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Abstract: Alzheimer’s disease (AD) is a major cause of dementia in older adults and is fast becoming
a major societal and economic burden due to an increase in life expectancy. Age seems to be the major
factor driving AD, and currently, only symptomatic treatments are available. AD has a complex
etiology, although mitochondrial dysfunction, oxidative stress, inflammation, and metabolic abnor-
malities have been widely and deeply investigated as plausible mechanisms for its neuropathology.
Aβ plaques and hyperphosphorylated tau aggregates, along with cognitive deficits and behavioral
problems, are the hallmarks of the disease. Restoration of mitochondrial bioenergetics, prevention
of oxidative stress, and diet and exercise seem to be effective in reducing Aβ and in ameliorating
learning and memory problems. Many mitochondria-targeted antioxidants have been tested in AD
and are currently in development. However, larger streamlined clinical studies are needed to provide
hard evidence of benefits in AD. This review discusses the causative factors, as well as potential
therapeutics employed in the treatment of AD.
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1. Introduction

Alzheimer’s disease (AD) is an age-related progressive neurodegenerative disorder
characterized by impairment of cognitive function, decline of memory, and behavioral
and personality changes [1]. Studies have shown that the neuropathology of AD in-
volves two neurodegenerative processes: the deposition of extracellular amyloid β-peptide
(Aβ), i.e., amyloidogenesis, and the formation of intracellular tangles composed of hyper-
phosphorylated tau protein, causing neurofibrillary degeneration [2]. Yet, the etiology of
sporadic AD remains unclear. Treatments currently approved by the U.S. Food and Drug
Administration (USFDA) include the cholinesterase inhibitors donepezil, galantamine,
and rivastigmine, which have shown low central nervous system selectivity, and an N-
methyl-D-aspartate (NMDA) receptor antagonist, memantine, which has shown limited
beneficial effects in clinical trials [3,4]. The latest drug to be approved for the treatment of
AD is Biogen’s (originally Neurimmune’s) aducanumab (Aduhelm), which is a monoclonal
antibody that reduces amyloid plaques in the brain. All of these drugs have gastrointestinal
side effects, and aducanumab is also known to cause bleeding in the brain. Other anti-Aβ
immunotherapies are in development as well, but so far, none of the therapies tested has
shown disease-modifying potential.

2. Mitochondrial Impairment in AD

AD has recently been described as a multifactorial disease for which mitochondrial
dysfunction lies at the forefront [5,6]. Along with mitochondrial dysfunction, several patho-
physiological events, such as apoptosis, disruption of Ca2+ homeostasis, inflammation,
oxidative stress, and deficient glucose metabolism, occur in the AD brain [7–12]. Mitochon-
drial dysfunction in AD is characterized by decreased activities of mitochondrial complex I
(NADH:ubiquinone oxidoreductase), complex IV (cytochrome oxidase (COX)), complex V
(ATPase), pyruvate dehydrogenase complex and α-ketoglutarate dehydrogenase complex,
and increased reactive oxygen species (ROS) generation (Figure 1A,B) [13–22]. Activities of
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phosphofructokinase (PFK), phosphoglycerate mutase, aldolase, glucose-6-phosphate iso-
merase, and lactate dehydrogenase are also reduced in brain tissue samples of AD patients
compared to age-matched controls [23]. Both mitochondrial numbers and morphology are
affected in AD, the latter of which includes an increased amount of small and fragmented
mitochondria [24–28]. A widely studied mouse model of AD, overexpressing mutant
amyloid precursor protein (APP) in the brain, showed decreased mitochondrial membrane
potential and respiration, increased mitochondrial ROS production and altered mitochon-
drial morphology, which preceded disease phenotypes [29–34]. Aβ impairs mitochondrial
trafficking in neurons [35–38]. Expression and function of mitochondrial fission/fusion
machinery is impaired in postmortem brains of AD patients, AD mouse models, and
APP cell lines [39–41]. Proteomic and functional alterations in brain mitochondria from a
transgenic mouse model of AD were shown to occur before overt plaque deposition [42].
Abnormal expression of mitochondrial-encoded genes was reported using quantitative
real-time RT-PCR in different grades of AD postmortem brains compared to the brains
of non-demented, healthy subjects, as well as in the blood of patients with early AD or
mild cognitive impairment (MCI) [43,44]. These events may, in part, be caused by a direct
effect of Aβ on mitochondria, since Aβ causes mitochondrial dysfunction when added
to isolated mitochondria and in the primary cortical neurons of mice [30,45]. Rat brain
mitochondria incubated with Aβ or isolated from Aβ-injected rat brains show decreased
state 3 and 4 mitochondrial respiration, decreased activities of COX, α-ketoglutarate de-
hydrogenase and pyruvate dehydrogenase, ROS formation, mitochondrial membrane
depolarization, mitochondrial swelling, cytochrome c release, and a significant decrease
in the ATP/ADP ratio [30,46,47]. Deletion of mitochondrial ubiquitin ligase, which is
involved in mitochondrial dynamics and functions and is dysregulated in AD, initiates mi-
tochondrial impairments and worsens cognitive decline in a mouse model with AD-related
Aβ pathology [48]. Other studies have examined the triggering of apoptotic cascades and
organelle swelling following exposure of mitochondria to Aβ [49–57].

