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Alzheimer's disease (AD) is the most common neurodegenerative disorder,
accounting for approximately 70% of dementia cases worldwide. Patients
gradually exhibit cognitive decline, such as memory loss, aphasia, and changes
in personality and behavior. Research has shown that mitochondrial dysfunction
plays a critical role in the onset and progression of AD. Mitochondrial dysfunction
primarily leads to increased oxidative stress, imbalances in mitochondrial
dynamics, impaired mitophagy, and mitochondrial genome abnormalities.
These mitochondrial abnormalities are closely associated with amyloid-beta
and tau protein pathology, collectively accelerating the neurodegenerative
process. This review summarizes the role of mitochondria in the development
of AD, the latest research progress, and explores the potential of mitochondria-
targeted therapeutic strategies for AD. Targeting mitochondria-related pathways
may significantly improve the quality of life for AD patients in the future.
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1 Introduction

AD, currently the most common progressive neurodegenerative disease,
predominantly affects individuals over 60 years old. Its primary clinical manifestations
include memory loss and cognitive impairment. As of 2020, approximately 40 million
people worldwide are affected by AD, with the number of patients expected to double
within five years (1, 2). According to the latest data from China in 2023, there are nearly 9
million AD patients in the country, and this number is projected to increase four to five
times by 2050 (3). With the increasing global elderly population, the quality of life of AD
patients and the societal impact are receiving greater attention. The pathological features of
AD include elevated levels of amyloid-beta (AP) peptides and hyperphosphorylated tau
proteins (p-tau) (4). AP forms plaques, while tau proteins form neurofibrillary tangles, both
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closely related to cell death and brain tissue loss (5). The gut-brain
axis is a newly proposed concept in recent years, emphasizing the
significant impact of gut microbiota changes on brain health. In
AD, dysbiosis of the gut microbiota promotes the onset and
progression of AD through various mechanisms (6). First, an
imbalance in the gut microbiota directly leads to the excessive
release of proinflammatory cytokines, such as TNF-a and IL-6,
increasing intestinal permeability and causing the “leaky gut”
phenomenon. The damaged gut barrier allows harmful
substances, including endotoxins like lipopolysaccharides (LPS),
to enter the bloodstream and cross the blood-brain barrier (BBB),
triggering inflammation in the central nervous system. The insulin
resistance associated with AD may also stem from these
inflammatory responses (7). Dysbiosis of the gut microbiota can
activate inflammatory pathways such as NF-xB, further disrupting
the insulin signaling pathway. This resistance is closely linked to
metabolic abnormalities in the brain, which are considered key
features of AD pathology. Additionally, recent research suggests
that AD may originate in the gut and then spread to the brain. In
one study, researchers injected AB1-42 oligomers into the gastric
wall of mice and observed that these amyloid proteins migrated
from the gut to the brain within a year, indicating that the
translocation of AP oligomers may be associated with the onset of
AD and neuroinflammation. Another study found that exposing
aged Fischer 344 rats to curli-producing Escherichia coli increased
the production of o-synuclein in the gut. Over time, more severe
aggregation was observed in the brains of these rats. Elevated levels
of TLR2, IL-6, and TNF-o. were also detected in their brains,
suggesting that bacterial amyloid proteins may induce o-
synuclein aggregation through the cross-seeding mechanism,
stimulating microglia and astrocyte proliferation, thus
exacerbating AD pathology (8). Furthermore, experiments using
APP transgenic mice showed that changes in gut microbial strains
can affect AP deposition. These mice exhibited a reduction in
Firmicutes and an increase in Bacteroides in the gut. Compared to
APP transgenic mice raised under normal conditions, those raised
in germ-free environments showed significantly reduced A
pathology in the brain (9). This further supports the notion that
gut microbiota may promote AD-related pathology by regulating
immune responses.

Mitochondria are known as the “powerhouses” of the cell, with
their primary function being the production of ATP through
oxidative phosphorylation, providing energy for the cell. In
addition, mitochondria play vital roles in cellular metabolism,
lipid synthesis, calcium homeostasis, and signal transduction. As
the main source of reactive oxygen species (ROS), mitochondria
normally produce small amounts of ROS during oxidative
phosphorylation, which act as signaling molecules to regulate
cellular functions. However, when mitochondrial function is
impaired, excessive ROS production can lead to oxidative stress,
causing damage to cellular structures and functions. Furthermore,
mitochondria are crucial in regulating apoptosis (programmed cell
death). When a cell experiences damage or stress, the permeability
of the mitochondrial outer membrane increases, leading to the
release of pro-apoptotic factors such as cytochrome c, which
initiates the apoptotic pathway. In this way, mitochondria play a
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key role in maintaining the balance between cell survival and death.
Mitochondria play a critical role in the pathogenesis of AD. As the
core of cellular energy metabolism, mitochondria are responsible
for oxidative stress regulation and apoptosis (10). In AD patients,
mitochondrial dysfunction manifests as abnormal energy
metabolism, increased oxidative stress levels, imbalanced
mitochondrial dynamics, abnormal mitophagy, and aging (11).
These abnormal processes lead to the aberrant cleavage of
amyloid precursor protein (APP), subsequently promoting the
production of AP. Additionally, they may trigger abnormal tau
protein phosphorylation through complex signaling pathways and
induce a cascade of inflammatory responses, further exacerbating
neuronal damage (12-14).

