragmentation of the mitochondrial network in the whole cell. In recent studies,
Wang et al. indicated that SNCA has been shown to influence mitochondrial size both
independently and dependent on fusion/fission proteins [114]. It was also described that
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oligomeric SNCA can bind to lipids in the outer mitochondrial membrane and disturb
the mitochondrial membrane curvature, and these processes result in a decrease in the
mitochondrial fusion rate [115]. Moreover, the overexpression of SNCA in transgenic mice
decreased Mfn1 and Mfn2 protein levels, correlating with a decrease in mitochondrial
fusion and smaller mitochondria [116]. Other authors observed decreased levels of OPA1
in the substantia nigra of patients with sporadic PD, suggesting mitochondrial fusion
deficiency [117].
Mitochondrial dynamics also include clearance of damage mitochondrial by mitophagy.
Interestingly, mutations in PINK1 and Parkin are the most commonly known causes of
autosomal recessive and early-onset PD, which may occur before the age of 45 [118]. As
a result of the mutation of the pink1 gene, both damaged and old mitochondria that
are the source of a large number of free radicals cannot be degraded. In consequence,
these phenomena cause neuronal dysfunction or death, leading to PD symptoms. In
studies using the PINK1-mutant Drosophila model, researchers observed a change in the
morphology of the mitochondria, reduced level of ATP, shortened life span, and decreased
motor activity [119]. Parkin gene mutation results in a phenotype similar to that observed
in mutant PINK1. Drosophila melanogaster Parkin gene mutants show a decrease in the
amount of ATP, degeneration of dopaminergic neurons, and a defect in the morphology of
the mitochondria [120]. The important role of Parkin mutations in mitophagy impairment
was also confirmed in an in vitro study using a specific induced pluripotent stem cell
(iPSC)-derived dopaminergic neurons with mutations in the Parkin gene [121]. Another
study confirming the role of mitophagy in PD found that SYNC overexpression decreases
the level of microtubule-associated proteins 1A/1B light chain 3B (LC3)-positive vesicles in
human neuroblastoma cells [122].
4.2.3. Mitochondrial Dysfunction and Neuroinflammation in PD
Similar to AD, innate immunity-mediated neuroinflammation actively contributes to
the onset and progression of PD. Recent studies have also indicated that classic neurotoxininduced models of PD (described above) activate NLRP3 inflammasomes in the brain
and peripheral organs such as the thymus [123–125]. Two signals are involved in the
NLRP3 activation: priming and activation. Lee and colleagues described that MPTP acts
as a priming signal for the NLRP3 inflammasome activation [125]. Moreover, it is known
that neurotoxins function by damaging mitochondria, and they might indirectly activate
NLRP3 inflammasomes by increasing ROS production. As we mentioned above, damaged
mitochondria play a crucial role in the activation of the NLRP3 inflammasome by releasing
mitochondrial DAMPs, such as mitochondrial ROS and mtDNA. In a clinical study, von
Herman et al. indicated that in human post-mortem brain from PD cases NLRP3 expression
was elevated in mesencephalic neurons [126]. They also observed that NLRP3 genetic
polymorphisms were associated with the downregulation of NLRP3 activity and reduced
risk of PD. Another report demonstrated that the fibrillar form of α-synuclein induced
caspase-1-mediated IL-1β secretion in human monocytes and BV2 microglial cells [127].
Additionally, Gordon et al. indicated that the inhibition of inflammasomes by using a small-molecule NLRP3 inhibitor MCC950 prevented SYNC pathology and neuron
degeneration [63].
Interestingly, a study about the role of mitophagy in innate immunity revealed that
PINK and Parkin could act as inflammatory suppressors and that PINK-Parkin-mediated
mitophagy can restrain innate immunity and alleviate the inflammatory phenotype [128].
The disturbance of mitophagy observed in PD leads to the production of damaged mitochondria and the release of ROS, mtDNA, cytochrome c, etc., to the cytosol. Then, these
molecules, as DAMPs, activate the inflammasome complex. Neurotoxins, aggregated
α-synuclein, mitochondrial ROS, and dysregulated mitophagy are all key regulators of
NLRP3 inflammasome activation that result in IL-1β and IL-18 release, as well as pyroptotic
cell death of neurons in the substantia nigra (SN) [129,130].
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5. Mitochondria as a Therapeutic Goal in Neurodegenerative Disease Treatment
As we mentioned above, mitochondrial dysfunction plays a critical role in neurodegenerative disease. Mitochondrial dysfunctions involved in the pathophysiology of AD
and PD include disturbances in OXPHOS, which in turn result in increased release of
ROS, mtDNA, cytochrome c, imbalanced mitochondrial dynamic, failure mitophagy, and,
consequently, the induction of inflammation. Therefore, growing attention has been paid
to the search for compounds that will decrease oxidative stress and restore the proper
functioning of the mitochondria.
5.1. Enhance Electron Transport Chain Activity
Compounds that exert their function through interaction with the respiratory chain
component belong to one of the widest classes of mitochondria-targeted therapeutic
agents. Among these, some of the most promising ones are the antioxidant molecules
10-(60 -plastoquinonyl decyltriphenyl-phosphonium (SkQ1), the mitochondrial-targeted antioxidant mitoquinone MitoQ, MitoTEMPOL, and MitoVitE, which prevent apoptosis by
mitigating the oxidative damage [131]. The MitoQ is known to cross the inner mitochondrial membrane and accumulate within mitochondria and, unlike other antioxidants, to