Increased intracellular Aβ levels may also facilitate mitochondrial permeability tran-
sition pore opening, a key event in cell death [58,59]. Intracellular Aβ progressively
accumulates in mitochondria, aided by the translocase of the outer mitochondrial mem-
brane, in the brains of transgenic mice with targeted neuronal overexpression of mutant
human APP and is associated with diminished enzymatic activity of ETC complexes III and
IV and a reduction in the rate of oxygen consumption. Moreover, mitochondria-associated
Aβ42 was detected as early as 4 months of age, before extensive extracellular Aβ deposits.
Interestingly, Aβmonomers and oligomers were shown to be associated with mitochon-
drial membranes in neurons from postmortem brain specimens of AD patients and mouse
models of AD [60–65]. It is possible that Aβ directly interferes with the mitochondrial
function and causes the metabolic deficiencies and neurological dysfunction observed in
the brains of patients with AD [66]. For example, Aβ alters the physical and biochemi-
cal connections between the endoplasmic reticulum and mitochondria, as evidenced in
AD brain and neuronal cultures, making the connections abnormally tight and interfer-
ing with mitochondrial morphology, motility, bioenergetics, autophagy, Ca2+ signaling,
and apoptosis [67–70]. A direct membrane-binding of Aβ peptides was recently shown
to block the mitochondrial large-conductance, Ca2+-activated potassium channels [71].
Further, C-terminal fragments of APP were shown to initiate mitochondrial structure,
function, and mitophagy defects in various models of AD and postmortem sporadic AD
brains [72]. Partial localization of tau and apolipoprotein E4 (apoE4) to mitochondria
has also been noted [73,74]. C-terminal-truncated apoE4 has neurotoxic effects, and it
alters mitochondrial respiratory function and causes mitochondrial Ca2+ overload by in-
terfering with endoplasmic reticulum-mitochondrial-associated membrane function [75].
Overexpression of mutant tau decreases the activities of complexes I and V of the mitochon-
drial ETC [21,74]. Moreover, tau inhibits mitochondrial Ca2+ efflux via the mitochondrial
Na+/Ca2+ exchanger and leads to mitochondrial depolarization in response to stimuli that
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induce Ca2+ signaling, thus making the cells more susceptible to Ca2+-induced caspase 3
activation and cell death [76].
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Figure 1. (A) Mitochondria are compartmentalized cellular organelles that contain an outer mitochondrial membrane
(OMM), which is permeable to small molecules and proteins < 10 kD and contains porins (voltage-dependent anion
channels (VDACs)), an inner mitochondrial membrane (IMM) that lacks nonspecific permeability, and an area between the
OMM and IMM known as the intermembrane space (IMS). The inner membrane is highly folded into structures known as
cristae, the site of ATP production. The space inside the IMM is filled with a gel-like mitochondrial matrix, which contains
mitochondrial DNA (mtDNA), and enzymes of the tricarboxylic acid (TCA, also known as the citric acid or Krebs) cycle and
fatty acid beta-oxidation, among others. (B) Glycolysis metabolizes glucose to pyruvate, which, after a series of reactions in
the mitochondrial matrix, produces reducing equivalents nicotinamide adenine dinucleotide (NADH) and flavin adenine
dinucleotide (FADH2) in the TCA cycle. The NADH and FADH2 are then re-oxidized in the electron transport chain
(ETC). Mitochondrial cristae are the seat of mitochondrial oxidative phosphorylation (OXPHOS) machinery, namely ETC
complexes I-IV, two electron carriers, and a specialized ATP-synthesizing enzyme called ATP synthase or complex V. The
energy released by the transfer of electrons through ETC complexes is utilized to transport protons across the IMM into
the IMS. The flux of protons back into the mitochondrial matrix is mostly mediated by ATP synthase, which harnesses the
energy to generate ATP from ADP. Reactive oxygen/nitrogen species (RO/NS) are produced during this process, which
are detoxified/countered (Detox) by antioxidant enzymes such as superoxide dismutase (S), catalase (C), and glutathione
peroxidase (G), etc. Processes/molecules affected in AD are shown in bright blue color.

Alterations in genes related to mitochondrial energy metabolism and apoptosis were
reported in young transgenic AD mice, which persisted throughout adulthood [77]. Levels
of proteins regulating mitochondrial biogenesis, such as peroxisome proliferator-activated
receptor (PPAR)-γ coactivator-1α (PGC-1α), nuclear respiratory factors 1 (NRF1) and 2
(NRF2), and mitochondrial transcription factor A (Tfam), were significantly reduced in hu-
man AD hippocampus and cellular models overexpressing APP Swedish mutation [78,79].
Pedros et al. [80] demonstrated early impairment in genes involved in glucose metabolism
and mitochondrial function, including AMP-activated protein kinase (AMPK), PGC-1α,
NRF1, and NRF2, as well as alterations in oxidative phosphorylation (OXPHOS) complexes
in the pre-plaque APP/PS1 mice. Thus, mitochondrial function and activity are reduced,
and Aβ further entangles mitochondria in various ways in AD. On the other hand, in-
creasing PGC-1α via PPARs or sirtuins reduces Aβ plaques and is neuroprotective in AD,
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further indicating the importance of maintaining mitochondrial bioenergetics for a healthy
neuronal function [81–84].

3. Glucose Metabolism in AD

Previous studies have shown a link between brain glucose metabolism impairments
and AD pathogenesis [85–88]. Arterio-venous difference studies have provided the first
quantitative evaluation of reduced glucose metabolism in the AD brain [89–91]. However,
direct evidence has come from PET imaging studies with [18F]-fluoro-deoxyglucose (FDG)
demonstrating that AD is associated with global reductions in brain glucose metabolism,
relative to normal, healthy control brains [86,92]. These observations have been reinforced
by multiple other studies over time [93–96]. The reduction in glucose utilization in AD
brains could be a consequence of reduced glycolysis, neuronal loss, as well as a reduced
glucose uptake [6,97]. Concentrations of GLUT1 and GLUT3 are reduced in the brains of
AD patients and correlate with diminished brain glucose uptake and subsequent cognitive
decline [98–104]. Aβ interferes with GLUT3 expression and membrane translocation and
impairs glucose uptake [105,106]. GLUT3 membrane translocation is regulated by AMPK,
which is inhibited by Aβ [107–109]. Higher brain glucose concentration, reduced glycolytic
flux, and lower GLUT3 levels are related to the severity of AD pathology and the degree
of AD symptoms [95]. In mouse models of AD, a reduction of GLUT1 levels worsens
amyloid pathology, neurodegeneration, and cognitive function [110]. The insulin-regulated
GLUT4 plays a key role in memory acquisition in the hippocampus and in brain insulin
resistance, indicating a possibility that impairments in GLUT4 trafficking between the
cytosol and plasma membrane in the brain could lead to cognitive impairment [111,112].
Stimulating glucose metabolism in specific brain regions results in cognitive improvements
in spatial-reference learning and memory, memory flexibility, and novel object-recognition
tests in AD mice [113].