This paper aims to summarize the key roles of mitochondria in
AD, exploring their specific mechanisms in the pathogenesis of AD.
By gaining a deeper understanding of mitochondrial dysfunction in
AD, this review provides a theoretical basis for the development of
new targeted therapeutic strategies in the future. Here, we
summarize the main mechanisms underlying the development
and progression of AD (Figure 1).

2 Bioenergetic abnormalities in AD

Mitochondria serve as the central hub for energy production
and metabolic regulation. In neuronal cells, oxidative
phosphorylation (OXPHOS) occurs continuously on the inner
mitochondrial membrane, leading to the release of a significant
amount of ATP. Each molecule of glucose generates 36 molecules of
ATP through OXPHOS. Essential nutrients, such as glucose and
lipids, are converted into acetyl-CoA, which then enters the
tricarboxylic acid cycle (TCA cycle), generating nicotinamide
adenine dinucleotide (NADH) for ATP production via OXPHOS
(15). During oxidative phosphorylation, substrates generated by the
TCA cycle, such as NADH, actively transfer electrons to the
electron transport chain (ETC), which is composed of four
protein complexes (I-IV). The proton motive force (PMF)
generated by electron transfer drives ATP synthase (Complex V)
to synthesize ATP (16). In AD patients, mitochondrial dysfunction
in the brain is particularly evident, leading to impaired energy
metabolism. The activity of enzymes responsible for energy
production, such as cytochrome ¢ oxidase (COX), mitochondrial
glutamate dehydrogenase (GDH), and o-ketoglutarate
dehydrogenase (KGDH), is significantly reduced (17, 18). In
contrast, the activities of succinate dehydrogenase and malate
dehydrogenase are significantly increased (19). Additionally,
bioinformatics analyses have revealed significant abnormalities in
mitochondrial-related metabolic pathways in AD patients,
indicating defects in mitochondrial bioenergetics and reduced
energy metabolism. Whole-genome transcriptomic studies of the
posterior cingulate cortex show significantly reduced expression of
nuclear genes encoding mitochondrial ETC subunits in AD (20).
Moreover, microarray and RT-PCR studies indicate significant
downregulation of key metabolic pathways such as the TCA
cycle, glycolysis, and OXPHOS (21). Proteomic analyses further
confirm these findings, showing that low expression of proteins in
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the OXPHOS pathway is one of the most severely affected events in
the cortical brain of AD patients. Quantitative proteomics (LC-MS/
MS-based iTRAQ) reveals specific alterations in mitochondrial
proteins in AD brains, with significant dysregulation of
mitochondrial complexes such as the respiratory chain complex
and ATP synthase compared to age-matched controls. The post-
translational modification processes of these enzymes are also
critical, and their dysregulation leads to abnormal mitochondrial
oxidative phosphorylation and accelerated permeability transitions
of the mitochondrial membrane, both of which are tightly linked to
AD occurrence (22). Additionally, pathological conditions like
excessive Ca2+ transfer from the endoplasmic reticulum or
increased cytosolic Ca2+ can impair mitochondrial metabolism,
leading to oxidative stress, disrupted ion exchange, and reduced
ATP production, all contributing to cell damage or even death (23).
AD brains exhibit Ca2+ imbalance and mitochondrial dysfunction,
reduced ATP levels, and increased reactive oxygen species (ROS)
production, often present before the onset of AD symptoms (24).
Bulk-RNA-seq data shows that seven genes exhibit consistent
differential expression across various brain regions in AD
patients, including three mitochondrial-encoded proteins:
NDUES5 (a subunit of mitochondrial complex I), SOD1
(superoxide dismutase 1), and OGT (O-GIcNAc transferase). The
abnormal expression of these genes suggests mitochondrial
dysfunction in AD, particularly in ATP production and
antioxidant mechanisms. Additionally, the downregulation of
NDUFS5 may affect ATP production, while the downregulation
of SOD1 reduces the cell’s ability to combat oxidative stress.
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3 Oxidative phosphorylation in AD