reduce ROS levels generated in mitochondria. Jeong et al. examined the effects of treadmill
exercise (TE) and MitoQ, individually or combined, on learning and memory, mitochondrial dynamics, NADPH oxidase activity, and neuroinflammation and antioxidant activity
in the hippocampus of D-galactose-induced aging rats [132]. The authors observed that TE
alone and TE combined with MitoQ in aging rats reduced mitochondrial fission factors
(Drp1, Fis1) and increased mitochondrial fusion factors (Mfn1, Mfn2, OPA1). In the TE
combined with MitoQ rats, they also observed improvement of NADPH oxidase and
antioxidant activity (SOD-2, catalase).
Additionally, coenzyme Q10 (CoQ10), curcumin, vitamin E, Gingko Biloba, lipoic acid,
and melatonin possess mitochondrial restoring and antioxidant properties. All of them
have been described as compounds that reduce Aβ accumulation, protect mitochondria
from Aβ toxicity, restore mitochondrial function, and attenuate cognitive impairment in
animal models of AD, possessing mitochondrial restoring and antioxidant properties [133].
Currently, nicotinamide (vitamin B3, NAM) and its derivatives are also under investigation. Vitamin 3 normalize redox levels and is also highly relevant for proper activity of
Complex I, particularly NAD+ and NADH [134].
N-Methyl, N-propynyl-2-phenylethylamine (MPPE) is another drug candidate that
has been assessed in animal models. MPPE prevents MPTP-induced nigral cell loss,
upregulates mitochondrial superoxide dismutase to alleviate oxidative stress, and improves
the function of Complex I [135].
5.2. Regulation of Mitochondrial Homeostasis and Inflammation
The promising strategy to ameliorate mitochondrial homeostasis in neurodegenerative
disease is the induction of PGC-1a via the activation of PPAR receptors by rosiglitazone
or bezafibrate, modulating PGC-1a activity by targeting 50 AMP-activated protein kinase
(AMPK) employing 5-aminoimidazole-4-carboxamide ribotide (AICAR), metformin, or
resveratrol. Recently, Wang et al. showed that resveratrol protected neurons against
Aβ-induced disruption of spatial learning, memory, and synaptic plasticity [136]. In
lymphoblastoid cell lines (LCLs) from AD patients, resveratrol increased the expression of
gene encoding anti-aging factor sirtuin-1 (SIRT 1), the expression of which is decreased by
the accumulation of Aβ [137].
Besides, the studies showing the neuroprotective effect of resveratrol against AD,
several investigations were focused on its effects in experimental models of PD. In vitro
studies indicated that resveratrol possesses neuroprotective properties against the damage
produced by 6-OHDA, MPTT, and rotenone [138–140]. Moreover, this observation was
supported by an animal study, which showed the neuroprotective effect of resveratrol
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against 6-OHDA, MPTP, and rotenone actions counteracting the motor and cognitive
changes induced by these neurotoxins [141–143].
Recently, it has also been evaluated whether pharmacological agents and lifestyle
interventions could improve mitochondrial homeostasis and enhance mitophagy. One
of them is rapamycin, which is a selected inhibitor of mTORC1. This substance has
been extensively shown to reduce cognitive decline in several mouse models of AD and
AD-like dementia [144,145]. Rapamycin increased the expression of key regulators of
autophagy (LC3, Atg5, Atg7, and Atg12). Other compounds with structures similar to
resveratrol, RSVA314 and RSVA405, were found to inhibit mTOR activity and to stimulate
the degradation of Aβ by the autophagic-lysosomal machinery [146].
As we described above, damaged mitochondria play a crucial role in regulating the
pro-inflammatory response of the cell through activation of the inflammasome complex.
Su and colleagues indicated that the fatty acid amide hydrolase inhibitor URB597 (URB)
reduced the impairment of mitophagy and inhibited the NLRP3 inflammasome pathway [147]. Lonnemann and co-workers showed that OLT1177, a specific inhibitor of the
NLRP3 inflammasome, ameliorated the phenotype of APP/PS1 mice, as evidenced by
rescued spatial learning and memory [148].
The above data suggest that multiple agents/molecules targeting the mitochondrialmitophagy-inflammasome axis could be promising candidates for future development
therapeutics against neurodegenerative diseases.
6. Conclusions
In vitro, in vivo, and clinical studies have indicated that mitochondrial dysfunction
plays a critical role in neuronal degeneration and disease progression in AD and PD.
Data indisputably indicate that mitochondrial dysfunction in conjunction with NLRP3
activation contributes to the pathogenesis of neurodegenerative diseases, such as AD and
PD. The mechanism is complex and interacts with other well-known pathomechanisms.
Nevertheless, mitochondrial damage and the reduced ability of neurons to properly perform the mitophagy process causes the release of DAMPs from mitochondria, such as
mtDNA, mTFA, cytochrome c, etc., which in turn may induce neuroinflammation and the
progression of neurodegenerative diseases (Figure 5). A better understanding of the exact
mechanisms by which DAMPs activate neuroinflammation will allow the introduction of
new therapeutic strategies in the future.
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inflammasome complex), in turn boosting the production of cytokines such as Interleukin 18 (IL-18)
and Interleukin 1β (IL-1β) and inducing neuroinflammation, neurodegeneration, and cell death.
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Litwiniuk, A.; Domańska, A.; Chmielowska, M.; Martyńska, L.; Bik, W.; Kalisz, M. The Effects of Alpha-Linolenic Acid on the