Furthermore, in early or intermediate stages of AD, brain and CSF levels of insulin
are also decreased [114–116]. Thus, in the early stages, AD is marked by deficits in cere-
bral glucose utilization and energy metabolism, and as AD progresses, impairments in
insulin signaling, insulin-responsive gene expression, glucose utilization, and metabolism
worsen [85,117–124]. Mitochondrial Aβ is metabolized by the long isoform of the insulin-
degrading enzyme (IDE), called IDE-Met(1) [125,126]. IDE-Met(1) is present in the brain,
and its expression is regulated by the PGC-1α-NRF1 pathway (Figure 2). Studies of post-
mortem brains showed a strong positive correlation between PGC-1α-NRF1 and long IDE
isoform transcripts in non-demented brains and a weaker correlation in AD, suggesting
an impairment of this route [87]. In vitro inhibition of IDE increased mitochondrial Aβ
and impaired mitochondrial respiration, alterations that were restored by blocking mi-
tochondrial Aβ production or inducing mitochondrial biogenesis. These results showed
that mitochondrial biogenesis regulates mitochondrial Aβ production [87]. Investiga-
tions of human postmortem brains revealed significant AD stage-dependent declines in
insulin and insulin-like growth factors, type 1 (IGF-1) polypeptides (growth factors) and
receptors [119,127–130]. As human AD-associated abnormalities in insulin and IGF-1 sig-
naling are highly reminiscent of type 1 and type 2 diabetes mellitus, though they selectively
involve the brain, de la Monte and colleagues have called AD ‘type 3 diabetes’ [85,131–133].
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dative stress. Oxidative stress further results in inhibition of glycolysis and produces mi-
tochondrial dysfunction. On the other hand, mitochondrial biogenesis regulates mito-
chondrial Aβ production, suggesting mitochondrial dysfunction to be an upstream event 
in inducing AD pathology [151,152]. In either scenario, supplementing and supporting 
mitochondrial function, boosting mitochondrial bioenergetics, and suppression of oxida-
tive stress promise to be attractive therapeutic avenues, which are discussed further be-

Figure 2. Schematic representation of various factors and processes involved in the mechanism of neuroprotection in AD.
Various therapeutic approaches and physiologic and extracellular signals are shown in boxes 1 and 2 that induce the activity
of AMPK and Sirt1, respectively. Downstream changes are reflected in expression of PGC-1α, NRF1, NRF2, Tfam, Sirt3, etc.
IDE-Met(1) metabolizes mitochondrial Aβ and is regulated by the PGC-1α-NRF1 pathway. As a result of the activation of
the AMPK-PGC-1α-NRF1-Sirtuins cascade, mitochondrial biogenesis, autophagy, Aβ degradation, and metabolic regulation
are induced, and oxidative stress is reduced. A direct delivery of therapeutic molecules is now achievable, owing to the
nano-carriers and mitochondria-targeted antioxidants. All of these approaches have shown success in various clinical and
preclinical studies and hold promise for the future.

4. Oxidative Damage in AD

Another cardinal feature of AD pathogenesis is the extent and accumulation of oxida-
tive damage that takes place alongside alterations in glucose metabolism and mitochondrial
dysfunction in the brains of transgenic animal models and patients with AD [134–141].
Increased free radicals and carbonylated proteins were observed in concert with increased
mitochondrial dysfunction in young transgenic AD mice [38]. Oxidative stress is consis-
tently observed in AD [141–145]. Increased lipid peroxidation precedes amyloid plaque
formation in an animal model of AD and is a recurrent feature of preclinical AD [146–149].
In rat cultured neurons, Aβ induced conjugation of 4-hydroxynonenal (HNE, an aldehyde
product of lipid peroxidation) to GLUT3, thereby inhibiting its function and leading to
ATP depletion [150]. Thus, defective glucose metabolism, mitochondrial dysfunction, and
oxidative stress are upstream alterations that occur prior to the onset of any discernible
neuropathology in AD. It is entirely possible that chronic reductions in glucose uptake and
metabolism trigger mitochondrial dysfunction, which, in turn, results in oxidative stress.
Oxidative stress further results in inhibition of glycolysis and produces mitochondrial
dysfunction. On the other hand, mitochondrial biogenesis regulates mitochondrial Aβ
production, suggesting mitochondrial dysfunction to be an upstream event in inducing AD
pathology [151,152]. In either scenario, supplementing and supporting mitochondrial func-
tion, boosting mitochondrial bioenergetics, and suppression of oxidative stress promise
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to be attractive therapeutic avenues, which are discussed further below. Later on, we
discuss lifestyle and diet changes that help in re-energizing and rejuvenating mitochondrial
functions, maintaining overall health and well-being, and thus helping to combat AD.

5. Mitochondria-Targeted Therapies in AD

Mitochondria are the source, as well as the sink, for ROS. Any disruption in the
finely tuned balance between ROS production and scavenging results in damage to macro-
molecules and disrupts signaling within the cell [153]. Thus, a logical line of therapy has
been the use of antioxidants in prevention or therapy for AD [154–158]. However, the use
of antioxidants has given conflicting results, which has been ascribed to the inability of
these compounds to cross the blood-brain barrier (BBB) and a failure to reach the desired
therapeutic concentrations at the site of ROS production, i.e., mitochondria [159–167]. An
obvious answer to this problem has been to use compounds/molecules that readily tra-
verse the BBB and selectively target mitochondria to reduce ROS production and thereby
reduce oxidative damage (Figure 2) [168]. Recently, Perez Ortiz and Swerdlow presented
a very informative summary of data on AD clinical trials with therapeutic interventions
targeting mitochondria [11]. Mitochondria-targeted antioxidants have been developed
and used in AD—for example, the triphenylphosphonium-based antioxidants (MitoQ,
MitoVitE and MitoPBN), the cell-permeable, small peptide-based antioxidant SS-31 and
other SS-tetra peptides, MitoPeroxidase (MitoEbselen), and choline esters of glutathione
and N-acetyl-L-cysteine [169–175]. A few of these have shown beneficial antioxidant, as
well as neuroprotective effects, summarized below.