Mitochondria, as key regulators of cellular metabolism and
energy, utilize NADH and FADH2 as energy carriers to drive ATP
synthesis through the OXPHOS process mediated by the electron
transport chain (ETC) (25). Mitochondria also serve as intracellular
calcium reservoirs, maintaining cytosolic calcium homeostasis and
participating in calcium signaling (26). In AD patients,
mitochondria are significantly impacted by oxidative stress, with
abnormal oxidative phosphorylation leading to elevated levels of
reactive oxygen species (ROS) and accompanying calcium overload.
These changes play a critical role in the onset and progression of
AD (27). Excessive ROS can damage proteins, lipids, and DNA,
triggering neuroinflammation. Given the high oxidative metabolic
activity of neurons and their relatively weak antioxidant capacity,
they are particularly sensitive to ROS (28). Additionally, ROS can
disrupt the normal function of the ETC, particularly Complexes I
and III. The resulting ETC dysfunction further increases ROS
production, creating a vicious cycle that ultimately leads to
neuronal apoptosis (29). Moreover, the excessive production of
ROS can deactivate iron-sulfur clusters, causing a failure in electron
transfer within the mitochondrial respiratory chain, further
inhibiting mitochondrial energy production and accelerating the
development of diseases such as AD. Mitochondrial oxidative stress
is closely related to ferroptosis (30). The tricarboxylic acid (TCA)
cycle in mitochondria regulates fatty acid metabolism and oxidative
phosphorylation (OXPHOS), which are key processes in
ferroptosis. Neuronal cells contain a substantial amount of
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mitochondrial ferritin, which regulates intracellular iron
distribution, inhibits the Fenton reaction, and reduces ROS
production and oxidative stress (31). Excessive ROS can also
impair the normal function of calcium transport proteins and
trigger the release of calcium from mitochondria, leading to a
disruption of calcium homeostasis. The massive release of calcium
ions from the mitochondria can alter the normal mitochondrial
membrane potential, leading to the generation of more superoxide
radicals. Once mitochondrial calcium overload occurs, it
immediately triggers permeability transition, causing the outer
mitochondrial membrane to rupture. Recent AD research
increasingly focuses on the regulation of calcium homeostasis by
the Calhm (calcium homeostasis modulator) family. Calhml
controls calcium homeostasis and enhances neuronal resistance to
AP toxicity, while Calhm2 regulates calcium ion influx and
inflammatory activation in microglia. In mitochondrial
dysfunction, abnormalities in Calhm1 and Calhm2 are observed,
driving the progression of mitochondrial dysfunction (32). The
accumulation of mitochondrial oxidative stress also leads to a
gradual decline in the efficiency of mitochondrial energy
production, converting more oxygen into ROS, further disrupting
the defense system. In the context of aging, the accumulation of
oxidative stress over time gradually undermines normal cellular
defense mechanisms, leading to the progressive decline and
functional impairment of tissues and organs (33). Oxidative stress
causes cellular dysfunction, increased inflammation, and DNA
mutations, thereby accelerating the aging process. With age, the
expression levels of mitochondrial oxidase 3-nitrotyrosine
significantly increase, leading to abnormal mitochondrial
oxidative stress, further promoting mitochondrial dysfunction,
and ultimately resulting in the onset of AD (34). Boosting
antioxidant intake can mitigate ROS levels in the body.
Mitochondrial ETC damage often leads to an increased NADH/
NAD+ ratio. Normally, NADH transfers electrons to
the ETC to regenerate NAD+, but when ETC activity is impaired,
NADH accumulates in the cytoplasm. This accumulation hampers
glycolysis and puts neuronal survival at risk. Furthermore, excess
NADH can disrupt other metabolic processes, worsening the overall
energy metabolism imbalance (35). Additionally, oxidative stress
promotes inflammatory responses, playing a crucial role
in the development and progression of AD. Excessive ROS
activates classical inflammatory signaling pathways, promotes
the production of pro-inflammatory factors, and triggers
neuroinflammation. Neuroinflammation is central to AD-related
pathological damage. The use of single-cell RNA sequencing
(scRNA-seq) technology has further revealed cell type-specific
gene expression changes in AD. Neurons (both excitatory and
inhibitory) exhibit dysregulated mitochondrial gene expression in
the early stages of AD pathology, particularly in pathways related to
oxidative phosphorylation and mitochondrial transport. As the
disease progresses, these dysregulated gene expressions become
more pronounced in late-stage AD, reflecting the gradual loss of
neuronal function. By integrating epigenomics, transcriptomics,
and proteomics, researchers found that genes related to cellular
respiration and oxidation were downregulated in AD patients, while
genes associated with transcription and chromatin were
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upregulated. Additionally, histone modifications (such as
H3K27ac and H3K9ac) were significantly increased in AD
patients, suggesting that these epigenetic modifications may play a
key role in the onset and progression of AD.

4 The role of mitochondrial dynamics
imbalance in AD

Mitochondrial dynamics refer to the regulation of mitochondria
within the cell through processes such as fusion, fission, movement,
and autophagy. These processes are crucial for maintaining
mitochondrial shape and function. Mitochondrial fusion helps
integrate and optimize mitochondrial functions, especially
in response to cellular metabolic stress, while mitochondrial
fission allows the separation of damaged mitochondria for
autophagy and clearance. Additionally, mitochondrial movement
is vital for distributing energy to meet the cell's needs. Together,
these dynamic processes maintain cellular health and vitality.
Mitochondria are not static organelles; instead, they are dynamic
and capable of undergoing fission and fusion to adapt to various
environmental changes (36). At any point in the cell cycle,
mitochondria may divide into two independent mitochondria or
undergo fusion by disrupting and reassembling their inner and outer
membranes to form complete mitochondria. Recent studies have
identified several proteins closely related to mitochondrial dynamics,
including Drpl, mitofusins 1/2 (Mfn1/2), mitochondrial fission
protein 1 (Fisl), and mitochondrial fission factor (Mff) (37, 38).
The onset and progression of AD are closely associated with the
disruption of mitochondrial dynamics balance, likely damaging the
distribution and structure of mitochondria in neurons during the
pathological stages of AD (39, 40). Detailed morphological
measurements of AD-susceptible neurons have shown a significant
reduction in mitochondrial numbers, accompanied by a notable
increase in mitochondrial size. Confocal and electron microscopy
analyses further confirm the presence of substantial mitochondrial
fragmentation and morphological defects in AD patients (41).