Secretory Activity of Astrocytes and β Amyloid-Associated Neurodegeneration in Differentiated SH-SY5Y Cells: Alpha-Linolenic
Acid Protects the SH-SY5Y cells against β Amyloid Toxicity. Oxid. Med. Cell. Longev. 2020, 2020, 1–20. [CrossRef]
Srivastava, S. The Mitochondrial Basis of Aging and Age-Related Disorders. Genes 2017, 8, 398. [CrossRef] [PubMed]
Shimada, K.; Crother, T.R.; Karlin, J.; Dagvadorj, J.; Chiba, N.; Chen, S.; Ramanujan, V.K.; Wolf, A.J.; Vergnes, L.; Ojcius, D.M.; et al.
Oxidized Mitochondrial DNA Activates the NLRP3 Inflammasome during Apoptosis. Immunity 2012, 36, 401–414. [CrossRef]
He, Y.; Hara, H.; Núñez, G. Mechanism and Regulation of NLRP3 Inflammasome Activation. Trends Biochem. Sci. 2016,
41, 1012–1021. [CrossRef]
Elliott, E.I.; Miller, A.N.; Banoth, B.; Iyer, S.S.; Stotland, A.; Weiss, J.P.; Gottlieb, R.A.; Sutterwala, F.S.; Cassel, S.L. Cutting
Edge: Mitochondrial Assembly of the NLRP3 Inflammasome Complex Is Initiated at Priming. J. Immunol. 2018, 200, 3047–3052.
[CrossRef] [PubMed]
Shi, J.; Zhao, Y.; Wang, K.; Shi, X.; Wang, Y.; Huang, H.; Zhuang, Y.; Cai, T.; Wang, F.; Shao, F. Cleavage of GSDMD by inflammatory
caspases determines pyroptotic cell death. Nature 2015, 526, 660–665. [CrossRef] [PubMed]
Kayagaki, N.; Stowe, I.B.; Lee, B.L.; O’Rourke, K.; Anderson, K.; Warming, S.; Cuellar, T.; Haley, B.; Roose-Girma, M.;
Phung, Q.T.; et al. Caspase-11 cleaves gasdermin D for non-canonical inflammasome signalling. Nature 2015, 526, 666–671.
[CrossRef] [PubMed]
Liu, X.; Zhang, Z.; Ruan, J.; Pan, Y.; Magupalli, V.G.; Wu, H.; Lieberman, J. Inflammasome-activated gasdermin D causes
pyroptosis by forming membrane pores. Nature 2016, 535, 153–158. [CrossRef]
Piancone, F.; La Rosa, F.; Marventano, I.; Saresella, M.; Clerici, M. The Role of the Inflammasome in Neurodegenerative Diseases.
Molecules 2021, 26, 953. [CrossRef]
Halle, A.; Hornung, V.; Petzold, G.C.; Stewart, C.R.; Monks, B.G.; Reinheckel, T.; Fitzgerald, K.A.; Latz, E.; Moore, K.J.;
Golenbock, D.T. The NALP3 inflammasome is involved in the innate immune response to amyloid-β. Nat. Immunol. 2008,
9, 857–865. [CrossRef]
Hickman, S.E.; Allison, E.K.; El Khoury, J. Microglial Dysfunction and Defective β-Amyloid Clearance Pathways in Aging
Alzheimer’s Disease Mice. J. Neurosci. 2008, 28, 8354–8360. [CrossRef]
Lee, J.; Kim, H.; Kim, J.; Yook, T.; Kim, K.; Lee, J.; Yang, G. A Novel Treatment Strategy by Natural Products in NLRP3
Inflammasome-Mediated Neuroinflammation in Alzheimer’s and Parkinson’s Disease. Int. J. Mol. Sci. 2021, 22, 1324. [CrossRef]
Saresella, M.; La Rosa, F.; Piancone, F.; Zoppis, M.; Marventano, I.; Calabrese, E.; Rainone, V.; Nemni, R.; Mancuso, R.; Clerici, M.
The NLRP3 and NLRP1 inflammasomes are activated in Alzheimer’s disease. Mol. Neurodegener. 2016, 11, 1–14. [CrossRef]
Li, Y.; Xia, Y.; Yin, S.; Wan, F.; Hu, J.; Kou, L.; Sun, Y.; Wu, J.; Zhou, Q.; Huang, J.; et al. Targeting Microglial α-Synuclein/TLRs/NFkappaB/NLRP3 Inflammasome Axis in Parkinson’s Disease. Front. Immunol. 2021, 12, 359. [CrossRef] [PubMed]
Gordon, R.; Albornoz, E.A.; Christie, D.C.; Langley, M.R.; Kumar, V.; Mantovani, S.; Robertson, A.A.B.; Butler, M.S.; Rowe, D.B.;
O’Neill, L.A.; et al. Inflammasome inhibition prevents α-synuclein pathology and dopaminergic neurodegeneration in mice. Sci.
Transl. Med. 2018, 10, eaah4066. [CrossRef] [PubMed]
Bifari, F.; Dolci, S.; Bottani, E.; Pino, A.; Di Chio, M.; Zorzin, S.; Ragni, M.; Zamfir, R.G.; Brunetti, D.; Bardelli, D.; et al. Complete
neural stem cell (NSC) neuronal differentiation requires a branched chain amino acids-induced persistent metabolic shift towards
energy metabolism. Pharmacol. Res. 2020, 158, 104863. [CrossRef]
Bélanger, M.; Allaman, I.; Magistretti, P.J. Brain Energy Metabolism: Focus on Astrocyte-Neuron Metabolic Cooperation. Cell
Metab. 2011, 14, 724–738. [CrossRef]
Griffiths, E.J.; Rutter, G.A. Mitochondrial calcium as a key regulator of mitochondrial ATP production in mammalian cells.
Biochim. Biophys. Acta (BBA) Bioenerg. 2009, 1787, 1324–1333. [CrossRef] [PubMed]
Llorente-Folch, I.; Rueda, C.; Amigo, I.; del Arco, A.; Saheki, T.; Pardo, B.; Satrústegui, J. Calcium-Regulation of Mitochondrial
Respiration Maintains ATP Homeostasis and Requires ARALAR/AGC1-Malate Aspartate Shuttle in Intact Cortical Neurons. J.
Neurosci. 2013, 33, 13957–13971. [CrossRef]
Huang, C.; Yan, S.; Zhang, Z. Maintaining the balance of TDP-43, mitochondria, and autophagy: A promising therapeutic strategy
for neurodegenerative diseases. Transl. Neurodegener. 2020, 9, 1–16. [CrossRef]
Sharma, C.; Kim, S.; Nam, Y.; Jung, U.; Kim, S. Mitochondrial Dysfunction as a Driver of Cognitive Impairment in Alzheimer’s
Disease. Int. J. Mol. Sci. 2021, 22, 4850. [CrossRef]
Carinci, M.; Vezzani, B.; Patergnani, S.; Ludewig, P.; Lessmann, K.; Magnus, T.; Casetta, I.; Pugliatti, M.; Pinton, P.; Giorgi, C.
Different Roles of Mitochondria in Cell Death and Inflammation: Focusing on Mitochondrial Quality Control in Ischemic Stroke
and Reperfusion. Biomedicines 2021, 9, 169. [CrossRef]
Mehta, A.R.; Gregory, J.M.; Dando, O.; Carter, R.N.; Burr, K.; Nanda, J.; Story, D.; McDade, K.; Smith, C.; Morton, N.M.; et al. Mitochondrial bioenergetic deficits in C9orf72 amyotrophic lateral sclerosis motor neurons cause dysfunctional axonal homeostasis.
Acta Neuropathol. 2021, 141, 257–279. [CrossRef]
Ma, K.; Chen, G.; Li, W.; Kepp, O.; Zhu, Y.; Chen, Q. Mitophagy, Mitochondrial Homeostasis, and Cell Fate. Front. Cell Dev. Biol.
2020, 8, 467. [CrossRef] [PubMed]
Reddy, P.H. Amyloid beta, mitochondrial structural and functional dynamics in Alzheimer’s disease. Exp. Neurol. 2009,
218, 286–292. [CrossRef] [PubMed]