5.1. MitoQ

MitoQ [mitoquinone mesylate: (10-(4,5-dimethoxy-2-methyl-3,6-dioxo-1,4-cyclohexadienlyl)
decyl triphenylphosphonium methanesulfonate)] is a ubiquinone derivative targeted to
mitochondria by covalent attachment to a lipophilic triphenylphosphonium cation through
an aliphatic carbon chain. MitoQ concentrates several hundredfold in the mitochon-
drial matrix due to the large mitochondrial membrane potential where the ubiquinone
moiety gets inserted into the lipid bilayer and is reduced by the respiratory chain to
ubiquinol [173,176–178]. After detoxifying a ROS, the ubiquinol moiety is regenerated by
the respiratory chain, enabling its antioxidant activity to be recycled. MitoQ improved cog-
nition, reduced oxidative stress, increased synaptic markers, reduced gliosis, and reduced
levels of amyloid and early neuropathology in a transgenic mouse model of AD [179]. In
older AD mice, mitoQ treatment improved memory retention, prevented synaptic loss,
reduced oxidative stress, reduced astro- and micro-gliosis, and reduced tau and Aβ accu-
mulation, caspase activation, and tau hyperphosphorylation [180]. MitoQ also increased
the lifespan of AD mice to a similar extent as control mice [180]. In primary neurons
of APP transgenic mice and in neuronal cell lines treated with MitoQ and then exposed
to Aβ, abnormal expression of peroxiredoxins and mitochondrial structural genes was
prevented, and mitochondrial function and neurite outgrowth were normal. These find-
ings suggest that MitoQ protected neurons from Aβ toxicity [181]. MitoQ also extends
lifespan, delays Aβ-induced paralysis, ameliorates depletion of the mitochondrial lipid
cardiolipin, protects complexes I and IV of the ETC, and has protective effects on life-
and healthspan of a transgenic Caenorhabditis elegans model of AD [182]. MitoQ has been
assessed in clinical trials, including a trial of 128 Parkinson’s disease (PD) patients over
a 12-month period, as well as in a few other disease modalities, and does appear to be
tolerable [183]. One pilot study of MitoQ in Alzheimer’s patients is underway and cur-
rently recruiting (https://clinicaltrials.gov/ct2/show/study/NCT03514875?term=mitoq
(accessed on 24 October 2021)).

5.2. SS-31

SS-31 (also known as Elamipretide®, Bendavia® and MTP-131) is one of the cell-
permeable tetra-peptides out of a series of SS (named after the inventors Szeto-Schiller)]

https://clinicaltrials.gov/ct2/show/study/NCT03514875?term=mitoq
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peptides—SS-02, SS-19, SS-20, SS-31 [184,185]. SS-31 inhibited lipid peroxidation, scav-
enged H2O2 in vitro, protected neurons from Ca2+-induced mitochondrial depolarization
and swelling, decreased the release of cytochrome c in isolated organelles, and protected
against ischemia reperfusion injury in the guinea pig heart [185]. Pretreatment of neuronal
cell lines and primary neurons from AD-transgenic mice exposed to Aβwith SS-31 resulted
in the partial rescue of various mitochondrial dysfunction and oxidative stress parame-
ters [181]. SS-31 reversed the defects in anterograde trafficking of mitochondria and the
excess mitochondrial fission that occurred in Aβ-exposed neurons [181]. Reddy et al. [186]
further showed that SS-31 administered to APP mice via intraperitoneal injections crossed
the BBB and reached mitochondrial sites of free radical production. SS-31 reduced Aβ pro-
duction and mitochondrial dysfunction, restored mitochondrial dynamics, and enhanced
mitochondrial biogenesis and synaptic activity in AD mice [186,187]. SS-31 was recently
shown to ameliorate mitochondrial dysfunction and synaptic and memory impairment
induced by neuroinflammation [188,189]. Despite its success in preclinical trials in aging
and related health conditions, clinical trials of SS-31 have not been successful so far (tested
in heart failure and primary mitochondrial myopathy).

5.3. SkQ

SkQ is a lipophilic cation, linked via saturated hydrocarbon chain to an antioxidant,
i.e., a mitochondrially targeted antioxidant. Similar to SS-31, it is named after its inventor,
Vladimir Skulachev. SkQ has a plastoquinone moiety that is a stronger antioxidant than
ubiquinone. Due to its lipophilic properties, SkQ can effectively penetrate through various
cell membranes and accumulate into the negatively charged mitochondrial matrix. SkQ
is able to protect cells from death due to oxidative stress and is effective as a treatment
of age-related diseases in animals [190,191]. SkQ1 improved healthspan and lifespan
in mitochondrial DNA (mtDNA) mutator mice [192]. Neuroprotective effects of SkQ1
were demonstrated in the senescence-accelerated OXYS rat, a model of aging featuring
an overproduction of free radicals, lipid peroxidation, protein oxidation, DNA damage,
and a variety of neurodegenerative features [193–196]. SkQ1 treatment in OXYS rats
preserved hippocampal neuronal integrity, improved mitochondrial parameters, including
increased enzymatic activity of ETC complexes I and IV, and reduced mitochondrial
swelling and lipofuscin accumulation in the hippocampal CA1 neurons [197]. Interestingly,
SkQ1 reduced Aβ levels and tau hyperphosphorylation, promoted neurogenesis and cell
survival, prevented synaptic pathology, and improved cognitive function in vivo [197–201].
Other derivatives and mixtures of SkQ also show neuroprotective effects in Aβ-induced
decay of long-term potentiation in rat hippocampal slices and in an open focal trauma-
induced neurological deficit in rats [202,203]. SkQ1 is currently being tested in a phase II
trial by Mitotech S.A. for dry eye disease and is under study for multiple sclerosis.

5.4. MitoVitE

MitoVitE (also called TPPB) consists of alpha-tocopherol linked to the triphenylphos-
phonium (TPP) cation by a hydrocarbon chain, enabling its rapid uptake through the
plasma and mitochondrial membranes and accumulation within mitochondria, as a result
of the large membrane potential (negative inside) across the IMM. MitoVitE accumulates
in all major organs of mice and rats after oral, intraperitoneal, or intravenous adminis-
tration [204,205]. MitoVitE is effective in reducing mitochondrial damage when induced
by conditions involving oxidative stress, such as rat models of sepsis, and in neuropa-
thy or pain [201,206–211]. Specifically, MitoVitE protected against loss of mitochondrial
membrane potential, reduced metabolic activity, and loss of glutathione in rat dorsal root
ganglion cells in vitro [208].