In Drpl and Mfn2 knockout mouse models, mitochondrial
morphology in the brain exhibits similar fragmentation
characteristics, indicating that uncontrolled mitochondrial fission
leads to mitochondrial fragmentation (42). Significant changes in
the expression of proteins related to mitochondrial fission and
fusion in the brains of AD patients confirm the concept of
mitochondrial dynamics imbalance in AD neurons (43). In AD,
the expression of Fisl and Drpl increases, while the expression of
Mifnl/2 and Opal decreases significantly (44). However, a few
studies have reported downregulation of Drpl expression,
suggesting significant heterogeneity among AD patients (45).
Mitochondrial fusion is largely controlled by three GTPase
proteins: Mfnl and Mfn2, located on the outer mitochondrial
membrane (TOM), and Opal, which resides on the inner
mitochondrial membrane (TIM). Mfnl and Mfn2 work in
concert to mediate the fusion of the outer membrane, with their
interaction being crucial for this process. In contrast, Opal
primarily regulates the fusion of the inner mitochondrial
membrane, ensuring the proper structure and dynamic
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equilibrium of the inner membrane. Mitochondrial fission, in
contrast, occurs through two main pathways: one is when healthy
mitochondria actively divide in the middle to form two halves due
to insufficient mitochondrial numbers; the other is when damaged
mitochondria divide from the ends, resulting in a large segment and
a small segment, with the damaged small segment being actively
eliminated (46). Excessive mitochondrial fission directly impairs the
ETC, disrupts mitochondrial membrane potential, and increases
ROS production, thereby exacerbating oxidative stress within
mitochondria. Research has shown that AP closely interacts with
Drpl, and this strong interaction directly leads to excessive ROS
generation. Elevated levels of ROS, in turn, further activate the
expression of Drpl and Fisl, resulting in excessive mitochondrial
fission and ultimately causing synaptic dysfunction. Additionally,
studies have found that Drpl interacts with phosphorylated tau
protein, enhancing Drpl activity and further exacerbating
mitochondrial fission in AD patients (47, 48). Additionally, S-
nitrosylation and phosphorylation of Drpl are significantly
increased in the brain tissue of AD patients, and S-nitrosylation
of Drpl enhances GTPase activity, thereby promoting
mitochondrial fission. In AD models, Drpl actively translocates
from the cytoplasm to Fisl on the TOM or binds to Mff, initiating
the mitochondrial fission process (49).

5 Mitochondrial genome in AD

Mitochondrial DNA (mtDNA) is crucial for normal
mitochondrial function, but due to its proximity to reactive
oxygen species (ROS) production sites and a lack of effective
DNA protection and repair mechanisms, it is susceptible to
oxidative stress and damage, leading to mutations (50, 51). These
mutations can result from genetic inheritance or gradually
accumulated somatic mutations. Through clonal expansion,
mtDNA mutations can spread, affecting mitochondrial function
and ultimately compromising cell viability (52). Scientists utilized a
knock-in mouse model with a proofreading-deficient mitochondrial
DNA polymerase (PolgAD257A) to study this phenomenon (53).
The results showed that as these mice aged, they accumulated
mtDNA mutations, leading to premature aging and bioenergetic
defects associated with mitochondria. This suggests that reduced
mtDNA-encoded bioenergetic enzyme subunits may hinder
mitochondrial enzyme production (54). Studies using AD cell
models, where mtDNA-deficient cell lines are merged with
enucleated cells from AD patients, have directly associated
mtDNA changes with enzyme dysfunction. Furthermore, it has
been observed that mtDNA damage occurs more frequently in
individuals with mild cognitive impairment (MCI) and AD
compared to control groups.This damage may result from age-
related nucleotide damage or maternally inherited mutations. For
instance, reduced COX activity in asymptomatic individuals
suggests a possible hereditary component. Numerous studies have
focused on somatic mtDNA mutations in AD, particularly the
common 5-kb deletion (mtDNA 4977), which affects ETC
complexes I, III, and V. This deletion has been found to increase
15-fold in the prefrontal cortex with age, especially in younger AD
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patients (55). A comprehensive analysis of mtDNA rearrangements
shows a significant rise in F-type and R-type rearrangements in AD
brains (56). Moreover, heteroplasmic mtDNA point mutations in
the control region (CR) increase by an average of 63% in AD brains
(57, 58). Research suggests that functional deficiencies in DNA
repair enzyme activities in AD brain tissue may lead to this process’s
absence. Reduced mtDNA copy number in AD brains correlates
with poor base excision repair (BER) capacity (59). Further studies
indicate that oxidative stress is the fundamental cause of age-
dependent mtDNA damage. Compared to age-matched controls,
oxidative damage to mtDNA in AD patients’ brains is tripled, and
oxidative bases are almost tenfold higher than in nuclear DNA (60).
Elevated levels of oxidative nucleic acids in the mtDNA of
preclinical AD patients indicate that this could be an early
marker of the disease. Recent studies have also reported reduced
OGGI1 activity and compromised BER capacity in both AD and
MCI patients, suggesting that replication errors may significantly
contribute to the rise in mtDNA mutations observed in AD (61, 62).
Additional modifications to mtDNA could further affect its
transcription and functionality. For instance, pathological samples
from AD patients exhibit increased 5-methylcytosine levels in the
mtDNA D-loop region, while late-onset AD patients show
decreased methylation in the D-loop region of peripheral blood.
The relevance of these findings to AD pathophysiology warrants
further investigation (63). Variations, mutations, and modifications
in mtDNA are likely to play critical roles in AD pathophysiology.
The mitochondrial cascade hypothesis suggests that inherited
mtDNA variations influence individual susceptibility, whereas the
accumulation of brain somatic mtDNA variations and mutations,
driven by environmental factors during aging, shapes phenotypic
expression (64). However, specific mtDNA alterations and their
potential causal roles in AD pathophysiology have yet to be
established. Notably, mtDNA changes are also observed in other
neurodegenerative diseases, but these changes are not specific to
AD, and their specific relationship with AD-related changes
requires further exploration.