Pharmaceuticals 2021, 14, 1221

74.
75.
76.
77.
78.
79.

80.
81.

82.

83.

84.
85.

86.
87.
88.
89.
90.
91.
92.
93.
94.
95.

96.

97.
98.
99.

21 of 23

Sonntag, K.-C.; Ryu, W.-I.; Amirault, K.M.; Healy, R.A.; Siegel, A.J.; McPhie, D.L.; Forester, B.; Cohen, B.M. Late-onset Alzheimer’s
disease is associated with inherent changes in bioenergetics profiles. Sci. Rep. 2017, 7, 14038. [CrossRef]
Maurer, I. A selective defect of cytochrome c oxidase is present in brain of Alzheimer disease patients. Neurobiol. Aging 2000,
21, 455–462. [CrossRef]
Gibson, G.E.; Shi, Q. A Mitocentric View of Alzheimer’s Disease Suggests Multi-Faceted Treatments. J. Alzheimer’s Dis. 2010,
20, S591–S607. [CrossRef]
Wojsiat, J.; Prandelli, C.; Laskowska-Kaszub, K.; Martín-Requero, A.; Wojda, U. Oxidative Stress and Aberrant Cell Cycle in
Alzheimer’s Disease Lymphocytes: Diagnostic Prospects. J. Alzheimer’s Dis. 2015, 46, 329–350. [CrossRef] [PubMed]
Beck, S.J.; Guo, L.; Phensy, A.; Tian, J.; Wang, L.; Tandon, N.; Gauba, E.; Lu, L.; Pascual, J.M.; Kroener, S.; et al. Deregulation of
mitochondrial F1FO-ATP synthase via OSCP in Alzheimer’s disease. Nat. Commun. 2016, 7, 11483. [CrossRef]
Carvalho, C.; Cardoso, S.; Correia, S.C.; Santos, R.X.; Santos, M.S.; Baldeiras, I.; Oliveira, C.R.; Moreira, P.I. Metabolic Alterations Induced by Sucrose Intake and Alzheimer’s Disease Promote Similar Brain Mitochondrial Abnormalities. Diabetes 2012,
61, 1234–1242. [CrossRef]
Zhang, C.; Rissman, R.A.; Feng, J. Characterization of ATP Alternations in an Alzheimer’s Disease Transgenic Mouse Model. J.
Alzheimer’s Dis. 2015, 44, 375–378. [CrossRef] [PubMed]
Manczak, M.; Anekonda, T.S.; Henson, E.; Park, B.S.; Quinn, J.; Reddy, P.H. Mitochondria are a direct site of Aβ accumulation in
Alzheimer’s disease neurons: Implications for free radical generation and oxidative damage in disease progression. Hum. Mol.
Genet. 2006, 15, 1437–1449. [CrossRef]
Caspersen, C.; Wang, N.; Yao, J.; Sosunov, A.; Chen, X.; Lustbader, J.W.; Xu, H.W.; Stern, D.; McKhann, G.; Du Yan, S. Mitochondrial
Aβ: A potential focal point for neuronal metabolic dysfunction in Alzheimer’s disease. FASEB J. 2005, 19, 2040–2041. [CrossRef]
[PubMed]
Petersen, C.A.H.; Alikhani, N.; Behbahani, H.; Wiehager, B.; Pavlov, P.F.; Alafuzoff, I.; Leinonen, V.; Ito, A.; Winblad, B.;
Glaser, E.; et al. The amyloid-peptide is imported into mitochondria via the TOM import machinery and localized to mitochondrial
cristae. Proc. Natl. Acad. Sci. USA 2008, 105, 13145–13150. [CrossRef] [PubMed]
Kawamata, H.; Manfredi, G. Proteinopathies and OXPHOS dysfunction in neurodegenerative diseases. J. Cell Biol. 2017,
216, 3917–3929. [CrossRef] [PubMed]
Devi, L.; Prabhu, B.M.; Galati, D.F.; Avadhani, N.G.; Anandatheerthavarada, H.K. Accumulation of Amyloid Precursor Protein
in the Mitochondrial Import Channels of Human Alzheimer’s Disease Brain Is Associated with Mitochondrial Dysfunction. J.
Neurosci. 2006, 26, 9057–9068. [CrossRef]
Gong, B.; Chen, F.; Pan, Y.; Arrieta-Cruz, I.; Yoshida, Y.; Haroutunian, V.; Pasinetti, G.M. SCFFbx2-E3-ligase-mediated degradation