5.5. MitoTEMPO

MitoTEMPO is composed of the antioxidant piperidine nitroxide TEMPO, linked to
the lipophilic cation triphenylphosphonium (TPP), giving MitoTEMPO the ability to pass
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through lipid bilayers with ease and accumulate several hundredfold in mitochondria [212].
TEMPO is a superoxide dismutase (SOD) mimetic, while TPP is a membrane-permeant
cation. The mitochondria-targeted antioxidant was tested against the toxicity of Aβ in
primary cultured neurons. MitoTEMPO resolved the Aβ-induced mitochondrial oxidative
stress and ameliorated mitochondrial dysfunction [213]. In another study, MitoTEMPO
relieved neuropathic pain by protecting mitochondria against oxidative stress, significantly
increased expression of mitochondrial fusion proteins (mitofusin 1 (Mfn1) and optic atro-
phy 1 (OPA1)), and significantly decreased expression of fission markers (dynamin related
protein 1 (Drp1) and fission 1 (Fis1)) [214]. MitoTEMPO prevented oxalate-induced injury
by inhibiting mitochondrial dysfunction and decreasing oxidative stress in NRK-52E cells.
Additionally, the inhibition of mitochondrial ROS with MitoTEMPO reduced diabetic
cardiomyopathy [215,216]. Aβ and oxidative stress both induce activation of the p38
MAP kinase, and its phosphorylation links neuronal and synaptic perturbation [217–220].
MitoTEMPO inhibited phosphorylation of the p38 MAP kinase, suppressed ROS pro-
duction, and increased COX activity and ATP levels in Aβ-treated hippocampal slices
from mice transgenic for Endophilin A1 (a protein enriched in synaptic terminals that
increases Aβ) [221]. MitoTEMPO has neuroprotective effects against glutamate cytotoxicity
through its direct free radical-scavenging activity and suppresses autophagic flux via the
phosphatidylinositol-3-kinase (PI3K)/protein kinase B (Akt) and the mammalian target
of rapamycin (mTOR) (PI3K/Akt/mTOR) signaling pathway in neuroblastoma SH-SY5Y
cells [222].

5.6. MitoApocynin (MitoApo)

A novel mitochondrially targeted antioxidant and NADPH oxidase (NOX) inhibitor,
MitoApo, is neuroprotective in a selective knockout of Tfam in dopaminergic neurons,
the MitoPark mice, and cell culture models of neuroinflammation and mitochondrial dys-
function [223]. Oral administration of MitoApo showed excellent central nervous system
bioavailability and significantly improved locomotor activity and coordination in MitoPark
mice. Importantly, MitoApo partially attenuated severe nigrostriatal degeneration, im-
proved mitochondrial function, and inhibited NOX2 activation, oxidative damage, and
neuroinflammation in MitoPark mice [223]. MitoApo was effective in this and other models
of PD, as well as in a kainic acid-induced model of excitotoxicity [224–226]. Biodegradable
polyanhydride-based nano-carriers can provide sustained delivery of diverse payloads
to organelles with reduced toxicity and increased bioavailability [227]. Biodegradable
nanomaterials have been extensively evaluated for drug delivery across the BBB [228,229].
Taking advantage of the ability of nano-carriers to cross highly selective biological barriers
with intracellular targeting, Brenza et al. [230] demonstrated that polyanhydride nanoparti-
cles can efficiently deliver MitoApo to a mesencephalic neuronal cell line and to primary
cortical neurons, where it effectively protects against oxidative stress-induced neuronal
damage. A recent study, however, showed potential toxic effects of MitoApo, which could
be a dealbreaker [231].

5.7. Mdivi-1 (Mitochondrial Division Inhibitor-1)

Mitochondrial fission and fusion balance are tipped in favor of fission in AD, lead-
ing to excessive mitochondrial fragmentation and dysfunctional mitochondria [27,39,232].
Drp1 colocalizes with Aβ and interacts with Aβmonomers and oligomers in AD patients,
and these abnormal interactions increase with disease progression [233,234]. Levels of
mitochondrial fission proteins Drp1 and Fis1 are increased in the hippocampi of APP mice,
while mitochondrial fusion proteins Mfn1, Mfn2, and Opa1 are significantly decreased
and Aβ directly interferes with the transcription and expression of these genes [57,235].
Mdivi-1 is a derivative of quinazolinone, namely 3-(2,4-dichloro-5-methoxyphenyl)-2-
thioxoquinazoline-4-one, and a cell-permeable selective inhibitor of Drp1 GTPase activity
that blocks the self-assembly and polymerization of Drp1, resulting in a reversible forma-
tion of elongated and tubular mitochondria [236,237]. The inhibition of Drp1 by mdivi-1
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prevented Aβ-mediated mitochondrial dysfunction and synaptic depression in neurons
and significantly reduced Aβ deposition, lipid peroxidation, and BACE1 (β-secretase en-
zyme crucial for Aβ production) expression in the brain of AD mice [238]. Furthermore,
mdivi-1 alleviates mitochondrial fragmentation, loss of mitochondrial membrane potential,
ROS production, and ATP reduction in Aβ-treated neurons and prevents neuropathology
and cognitive decline in APP/PS1 mice [238]. In another parallel study of AD-transgenic
mice, mdivi-1 treatment was shown to rescue both mitochondrial fragmentation and distri-
bution deficits and improve mitochondrial function in CRND8 neurons both in vitro and
in vivo [239]. The amelioration of mitochondrial dynamics deficits by mdivi-1 treatment
markedly decreased extracellular amyloid deposition, prevented the development of cogni-
tive deficits in the Y-maze test, and improved synaptic parameters [239]. Reddy et al. [240]
showed that pretreatment of N2a cells with mdivi-1 had a more protective effect than the
post-Aβ-challenged mdivi-1 treatment with respect to reduced mitochondrial dysfunc-
tion, maintenance of cell viability, mitochondrial dynamics, mitochondrial biogenesis, and
synaptic activity. Moreover, a combined treatment of mitochondria-targeted antioxidant
SS-31 and mdivi-1 was more effective than either treatment alone in AD neurons [241].
Neuroprotective effects of mdivi-1 were also shown in a rat model of PD [242]. The obser-
vations of inhibition of Drp1 by mdivi-1 were, however, challenged by a study showing
that mdivi-1 reversibly inhibits mitochondrial complex I-dependent oxygen consumption
instead of acting as a specific Drp1 GTPase inhibitor. Mdivi-1 additionally decreases
ETC complex-I-dependent ROS production, which is presumed to have resulted in the
neuroprotective effects observed following mdivi-1 treatment in various models [243].