6 Mitophagy in AD

Mitophagy is a selective autophagy process that is triggered by
factors such as mitochondrial damage or cellular aging. Following
mitochondrial depolarization and damage, mitochondria are
encapsulated by a double-membrane structure and subsequently
degraded through lysosomal fusion (65, 66). Mitophagy removes
damaged mitochondria, contributing to the maintenance of normal
cellular function and the balance of mitochondrial quantity and
quality. Currently, three known mechanisms regulate mitophagy:
the PINK1/Parkin pathway, which modulates mitochondrial
depolarization and facilitates the clearance of damaged
mitochondria (67, 68). The BNIP3/NIX pathway, which is
associated with erythrocyte maturation, where BNIP3 and NIX
can bind to LC3 to directly mediate mitophagy (69). The FUNDCI1-
mediated autophagy pathway, where FUNDCI, a mitochondrial
outer membrane receptor protein, binds to LC3 under hypoxic
conditions to promote mitophagy (70). FUNDCI can also interact
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with HSC70, recruiting misfolded proteins to the mitochondria
through the TOM-TIM complex for degradation by the
mitochondrial protease LONPI (71). In AD patients, mitophagy
dysfunction accelerates the accumulation of related mitochondrial
autophagosomes in neurons, impairing synaptic function and
structure, ultimately leading to cognitive deficits. Studies have
shown that the PINKI1/Parkin signaling pathway plays a
predominant role in mediating mitophagy. In AD patients, the
loss of Parkin protein directly promotes neuroinflammation (72).
PINK1, another key protein in the Parkin signaling pathway, is
primarily regulated by PTEN. Mitochondrial depolarization
prevents the normal processing and degradation of PINKI,
leading to its accumulation on the mitochondrial outer
membrane (73). The accumulation of PINKI1 recruits and
activates Parkin. Typically, Parkin ubiquitinates intracellular A,
preventing its formation into extracellular plaques, thereby avoiding
neurotoxicity. However, in AD patients, deubiquitinases such as
USP30 and USP35 are overexpressed, enhancing AP stability and
inducing neurotoxicity. AMPK and mTORCI are key upstream
kinases that initiate mitophagy (74). When cellular energy is
depleted, AMPK is activated or mTORCI is inhibited, leading to
the phosphorylation of the ULK1 complex. The ULK1 complex
activates PtdIns3K, recruiting PI3P effector proteins to form a pre-
autophagosomal structure, thus initiating mitophagy (75). AD is a
complex multifactorial disease where various pathological changes
contribute to disease progression. Impaired mitophagy leads to the
accumulation of abnormally modified proteins, such as AB and tau.
These abnormal proteins interact, promoting the onset and
progression of AD (76). For instance, tau inhibits the transport of
APP to axons and dendrites, causing its accumulation in the cell
body. Numerous studies have confirmed that AB and tau disrupt
the normal process of mitophagy and have a combined or
synergistic effect (77). Different pathological tau proteins can
exacerbate AB-induced mitochondrial damage. Caspase-3 actively
cleaves tau at Asp421 before the formation of neurofibrillary
tangles, resulting in the release of large amounts of tau, thereby
promoting the early onset of AD. Pathological tau in primary
neurons can exacerbate mitochondrial localization, transport
abnormalities, and oxidative stress induced by low concentrations
of AB. In mature neurons, overexpression of pseudophosphorylated
PHE-1 site (S396/S404) tau does not significantly alter
mitochondrial morphology and normal function (78). However,
AP causes mitochondrial membrane potential loss and increases
SOD levels. Although overexpression of APP and tau enhances
autophagic flux, the recruitment of Parkin and PINKI1 to
mitochondria is significantly reduced, leading to mitophagy
abnormalities (79). Combined overexpression of APP and tau
results in the accumulation of depolarized mitochondria.
Researchers observed that in mouse models, many proteins were
significantly dysregulated, with one-third being mitochondrial
proteins, primarily associated with OXPHOS complexes I and IV
(80, 81). Dysregulation of complex IV activity is related to AP, while
dysregulation of complex I is associated with tau. Thus,
mitochondrial dysfunction appears early in AD, but subsequent
AB accumulation and tau pathology, either individually or
synergistically, exacerbate mitochondrial damage. This leads to
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the accumulation of damaged and dysfunctional mitochondria,
closely linked to impaired mitophagy. Above, we have thoroughly
summarized how mitochondrial dysfunction contributes to the
onset and progression of AD by promoting abnormal
metabolism, oxidative stress, mitochondrial dynamics imbalance,
and impaired mitophagy (Figure 2).