of BACE1 attenuates Alzheimer’s disease amyloidosis and improves synaptic function. Aging Cell 2010, 9, 1018–1031. [CrossRef]
Wang, J.; Guo, M.-N.; Liu, Z.-Z.; Ma, S.-F.; Liu, W.-J.; Qian, J.-J.; Zhang, W.-N. PGC-1α reduces Amyloid-β deposition in
Alzheimer’s disease: Effect of increased VDR expression. Neurosci. Lett. 2021, 744, 135598. [CrossRef]
Qin, W.; Haroutunian, V.; Katsel, P.; Cardozo, C.P.; Ho, L.; Buxbaum, J.; Pasinetti, G.M. PGC-1α Expression Decreases in the
Alzheimer Disease Brain as a Function of Dementia. Arch. Neurol. 2009, 66, 352–361. [CrossRef]
Oka, S.; Leon, J.; Sakumi, K.; Ide, T.; Kang, N.; LaFerla, F.M.; Nakabeppu, Y. Human mitochondrial transcriptional factor A breaks
the mitochondria-mediated vicious cycle in Alzheimer’s disease. Sci. Rep. 2016, 6, 37889. [CrossRef]
Song, C.; Li, M.; Xu, L.; Shen, Y.; Yang, H.; Ding, M.; Liu, X.; Xie, Z. Mitochondrial biogenesis mediated by melatonin in an
APPswe/PS1dE9 transgenic mice model. NeuroReport 2018, 29, 1517–1524. [CrossRef]
Reddy, P.H.; Reddy, T. Mitochondria as a Therapeutic Target for Aging and Neurodegenerative Diseases. Curr. Alzheimer Res.
2011, 8, 393–409. [CrossRef]
Xu, L.-L.; Shen, Y.; Wang, X.; Wei, L.-F.; Wang, P.; Yang, H.; Wang, C.-F.; Xie, Z.-H.; Bi, J.-Z. Mitochondrial dynamics changes with
age in an APPsw/PS1dE9 mouse model of Alzheimer’s disease. NeuroReport 2017, 28, 222–228. [CrossRef]
Zhang, L.; Trushin, S.; Christensen, T.A.; Bachmeier, B.V.; Gateno, B.; Schroeder, A.; Yao, J.; Itoh, K.; Sesaki, H.; Poon, W.W.; et al.
Altered brain energetics induces mitochondrial fission arrest in Alzheimer’s Disease. Sci. Rep. 2016, 6, 18725. [CrossRef]
Wang, X.; Su, B.; Lee, H.-G.; Li, X.; Perry, G.; Smith, M.A.; Zhu, X. Impaired Balance of Mitochondrial Fission and Fusion in
Alzheimer’s Disease. J. Neurosci. 2009, 29, 9090–9103. [CrossRef]
Kandimalla, R.; Manczak, M.; Fry, D.; Suneetha, Y.; Sesaki, H.; Reddy, P.H. Reduced dynamin-related protein 1 protects against
phosphorylated Tau-induced mitochondrial dysfunction and synaptic damage in Alzheimer’s disease. Hum. Mol. Genet. 2016,
25, 4881–4897. [CrossRef]
Manczak, M.; Kandimalla, R.; Fry, D.; Sesaki, H.; Reddy, P.H. Protective effects of reduced dynamin-related protein 1 against
amyloid beta-induced mitochondrial dysfunction and synaptic damage in Alzheimer’s disease. Hum. Mol. Genet. 2016,
25, 5148–5166. [CrossRef]
Ye, X.; Sun, X.; Starovoytov, V.; Cai, Q. Parkin-mediated mitophagy in mutant hAPP neurons and Alzheimer’s disease patient
brains. Hum. Mol. Genet. 2015, 24, 2938–2951. [CrossRef] [PubMed]
Martín-Maestro, P.; Gargini, R.; Perry, G.; Avila, J.; García-Escudero, V. PARK2 enhancement is able to compensate mitophagy
alterations found in sporadic Alzheimer’s disease. Hum. Mol. Genet. 2015, 25, 792–806. [CrossRef]
Wang, W.; Yin, J.; Ma, X.; Zhao, F.; Siedlak, S.L.; Wang, Z.; Torres, S.; Fujioka, H.; Xu, Y.; Perry, G.; et al. Inhibition of mitochondrial
fragmentation protects against Alzheimer’s disease in rodent model. Hum. Mol. Genet. 2017, 26, 4118–4131. [CrossRef] [PubMed]