5.8. Ceramide and Mitochondrial Fission

Ceramides are lipids composed of sphingosine and a fatty acid, varying in length from
C14 to C26, that act as second messengers in regulating several biochemical events, includ-
ing terminal differentiation, proliferation of neurons, and cellular aging and death [244,245].
Ceramide is elevated in the brains of patients with AD [246–249]. A cell-permeable
analog of ceramide, C6-ceramide, was shown to increase the generation of Aβ by post-
translationally stabilizing BACE1 [250]. Ceramide transfer proteins bind to APP and
reduce Aβ aggregation and neurotoxicity in vitro and in vivo [251]. Astrocyte-derived
extracellular vesicles in AD mice and AD patients were shown to be enriched in ceramide
and associated with Aβ [252]. These vesicles were further shown to be transported to
mitochondria, where they induced Drp1, mediated binding of Aβ to VDAC, and activated
caspases. Thus, ceramide enrichment enhanced Aβ interaction with the astrocyte-derived
extracellular vesicles in AD, which, in turn, resulted in neurite fragmentation and neu-
ronal cell death [252]. These studies indicate an important role for ceramide in inducing
Aβ-mediated toxicity across various AD models and in patients with AD. Recently, the
synthetic sphingolipid SH-BC-893 was shown to be a rapid and effective inhibitor of
ceramide-induced mitochondrial fission, which works by potentially influencing the re-
cruitment of Drp1 to the OMM ([253], commentary in: [254]). Treatment with SH-BC-893
preserved mitochondrial function in ceramide-treated cells and protected against ER stress
induced by ceramide-mediated mitochondrial fission. Additionally, SH-BC-893 mimics
the effects of caloric restriction by reducing food intake and thereby producing weight
loss [253]. Although the above-mentioned beneficial effects were seen in diet-induced
obesity, SH-BC-893 seems to be of great potential and needs to be tested urgently for the
treatment of AD.

5.9. Other Inhibitors of Mitochondrial Fission

Other small-molecule inhibitors with more potent Drp1-inhibitory effects were iden-
tified by chemical library screening and structural optimization [255,256]. Numadate
et al. [257] reported 3-[2,6-diethylphenyl]quinazoline-2,4-dione (PAQ-22). Mallat et al. [258]
identified a novel class of 1H-pyrrole-2-carboxamide compounds that directly inhibit
assembly-stimulated Drp1 GTPase activity in vitro. Based on the molecular docking study
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of the Aβ and Drp1 protein complex, Kuruva et al. [259] designed a novel Drp1 inhibitor
named DDQ (diethyl (3,4-dihydroxyphenethylamino) quinolin-4-yl]methylphosphonate).
DDQ inhibited the Aβ and Drp1 interaction, reduced cellular levels of Aβ oligomers, and
improved mitochondrial function and cell viability in cell-based models of AD [259]. Gan
et al. [219] used AD cybrid cells (cytoplasmic hybrid (cybrid) neurons with incorporated
platelet mitochondria from AD and age-matched non-AD human subjects into mtDNA-
depleted neuronal cells) to study changes in mitochondrial morphology and function. They
demonstrated that blockade of the mitochondrial fission dynamin-like protein 1 (DLP1,
which is another name for Drp1), by a genetic manipulation with a dominant negative DLP1
(DLP1(K38A)), its knock-down with siRNA-DLP1, or inhibition of mitochondrial division
with mdivi-1 attenuated mitochondrial functional defects observed in AD cybrid cells [219].
Yet another selective inhibitor of GTPase activity of dynamin1, dynamin2, and Drp1 was
identified upon screening of about 16,000 small molecules and named dynasore [210]. These
compounds have neurotherapeutic potential if they are readily permeable through the BBB
and could be investigated and studied further.

6. Lifestyle Modifications

From the preceding discussion, it is clear that sporadic AD is of complex etiology:
defective glucose metabolism, mitochondrial dysfunction and oxidative stress all seem
to contribute to its neuropathology. Even in the early onset AD associated with a known
genetic cause, this trifecta of events appears well before the onset of neuropathological
abnormalities such as Aβ deposition and cognitive dysfunction. Lifestyle interventions,
specifically diet and exercise, not only act at the mitochondrial level but also help in
regulating glucose metabolism and in maintaining a healthy weight and healthy mind and
are therefore likely the most efficacious interventions to treat AD. Dietary restriction and
exercise enhance synaptic plasticity, neurogenesis, and cognitive performance and reduce
oxidative stress in mice [260–263].

6.1. Exercise

Exercise affects redox regulation, enhancing endogenous antioxidant capacities in the
brain of rats [264,265]. Long-term treadmill exercise improved cognitive deficits in the
APP/PS1 transgenic mouse model of AD, paralleled by enhanced long-term potentiation
(LTP) [266]. Furthermore, five months of treadmill exercise resulted in a robust reduction
in Aβ deposition and tau phosphorylation, accompanied by a significant decrease in APP
phosphorylation and PS1 expression in the hippocampus of APP/PS1 mice [267,268]. Reg-
ular aerobic exercise improves executive function and attention processing and increases
cortical thickness, speed memory, and learning in young, as well as older, adults [269–276].
Physical exercise is associated with enhanced volume of the prefrontal and medial temporal
cortices, as well as the hippocampus, in elderly people [277–280]. Regular physical exer-
cise prevents memory and cognitive decline in affected patients, exerts anti-inflammatory
effects, improves the brain redox status, and ameliorates cardiovascular risk factors (e.g., re-
duced vascular flow, diabetes) involved in the pathogenesis of AD (Reviewed in: [281,282]).
Exercise also promotes neurogenesis via increases in exercise-induced metabolic factors
(e.g., ketone bodies, lactate) and muscle-derived myokines (cathepsin-B, irisin), which,
in turn, stimulate the production of neurotrophins such as brain-derived neurotrophic
factor [281]. A multimodal physical exercise program reduced fall risk and produced an
improvement in gait, balance, and bone mineral density in the short and medium term in
institutionalized patients with AD [283]. Regular physical exercise protects against AD by
inhibiting different pathophysiological molecular pathways implicated in AD [284]. The
beneficial effects of exercise in reducing the levels of Aβwere reviewed recently [285].