7 Targeted therapeutic strategies

Mitochondrial dysfunction is a key factor in AD, offering
potential therapeutic targets, whether as an initial or subsequent
event. However, the double-membrane structure of mitochondria
poses a significant challenge for drug delivery. While TOM allows
passage of molecules with medium to low molecular weight, TIM is
even less permeable, further complicating treatment strategies (82).
Therefore, exploring efficient mitochondrial-targeted drug delivery
strategies for precise medication and regulation in AD treatment is
of great significance (Table 1).

7.1 Strategies to regulate
mitochondrial activity

Targeting mitochondrial activity to directly enhance
bioenergetics is a crucial strategy in AD treatment. Oxaloacetate
(OAA), an intermediate compound in the TCA cycle and
gluconeogenesis, has been shown to enhance overall brain energy
status by increasing the efficiency of energy metabolism and
upregulating gene expression or enzyme activity related to
mitochondrial function (83). Currently, OAA is undergoing Phase
I clinical trials to assess its potential efficacy in AD treatment.
Recent studies have identified that the compound CP2 can slightly
inhibit the FMN subunit (NDUFA1) of Complex I, which helps
enhance mitochondrial respiratory capacity and reduce proton
leakage (84). CP2 has demonstrated the ability to alleviate
cognitive impairment and pathological features in various AD
animal models and is being developed as a potential therapeutic
for AD (85). However, another study indicated that neuronal
ablation of NDUFAS, another subunit of Complex I, resulted in
mild chronic encephalopathy in mice, suggesting the need for
extreme caution in selecting bioenergetic modulators (86).
Without sufficient safety, these drugs may lead to serious side
effects, and finding a bioenergetic modulator that is both effective
and safe for AD treatment remains a critical challenge.

7.2 Restoration of mitochondrial integrity

In AD, the loss of mitochondrial structural and functional
integrity may be responsible for energy metabolism disorders and
increased oxidative stress. Therefore, developing therapeutic
strategies aimed at restoring mitochondrial integrity holds
significant potential (87). Achieving this goal requires a deep
understanding of the relevant mitochondrial mechanisms,
including mitochondrial dynamics, biogenesis, and mitophagy, as
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Mitochondrial dysfunction promotes the onset and progression of AD. The four main mechanisms of mitochondrial dysfunction in AD patients
include: increased mtROS (mitochondrial reactive oxygen species), leading to oxidative stress and cellular damage; imbalance in mitochondrial
dynamics, caused by dysregulation of mitochondrial fusion and fission proteins (such as mfn1/2 and Drpl), which exacerbates mitochondrial
structural damage and functional impairment; mtDNA (mitochondrial DNA) damage, affecting mitochondrial gene expression and function, involving
factors such as TFAM and MTERF1; and the abnormal accumulation of mitophagosomes, indicating impaired mitophagy, where damaged
mitochondria are not cleared in time, with proteins such as PINK1 and BNIP3 being involved in this process. These mitochondrial abnormalities
interact with each other, leading to metabolic dysfunction, cell apoptosis, and inflammatory responses, ultimately accelerating the
neurodegenerative changes in AD. mtROS, Mitochondrial Reactive Oxygen Species; ETC, Electron Transport Chain; mPTP, Mitochondrial
Permeability Transition Pore; mfn1/2, Mitofusin 1/2; Ugolp, Ugo Protein 1, Mgmlp, Mitochondrial Genome Maintenance 1 Protein; Optic Atrophy
Protein 1; Fislp/hFisl, Fission 1 Protein/Human Fission 1; Dnm1p/Drpl, Dynamin-related Protein 1; Mdvlp, Mitochondrial Division Protein 1; Mdm33p,
Mitochondrial Distribution and Morphology Protein 33; TFAM, Mitochondrial Transcription Factor A; TFB2M, mitochondrial transcription factors B2;
MTERF1, Mitochondrial Transcription Termination Factor 1; BNIP3, Bcl-2/Adenovirus E1B 19 kDa Interacting Protein 3; FUNDC1, FUN14 Domain
Containing Protein 1; AMBRAL, Activating Molecule in BECN1-Regulated Autophagy Protein 1; BNIP3L, BCL2/Adenovirus E1B 19 kDa Protein-
Interacting Protein 3-Like; DISC1, Disrupted in Schizophrenia 1 Protein; PINK1, PTEN-Induced Kinase 1.

well as the interactions between mitochondria and other organelles
(88). MitoQ, a mitochondria-targeted antioxidant, can penetrate
directly into mitochondria and help neutralize free radicals, thereby
reducing oxidative stress. Although MitoQ has shown potential
therapeutic effects in animal models, further clinical trials are
needed to validate its application in AD patients (89, 90). SS-31, a
small peptide capable of penetrating the mitochondrial membrane,
exhibits both antioxidant and anti-apoptotic properties. By
stabilizing the mitochondrial membrane and reducing oxidative
stress, SS-31 protects mitochondrial function (91). In preclinical
studies of AD, SS-31 has shown potential to improve mitochondrial
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function and cognitive abilities, and it is currently undergoing
related clinical trials.