Pharmaceuticals 2021, 14, 1221

22 of 23

100. Fang, E.F.; Hou, Y.; Palikaras, K.; Adriaanse, B.A.; Kerr, J.S.; Yang, B.; Lautrup, S.; Hasan-Olive, M.M.; Caponio, D.; Dan, X.; et al.
Mitophagy inhibits amyloid-β and tau pathology and reverses cognitive deficits in models of Alzheimer’s disease. Nat. Neurosci.
2019, 22, 401–412. [CrossRef] [PubMed]
101. Martín-Maestro, P.; Gargini, R.; García, E.; Simón, D.; Avila, J.; García-Escudero, V. Mitophagy Failure in APP and Tau Overexpression Model of Alzheimer’s Disease. J. Alzheimer’s Dis. 2019, 70, 525–540. [CrossRef]
102. Wilkins, H.; Koppel, S.J.; Weidling, I.W.; Roy, N.; Ryan, L.N.; Stanford, J.A.; Swerdlow, R.H. Extracellular Mitochondria and
Mitochondrial Components Act as Damage-Associated Molecular Pattern Molecules in the Mouse Brain. J. Neuroimmune
Pharmacol. 2016, 11, 622–628. [CrossRef] [PubMed]
103. Little, J.P.; Simtchouk, S.; Schindler, S.M.; Villanueva, E.B.; Gill, N.E.; Walker, D.G.; Wolthers, K.R.; Klegeris, A. Mitochondrial
transcription factor A (Tfam) is a pro-inflammatory extracellular signaling molecule recognized by brain microglia. Mol. Cell.
Neurosci. 2014, 60, 88–96. [CrossRef] [PubMed]
104. Schindler, S.M.; Frank, M.G.; Annis, J.L.; Maier, S.F.; Klegeris, A. Pattern recognition receptors mediate pro-inflammatory effects
of extracellular mitochondrial transcription factor A (TFAM). Mol. Cell. Neurosci. 2018, 89, 71–79. [CrossRef] [PubMed]
105. Liu, X.; Wang, Y.; Yu, X.; Li, D.; Li, G. Mitochondria-mediated damage to dopaminergic neurons in Parkinson’s disease (Review).
Int. J. Mol. Med. 2017, 41, 615–623. [CrossRef] [PubMed]
106. Prasuhn, J.; Davis, R.L.; Kumar, K.R. Targeting Mitochondrial Impairment in Parkinson’s Disease: Challenges and Opportunities.
Front. Cell Dev. Biol. 2021, 8, 1704. [CrossRef] [PubMed]
107. Galkin, A.; Dröse, S.; Brandt, U. The proton pumping stoichiometry of purified mitochondrial complex I reconstituted into
proteoliposomes. Biochim. Biophys. Acta (BBA) Bioenerg. 2006, 1757, 1575–1581. [CrossRef]
108. Jackson-Lewis, V.; Przedborski, S. Protocol for the MPTP mouse model of Parkinson’s disease. Nat. Protoc. 2007, 2, 141–151.
[CrossRef] [PubMed]
109. Cannon, J.R.; Greenamyre, J.T. Neurotoxic in vivo models of Parkinson’s disease. Prog. Brain Res. 2010, 184, 17–33. [CrossRef]
110. Valdez, L.B.; Zaobornyj, T.; Bandez, M.J.; López-Cepero, J.M.; Boveris, A.; Navarro, A. Complex I syndrome in striatum and
frontal cortex in a rat model of Parkinson disease. Free Radic. Biol. Med. 2019, 135, 274–282. [CrossRef]
111. Perier, C.; Vila, M. Mitochondrial Biology and Parkinson’s Disease. Cold Spring Harb. Perspect. Med. 2011, 2, a009332. [CrossRef]
[PubMed]
112. Grünewald, A.; Rygiel, K.A.; Msc, P.D.H.; Morris, C.M.; Picard, M.; Turnbull, D.M. Mitochondrial DNA Depletion in Respiratory
Chain–Deficient P arkinson Disease Neurons. Ann. Neurol. 2015, 79, 366–378. [CrossRef] [PubMed]
113. Barsoum, M.J.; Yuan, H.; Gerencser, A.A.; Liot, G.; Kushnareva, Y.; Gräber, S.; Kovacs, I.; Lee, W.D.; Waggoner, J.; Cui, J.; et al.
Nitric oxide-induced mitochondrial fission is regulated by dynamin-related GTPases in neurons. EMBO J. 2006, 25, 3900–3911.
[CrossRef]
114. Wang, X.; Becker, K.; Levine, N.; Zhang, M.; Lieberman, A.P.; Moore, D.; Ma, J. Pathogenic alpha-synuclein aggregates
preferentially bind to mitochondria and affect cellular respiration. Acta Neuropathol. Commun. 2019, 7, 1–14. [CrossRef] [PubMed]
115. Devoto, V.M.P.; Falzone, T.L. Mitochondrial dynamics in Parkinson’s disease: A role for α-synuclein? Dis. Models Mech. 2017,
10, 1075–1087. [CrossRef]
116. Xie, W.; Chung, K.K.K. Alpha-synuclein impairs normal dynamics of mitochondria in cell and animal models of Parkinson’s
disease. J. Neurochem. 2012, 122, 404–414. [CrossRef]
117. Zilocchi, M.; Finzi, G.; Lualdi, M.; Sessa, F.; Fasano, M.; Alberio, T. Mitochondrial alterations in Parkinson’s disease human
samples and cellular models. Neurochem. Int. 2018, 118, 61–72. [CrossRef]
118. Houlden, H.; Singleton, A.B. The genetics and neuropathology of Parkinson’s disease. Acta Neuropathol. 2012, 124, 325–338.
[CrossRef]
119. Clark, I.E.; Dodson, M.W.; Jiang, C.; Cao, J.H.; Huh, J.R.; Seol, J.H.; Yoo, S.J.; Hay, B.A.; Guo, M. Drosophila pink1 is required for
mitochondrial function and interacts genetically with parkin. Nat. Cell Biol. 2006, 441, 1162–1166. [CrossRef]
120. Sang, T.-K.; Chang, H.-Y.; Lawless, G.M.; Ratnaparkhi, A.; Mee, L.; Ackerson, L.C.; Maidment, N.T.; Krantz, D.E.; Jackson, G.R.
A Drosophila Model of Mutant Human Parkin-Induced Toxicity Demonstrates Selective Loss of Dopaminergic Neurons and
Dependence on Cellular Dopamine. J. Neurosci. 2007, 27, 981–992. [CrossRef]
121. Suzuki, S.; Akamatsu, W.; Kisa, F.; Sone, T.; Ishikawa, K.-I.; Kuzumaki, N.; Katayama, H.; Miyawaki, A.; Hattori, N.; Okano, H.
Efficient induction of dopaminergic neuron differentiation from induced pluripotent stem cells reveals impaired mitophagy in
PARK2 neurons. Biochem. Biophys. Res. Commun. 2017, 483, 88–93. [CrossRef]
122. Lei, Z.; Cao, G.; Wei, G. A30P mutant α-synuclein impairs autophagic flux by inactivating JNK signaling to enhance ZKSCAN3
activity in midbrain dopaminergic neurons. Cell Death Dis. 2019, 10, 1–14. [CrossRef]
123. Mao, Z.; Liu, C.; Ji, S.; Yang, Q.; Ye, H.; Han, H.; Xue, Z. The NLRP3 Inflammasome is Involved in the Pathogenesis of Parkinson’s
Disease in Rats. Neurochem. Res. 2017, 42, 1104–1115. [CrossRef] [PubMed]
124. Martinez, E.M.; Young, A.L.; Patankar, Y.R.; Berwin, B.L.; Wang, L.; Von Herrmann, K.M.; Weier, J.M.; Havrda, M.C. Editor’s
Highlight: Nlrp3 Is Required for Inflammatory Changes and Nigral Cell Loss Resulting From Chronic Intragastric Rotenone
Exposure in Mice. Toxicol. Sci. 2017, 159, 64–75. [CrossRef]
125. Lee, E.; Hwang, I.; Park, S.; Hong, S.; Hwang, B.; Cho, Y.; Son, J.; Yu, J.-W. MPTP-driven NLRP3 inflammasome activation in
microglia plays a central role in dopaminergic neurodegeneration. Cell Death Differ. 2019, 26, 213–228. [CrossRef]