Regular endurance exercise improves mitochondrial health, mitochondrial plasticity,
and mitochondrial biogenesis and respiration [286,287]. It also enhances antioxidant
capacities and the affinity of mitochondria for oxygen, improving healthy aging ([288–291]
and references therein). Moderate-to-high-intensity exercise reduced neuropsychiatric
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symptoms in patients with mild AD and preserved cognition in a subgroup of patients
exercising with high attendance and intensity [292]. In a single-blinded, multi-center
randomized controlled trial (ADEX), the intervention group received supervised moderate-
to-high-intensity aerobic exercise 1 h × 3/week for 16 weeks. Aerobic exercise improved
cardiorespiratory fitness, single-task physical performance, dual-task performance, and
exercise self-efficacy in patients with mild AD [293,294]. Another study of the effects of
exercise showed improved memory performance and reduced hippocampal atrophy, along
with improved cardiorespiratory fitness, in AD patients [295]. Moderate-intensity cycling
may reduce the decline in global cognition in older adults with mild-to-moderate AD
dementia [296]. A meta-analysis study using a random-effects model compared different
quantities of physical activity and exercise interventions for AD in detail and concluded
that physical activity and exercise can improve cognition in older adults with AD [297].

In patients with AD, physical training significantly improved the judgment and
problem-solving domains of the memory score [298]. While general mental health, memory,
orientation, and home/hobby domains were improved slightly, the neurotrophin levels
remained unaltered. Significantly, the markers of protein integrity, as well as nitrite
levels and interleukin-4 levels, increased, while catalase activity and ROS levels decreased
following physical training in patients with AD. The levels of neuron-specific enolase, a
marker of neuronal damage, decreased following exercise training in these patients [298].
Studies examining the effectiveness of aerobic exercise as a cognitive intervention for
older adults with MCI reached a similar conclusion that participation in regular aerobic
exercise/dance can improve cognitive function in older adults with MCI [299–302]. In short,
physical exercise training could be a safe, efficacious, and economic approach to manage
AD. Standardized protocols, larger and more rigorous, randomized controlled trials with
longer-term followups may provide better insight into the effects of aerobic exercise on
cognitive deterioration in people with AD and MCI. Methods of assessment of the serum
biomarkers associated with the redox status, neurotrophin levels, and inflammatory system,
etc., should be uniform.

6.2. Diet

The Finnish Geriatric Intervention Study to Prevent Cognitive Impairment and Disabil-
ity (FINGER) showed that a multidomain intervention, including diet, exercise, cognitive
training, and vascular risk monitoring, could improve or maintain cognitive functioning in
at-risk elderly people [303,304]. Dietary restriction in animals extends their lifespan and
increases the resistance of neurons to degeneration [305]. Scarmeas et al. [306] examined
the association between the Mediterranean diet (mainly composed of fruits, vegetables,
legumes, a moderate amount of ethanol and dairy products, and omega-3 fatty acids) and
AD using data from the Washington Heights-Inwood Columbia Aging Project (WHICAP).
A higher adherence to the Mediterranean diet was associated with a reduced risk for
developing mild cognitive impairment (MCI) and AD and a reduced risk of progression
from MCI to AD [307]. Higher adherence to the Mediterranean diet was found to be
associated with higher global cognitive performance and brain structural integrity as well
as decreased risk of AD and vascular dementia in older adults. However, findings in a
Dutch cohort were contrary to this [308–311]. Further prospective cohort studies with
longer followup and randomized controlled trials are warranted.

High dietary intake of long-chain polyunsaturated fatty acids (PUFAs), specifically
docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), is associated with lower
risk of AD [312]. Dietary fish or fish oil rich in omega-3 fatty acids, DHA, and EPA affect
psychiatric and behavioral symptoms in AD [313,314]. Administration of omega-3 fatty
acids to patients with mild to moderate AD did not delay the rate of cognitive decline,
although positive effects were observed in a small group of patients with very mild AD
and in MCI [315,316]. Dietary intake of various parts of plants, including leaves, fruits,
bark, and roots have long been used in Indian Ayurvedic medicine to enhance memory
and cognition, as well as to treat various medical conditions. These preparations have also
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been tried in various formulations in AD and showed promise—for example, mulberry leaf
extract, Ginkgo biloba extract, green and black teas, fruit polyphenols such as blueberry or
pomegranate juice [317–320]. Seven helpful guidelines related to a healthy diet and exercise
habits were compiled from the speakers’ presentations at the International Conference on
Nutrition and the Brain, Washington, DC, 19–20 July 2013 [321].

Hippocampal pyramidal neurons from mice, inducibly expressing a mutated form
of the mtDNA-repair enzyme UNG1, showed improved markers of mitochondrial bio-
genesis, dynamics, and function upon being fed a ketogenic diet (KD; high-fat, low-
carbohydrate). These improvements were due to an upregulation of PGC-1α, sirtuin 3
(Sirt3), and uncoupling protein 2 (UCP2) [322]. Similarly, cultured rat hippocampal neurons
and human fibroblasts with H2O2 induced oxidative stress when exposed to the ketone
body β-hydroxybutyrate and showed an increased oxygen consumption rate (OCR) and
NAD+/NADH ratio. The KD’s high-fat, low-carbohydrate composition reduces glucose uti-
lization and promotes the production of ketone bodies. Ketone bodies are a more efficient
energy source than glucose and improve mitochondrial function and biogenesis. One of the
benefits of a ketogenic diet is that it increases mitochondrial biogenesis and bioenergetics
via the PGC-1α-Sirt3-UCP2 axis [322]. The neuroprotective effects of the ketogenic diet
were ascribed to increased neuronal levels of ketone bodies inducing hypoxia-inducible
factor-1α (HIF-1α) and sirtuin 1 (Sirt1), in part by increasing cytoplasmic and nuclear levels
of Sirt1’s obligate cofactor, NAD+ [323,324]. Reduced activity of mTOR was observed in
the hippocampi of rats fed a ketogenic diet, an effect plausibly attributable to Sirt1 activa-
tion [325]. Increased activities of HIF-1α and Sirt1 and a decrease in mTOR activity could
be expected to collaborate in the induction of neuronal macroautophagy, which is beneficial
in getting rid of damaged mitochondria. Kashiwaya et al. [326] showed that a transgenic
mouse model of AD fed a ketone ester diet exhibited less anxiety and improved cognition,
along with reduced amyloid and tau pathologies. On the flip side, mice fed a high-fat, high-
cholesterol diet show an increased transcription of β-secretase/BACE1, the rate-limiting
enzyme for Aβ generation, which, in turn, is reciprocally regulated by PGC-1α [81,327]. At
the same time, fasting reverses these effects by stimulating the Sirt1-PPARγ-PGC-1α and
thus suppressing BACE1 transcription and Aβ production [328].