7.3 Application of nanoparticles in
mitochondrial targeting

Nanoparticles, due to their adjustable particle size and
modifiable surface, can significantly enhance targeting efficiency
and increase drug bioavailability, making them an effective
approach for the treatment of AD (92). Since the mitochondrial

07 frontiersin.org


https://doi.org/10.3389/fimmu.2024.1484373
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wang et al.

TABLE 1 Therapeutic Use of mitochondria-related drugs in AD.

Category Drug Mechanism Ref
Mitochondrial Alpha-lipoic Antioxidant, reduces ROS (37)
Energy acid, MitoQ production,
Metabolism protects mitochondria
Mitochondrial Coenzyme Q10 Enhances electron transport 97)
Energy chain, improves
Metabolism ATP production
Mitochondrial Rhodiola Reduces oxidative stress, (98)
Energy rosea extract protects
Metabolism mitochondrial membrane
Mitochondrial Mdivi-1 Inhibits Drpl, prevents (99)
Dynamics excessive fission
Mitochondrial Dynasore Dynamically regulates (100)
Dynamics mitochondrial fusion

and fission
Mitochondrial Rapamycin Inhibits mTOR pathway, (101)
Quality Control enhances autophagy
Mitochondrial EGCG Activates AMPK, maintains (102)
Quality Control | (Epigallocatechin mitochondrial homeostasis

gallate)
Mitochondrial PQQ Promotes mitochondrial (103)
Quality Control | (Pyrroloquinoline = biogenesis,
quinone) enhances metabolism

Mitophagy Resveratrol Activates Sirtl-Parkin (104)
Restoration pathway, enhances mitophagy
Mitophagy Metformin Upregulates Nrf2 signaling, (105)
Restoration promotes

mitochondrial autophagy
Mitophagy Spermidine Induces autophagy, reduces (106)
Restoration mitochondrial damage

TABLE 2 Clinical trials targeting mitochondrial targets in AD.

10.3389/fimmu.2024.1484373

membrane is rich in cardiolipin, researchers have developed
liposome- and polymer-based nanoparticles to more effectively
target mitochondria. To harness the strong negative potential of
TIM, researchers have designed cationic compounds such as DQA
and TPP derivatives for targeted mitochondrial delivery (93). The
FDA-approved cationic lipid DQA has been used to create
DQAsomes, which are liposome-like structures that interact with
plasmid DNA (pDNA) through electrostatic forces. However, the
gene transfection efficiency of DQAsomes in mitochondria is still
relatively low (94). To address this issue, researchers have combined
DQA with other compounds to enhance cellular uptake and
endosomal escape, thereby improving gene expression within
mitochondria (95). Additionally, the lipophilic cation TPP can
enhance the electrostatic interaction between delivery systems and
mitochondria. For example, nanoparticles formed by coupling TPP
with polyethylene glycol-polyethyleneimine (PEG-PEI) through
amide bonds have significantly improved the uptake and
internalization of pDNA within mitochondria (96). We
summarize clinical trials targeting mitochondrial targets in
AD (Table 2).

8 Conclusion

The mechanisms by which mitochondrial dysfunction
contributes to the onset and progression of AD are gradually
being elucidated. Mitochondria in AD patients often exhibit
significant morphological abnormalities, specifically manifesting
as mitochondrial swelling, cristae distortion, and an abnormal
increase in mitochondrial size. These morphological changes are
typically caused by alterations in the expression levels of key

Study Title

Conditions

Interventions

Phases

NCT05617508 | N-DOSE AD: A Dose Optimization Trial | RECRUITING Alzheimer OTHER: Placebo| PHASE2
of Nicotinamide Riboside in Disease|Dementia DIETARY_SUPPLEMENT: Nicotinamide
Alzheimer’s Disease Riboside supplementation 1000mg daily in
total DIETARY_SUPPLEMENT:
Nicotinamide Riboside dose escalation (up
to 3000 mg daily in total)
NCT04430517 | Effects of Nicotinamide Riboside on RECRUITING Mild Cognitive DRUG: Nicotinamide riboside EARLY_PHASE1
Bioenergetics and Oxidative Stress in Impairment|Mild
Mild Cognitive Impairment/ Alzheimer Disease
Alzheimer’s Dementia
NCT03978052 | Prevention of Cognitive Decline in COMPLETED Alzheimer Disease| DIETARY_SUPPLEMENT: EGCG]| nan
ApoE4 Carriers With Subjective Cognitive Decline DIETARY_SUPPLEMENT: Placebo EGCG|
Cognitive Decline After EGCG and a OTHER: Healthy lifestyle
Multimodal Intervention recommendations| OTHER: Multimodal
lifestyle intervention
NCT03630419 | Specialized Food Plan Based on COMPLETED Mild Cognitive DIETARY_SUPPLEMENT: Mito-Food PHASE1|
Individual Physiological Comprehensive Impairment| Plan|OTHER: Cellular Repair Therapy PHASE2
Body Assessments Accompanied With Alzheimer Disease
Cellular Repair Therapy to Decrease
Inflammation Cognitively
Impaired Patients
(Continued)
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TABLE 2 Continued