Pharmaceuticals 2021, 14, 1221

23 of 23

126. Von Herrmann, K.M.; Salas, L.A.; Martinez, E.M.; Young, A.L.; Howard, J.M.; Feldman, M.S.; Christensen, B.C.; Wilkins, O.M.;
Lee, S.L.; Hickey, W.F.; et al. NLRP3 expression in mesencephalic neurons and characterization of a rare NLRP3 polymorphism
associated with decreased risk of Parkinson’s disease. NPJ Park. Dis. 2018, 4, 1–9. [CrossRef] [PubMed]
127. Codolo, G.; Plotegher, N.; Pozzobon, T.; Brucale, M.; Tessari, I.; Bubacco, L.; De Bernard, M. Triggering of Inflammasome by
Aggregated α–Synuclein, an Inflammatory Response in Synucleinopathies. PLoS ONE 2013, 8, e55375. [CrossRef]
128. Rakovic, A.; Ziegler, J.; Mårtensson, C.U.; Prasuhn, J.; Shurkewitsch, K.; König, P.; Paulson, H.L.; Klein, C. PINK1-dependent
mitophagy is driven by the UPS and can occur independently of LC3 conversion. Cell Death Differ. 2019, 26, 1428–1441. [CrossRef]
[PubMed]
129. Wang, X.; Chi, J.; Huang, D.; Ding, L.; Zhao, X.; Jiang, L.; Yu, Y.; Gao, F. α-synuclein promotes progression of Parkinson’s disease
by upregulating autophagy signaling pathway to activate NLRP3 inflammasome. Exp. Ther. Med. 2020, 19, 931–938. [CrossRef]
130. Haque, E.; Akther, M.; Jakaria, M.; Kim, I.; Azam, S.; Choi, D. Targeting the Microglial NLRP3 Inflammasome and Its Role in
Parkinson’s Disease. Mov. Disord. 2020, 35, 20–33. [CrossRef] [PubMed]
131. Oyewole, A.O.; Birch-Machin, M.A. Mitochondria-targeted antioxidants. FASEB J. 2015, 29, 4766–4771. [CrossRef]
132. Jeong, J.-H.; Koo, J.-H.; Yook, J.; Cho, J.-Y.; Kang, E.-B. Neuroprotective Benefits of Exercise and MitoQ on Memory Function,
Mitochondrial Dynamics, Oxidative Stress, and Neuroinflammation in D-Galactose-Induced Aging Rats. Brain Sci. 2021, 11, 164.
[CrossRef]
133. Zhang, W.; Gu, G.-J.; Shen, X.; Zhang, Q.; Wang, G.-M.; Wang, P.-J. Neural stem cell transplantation enhances mitochondrial
biogenesis in a transgenic mouse model of Alzheimer’s disease–like pathology. Neurobiol. Aging 2015, 36, 1282–1292. [CrossRef]
134. Lehmann, S.; Loh, S.H.Y.; Martins, L.M. Enhancing NAD+ salvage metabolism is neuroprotective in a PINK1 model of Parkinson’s
disease. Biol. Open 2017, 6, 141–147. [CrossRef]
135. Shin, E.-J.; Nam, Y.; Lee, J.W.; Nguyen, P.-K.T.; Yoo, J.E.; Tran, T.-V.; Jeong, J.H.; Jang, C.-G.; Oh, Y.J.; Youdim, M.B.H.; et al.
N-Methyl, N-propynyl-2-phenylethylamine (MPPE), a Selegiline Analog, Attenuates MPTP-induced Dopaminergic Toxicity
with Guaranteed Behavioral Safety: Involvement of Inhibitions of Mitochondrial Oxidative Burdens and p53 Gene-elicited
Pro-apoptotic Change. Mol. Neurobiol. 2016, 53, 6251–6269. [CrossRef]
136. Wang, R.; Zhang, Y.; Li, J.; Zhang, C. Resveratrol ameliorates spatial learning memory impairment induced by Aβ 1–42 in rats.
Neuroscience 2017, 344, 39–47. [CrossRef]
137. Cosín-Tomàs, M.; Senserrich, J.; Arumí-Planas, M.; Alquezar, C.; Pallàs, M.; Martín-Requero, Á.; Suñol, C.; Kaliman, P.; Sanfeliu,
C. Role of Resveratrol and Selenium on Oxidative Stress and Expression of Antioxidant and Anti-Aging Genes in Immortalized
Lymphocytes from Alzheimer’s Disease Patients. Nutrients 2019, 11, 1764. [CrossRef]