A recent study has shown that decanoic (capric) acid, a key component of the medium-
chain triglyceride (MCT) ketosis-inducing diet, decreases activity of the mTOR complex
in the absence of insulin and under high-glucose conditions in ex vivo rat hippocampi
and in tuberous sclerosis complex patient-derived astrocytes [329]. In mild to moderate
AD patients, it was shown that the brain can utilize additional ketones as fuel when
they are derived from an MCT supplement [330]. These patients consumed a mixture of
caprylic acid (octanoic acid) and capric acid, followed by tricaprylin (an octanoate triester
of glycerol). Brain ketone ([11C]-acetoacetate) and glucose (FDG) uptake were quantified by
PET before and after each MCT intervention. In these patients, brain ketone consumption
doubled on both types of MCT supplement. Both types of MCT increased total brain
energy metabolism by increasing ketone supply without affecting brain glucose utilization.
Thus, it was concluded that ketones from MCT compensate for the brain glucose deficit in
AD in direct proportion to the level of plasma ketones achieved [330]. Additional studies
using quantitative kinetic PET and MRI imaging demonstrated that the deterioration in
brain energy metabolism is specific to glucose in MCI and AD, and therefore, a ketogenic
diet, along with other interventions, should be helpful in delaying or preventing cognitive
decline [331].

Dietary interventions such as caloric restriction (CR) and intermittent fasting are
known to prolong life and healthspan in model organisms. CR consists of reducing the
daily calorie intake, while maintaining essential nutrients for health, without malnutrition.
A CR dietary regimen prevented Aβ peptide production and plaque deposition in multiple
models of AD, leading to the reduction of neuronal loss in the hippocampus and the im-
provement of cognitive deficits [332–338]. Mechanisms triggered by CR include promotion
of anti-amyloidogenic alpha-secretase activity and induction of the NAD+-dependent Sirt1



Int. J. Mol. Sci. 2021, 22, 11520 13 of 28

deacetylase and autophagy [332,334,339,340]. Both animal and human studies have shown
that CR benefits general health, improves memory and cognition, and slows down the
aging process. CR mimetics, as the name indicates, are compounds that mimic the bio-
chemical and functional effects of CR without the need to reduce energy intake [341,342].
Examples of CR mimetics include caffeine, curcumin, dapsone, metformin, rapamycin,
resveratrol, and spermidine. Many of these compounds are beneficial in AD. Late-onset,
short-term intermittent fasting dietary restriction improved motor coordination and cogni-
tive ability of aging male rats. These changes positively correlated with the decline in the
oxidative molecular damage to proteins and enhanced mitochondrial complex IV activity
in different regions of the aging brain, as well as peripheral organs [343]. A randomized
controlled trial study showed that alternate-day fasting [ADF] improves markers of general
health in middle-aged people [344]. Interestingly, ADF increased β-hydroxybutyrate, even
on non-fasting days. On fasting days, the pro-aging amino-acid methionine, among others,
was periodically depleted, while PUFAs were elevated. These results support further
investigation of the effects of ADF in AD and MCI [344]. Finally, a recent study showed
that intermittent fasting enhances long-term memory consolidation, adult hippocampal
neurogenesis, and expression of longevity gene Klotho [345]. A combination of CR or CR
mimetics with diet and exercise could be the key to the puzzle of neuroprotection and
regeneration (Figure 2).

7. Conclusions and Future Perspectives

AD is the leading cause of dementia in older adults. Currently, no disease-modifying
therapies are available, and treatments are limited to symptomatic management. Mito-
chondrial dysfunction, oxidative stress, and metabolic abnormalities are implicated in the
disease pathogenesis. Mitochondria, as the powerhouses of the cell and the guardians of
the other cellular pathways crucial for survival, present unique challenges for manipu-
lation. One of the major issues is achieving relevant physiological concentrations of the
therapeutic compounds at the site of action, i.e., mitochondria. Scientists have figured out
a few ways to do that, either by conjugating the therapeutic molecules to biodegradable
nano-carriers or to cell-permeable and mitochondrial membrane-permeable recyclable
lipophilic cations [346]. These compounds have met with some success across various
cellular and animal models of AD, as well as in patients with MCI and AD, and are being
tested further. Lifestyle factors play an important role in the etiopathology of AD. Hy-
pertension, stroke, diabetes, and hypercholesterolemia are increasingly being recognized
as risk factors for AD, and AD itself is being described as a metabolic/multifactorial dis-
ease [5,6]. There is a shift in AD brains from glucose metabolism to amino acid and fatty
acid metabolism [347]. Exercise stimulates bioenergetics and increases fat oxidation in
mitochondria. Therefore, lifestyle modifications, including diet and exercise, are another
avenue being pursued, with similar success as the mitochondria-targeted compounds.
Recent research suggests that restoration of mitochondrial function by physical exercise, an
antioxidant diet, or therapeutic approaches can delay the onset and slow the progression
of AD [291,348–353]. Based on the review of literature presented above, I conclude that a
combination of mitochondria-targeted antioxidants with diet and exercise interventions
may achieve desirable treatment efficacy and could be the way to proceed in the future.
Concerted clinical trials are needed for such therapies.
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