10.3389/fimmu.2024.1484373

NCT Study Title Study Conditions Interventions Phases
Number Status
NCT03101085 | S-Equol in Alzheimer’s Disease 2 Trial COMPLETED Alzheimer Disease DRUG: S-equol and Placebo|DRUG: PHASE1|
Placebo and S-equol PHASE2
NCT02142777 | S-Equol in Alzheimer’s Disease COMPLETED Alzheimer’s Disease DRUG: S -Equol|DRUG: Placebo PHASE1
(SEAD) Trial
NCT00951834 = Sunphenon EGCg (Epigallocatechin- COMPLETED Alzheimer’s Disease DRUG: Epigallocatechin-Gallate| PHASE2|
Gallate) in the Early Stage of Alzheimer’s DRUG: Placebo PHASE3
Disease
NCT00939783 | An Extension To The B1451027 Protocol | TERMINATED | Alzheimer’s Disease DRUG: Dimebon PHASE3
To Evaluate The Long Term Safety And
Tolerability Of Dimebon In Patients
With Alzheimer’s Disease
NCT00838110 = A Phase 3 Study To Evaluate The Safety =~ COMPLETED Alzheimer’s Disease DRUG: Dimebon|DRUG: Placebo|DRUG: PHASE3
And Tolerability Of Dimebon Patients Dimebon|DRUG: Placebo
With Mild To Moderate
Alzheimer’s Disease
NCT00829374 | Safety and Efficacy Study Evaluating COMPLETED Alzheimer’s Disease DRUG: Dimebon|DRUG: Dimebon|DRUG: = PHASE3
Dimebon in Patients With Mild to Placebo comparator
Moderate Alzheimer’s Disease
on Donepezil
NCT00825084 | A Phase 1 Study To Evaluate The COMPLETED Alzheimer’s Disease] =~ DRUG: Dimebon|DRUG: Dimebon|DRUG: = PHASEL
Pharmacokinetics, Safety, And Huntington’s Dimebon|DRUG: Dimebon
Tolerability Of Dimebon [PF-01913539] Disease
In Japanese And Western
Healthy Subjects
NCT00704782 | Study of Combination Therapy With TERMINATED | Alzheimer’s Disease DRUG: dimebon PHASE2
Dimebon and Donepezil (Aricept) in
Patients With Alzheimer’s Disease
NCT00675623 | A Safety and Efficacy Study of Oral COMPLETED Alzheimer’s Disease DRUG: Dimebon|DRUG: Dimebon| PHASE3
Dimebon in Patients With Mild-To- DRUG: Placebo
Moderate Alzheimer’s Disease
NCT05617508 = N-DOSE AD: A Dose Optimization Trial =~ RECRUITING Alzheimer OTHER: Placebo| PHASE2
of Nicotinamide Riboside in Disease| Dementia DIETARY_SUPPLEMENT: Nicotinamide
Alzheimer’s Disease Riboside supplementation 1000mg daily in
total DIETARY_SUPPLEMENT:
Nicotinamide Riboside dose escalation (up
to 3000 mg daily in total)
NCT03514875 | Effects of Mitochondrial-targeted WITHDRAWN | Alzheimer Disease, DIETARY_SUPPLEMENT: MitoQ| NAN
Antioxidant on Mild Cognitive Early Onset|Mild DIETARY_SUPPLEMENT: Placebo
Impairment (MCI) Patients Cognitive
Impairment

proteins. At the functional level, AD patients experience an
imbalance in mitochondrial fission and fusion, with a particular
increase in excessive mitochondrial fragmentation (increased
fission and reduced fusion), which weakens mitochondrial
function. Additionally, mitochondrial dynamics within neurons
are impaired, particularly in the process of axonal transport.
Mitochondria are unable to effectively reach the synaptic
terminals, leading to insufficient energy supply to neurons and
exacerbating neuronal degeneration and dysfunction. A defect in
mitophagy is another significant issue in AD. Under normal
conditions, damaged mitochondria are removed through
mitophagy to maintain a healthy cellular environment. However,
in AD, the mitophagy process is inhibited, preventing damaged
mitochondria from being cleared in a timely manner. The

Frontiers in Immunology

accumulation of damaged mitochondria further deteriorates
mitochondrial function, creating a feedback loop of degeneration.
Moreover, the mitochondrial DNA of AD patients is damaged by
abnormal oxidative stress, which not only increases DNA damage
but also further impairs mitochondrial function, leading to a
continuous destructive cycle. To better understand these
mechanisms, future research should focus on regulating
mitochondrial function in the context of AD, particularly how
mitochondrial regulatory mechanisms during aging influence
disease progression. Slight defects in these regulatory
mechanisms, determined by genetic background, may serve as a
potential trigger for the onset of AD. Furthermore, the dual-
membrane structure of mitochondria and the presence of the
blood-brain barrier in AD pose significant challenges for drug
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delivery. Currently, mitochondrial-targeting drug delivery strategies
are still in the early stages of development, and TPP derivatives,
commonly used as mitochondrial-targeting ligands, have shown
side effects, highlighting the need for greater caution in selecting
carrier materials. Using greener and safer materials may help reduce
toxicity and facilitate clinical translation. By further studying the
complexity of these mitochondrial morphological and functional
impairments, we can not only better understand the role of
mitochondria in AD but also provide new therapeutic targets for
all AD patients.
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