138. Zeng, W.; Zhang, W.; Lu, F.; Gao, L.; Gao, G. Resveratrol attenuates MPP+-induced mitochondrial dysfunction and cell apoptosis
via AKT/GSK-3β pathway in SN4741 cells. Neurosci. Lett. 2017, 637, 50–56. [CrossRef] [PubMed]
139. Lin, K.-L.; Wang, P.-W.; Chuang, J.-H.; Lin, H.-Y.; Chen, S.-D.; Chuang, Y.-C.; Huang, S.-T.; Tiao, M.-M.; Chen, J.-B.;
Huang, P.-H.; et al. Resveratrol provides neuroprotective effects through modulation of mitochondrial dynamics and ERK1/2
regulated autophagy. Free Radic. Res. 2018, 52, 1371–1386. [CrossRef] [PubMed]
140. Wang, H.; Dong, X.; Liu, Z.; Zhu, S.; Liu, H.; Fan, W.; Hu, Y.; Hu, T.; Yu, Y.; Li, Y.; et al. Resveratrol Suppresses Rotenone-induced
Neurotoxicity Through Activation of SIRT1/Akt1 Signaling Pathway. Anat. Rec. Adv. Integr. Anat. Evol. Biol. 2018, 301, 1115–1125.
[CrossRef] [PubMed]
141. Huang, N.; Zhang, Y.; Chen, M.; Jin, H.; Nie, J.; Luo, Y.; Zhou, S.; Shi, J.; Jin, F. Resveratrol delays 6-hydroxydopamine-induced
apoptosis by activating the PI3K/Akt signaling pathway. Exp. Gerontol. 2019, 124, 110653. [CrossRef]
142. Guo, Y.-J.; Dong, S.-Y.; Cui, X.-X.; Feng, Y.; Liu, T.; Yin, M.; Kuo, S.-H.; Tan, E.-K.; Zhao, W.-J.; Wu, Y.-C. Resveratrol alleviates
MPTP-induced motor impairments and pathological changes by autophagic degradation of α-synuclein via SIRT1-deacetylated
LC3. Mol. Nutr. Food Res. 2016, 60, 2161–2175. [CrossRef] [PubMed]
143. Palle, S.; Neerati, P. Improved neuroprotective effect of resveratrol nanoparticles as evinced by abrogation of rotenone-induced
behavioral deficits and oxidative and mitochondrial dysfunctions in rat model of Parkinson’s disease. Naunyn-Schmiedeberg’s
Arch. Pharmacol. 2018, 391, 445–453. [CrossRef] [PubMed]
144. Spilman, P.; Podlutskaya, N.; Hart, M.J.; Debnath, J.; Gorostiza, O.; Bredesen, D.; Richardson, A.; Strong, R.; Galvan, V. Inhibition
of mTOR by Rapamycin Abolishes Cognitive Deficits and Reduces Amyloid-β Levels in a Mouse Model of Alzheimer’s Disease.
PLoS ONE 2010, 5, e9979. [CrossRef]
145. Di Domenico, F.; Tramutola, A.; Barone, E.; Lanzillotta, C.; Defever, O.; Arena, A.; Zuliani, I.; Foppoli, C.; Iavarone, F.;
Vincenzoni, F.; et al. Restoration of aberrant mTOR signaling by intranasal rapamycin reduces oxidative damage: Focus on
HNE-modified proteins in a mouse model of down syndrome. Redox Biol. 2019, 23, 101162. [CrossRef]
146. Vingtdeux, V.; Chandakkar, P.; Zhao, H.; D’Abramo, C.; Davies, P.; Marambsud, P. Novel synthetic small-molecule activators of
AMPK as enhancers of autophagy and amyloid-β peptide degradation. FASEB J. 2010, 25, 219–231. [CrossRef]
147. Su, S.-H.; Wu, Y.-F.; Lin, Q.; Wang, D.-P.; Hai, J. URB597 protects against NLRP3 inflammasome activation by inhibiting autophagy
dysfunction in a rat model of chronic cerebral hypoperfusion. J. Neuroinflamm. 2019, 16, 1–15. [CrossRef]
148. Lonnemann, N.; Hosseini, S.; Marchetti, C.; Skouras, D.B.; Stefanoni, D.; D’Alessandro, A.; Dinarello, C.A.; Korte, M. The NLRP3
inflammasome inhibitor OLT1177 rescues cognitive impairment in a mouse model of Alzheimer’s disease. Proc. Natl. Acad. Sci.
USA 2020, 117, 32145–32154. [CrossRef] [PubMed]

