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Abstract

Alzheimer’s disease (AD), a primary cause of dementia, is rapidly emerging as one of the most financially taxing, lethal, and burdensome
diseases of the 21st century. Increasing evidence suggests that microglia-mediated neuroinflammation plays a key role in both the
initiation and progression of AD. Recently, emerging evidence has demonstrated mitochondrial dysfunction, particular in microglia
where precedes neuroinflammation in AD. Multiple signaling pathways are implicated in this process and pharmaceutical interventions
are potentially involved in AD treatment. In this review, advance over the last five years in the signaling pathways and pharmaceutical
interventions are summarized and it is proposed that targeting the signaling pathways in microglia with mitochondrial dysfunction could
represent a novel direction for AD treatment.
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1. Background
Alzheimer’s disease (AD) is an ambient neurodegen-

erative disorder distinguished by memory deficits and di-
verse mental impairments. It manifests in a variety of cel-
lular alterations such as dysregulation of microRNAs, acti-
vation of glial cells and astrocytes, hormonal imbalances,
impaired mitophagy and synaptic deterioration, as well
as the accumulation of intracellular neurofibrillary tangles
(NFTs), extracellular β-amyloid (Aβ) plaques and phos-
phorylated tau (P-tau) [1]. Once considered a rare con-
dition, AD now ranks among the top eight major global
health concerns [2]. In 2006, the global prevalence of AD
stood at 26.6 million; this figure is expected to quadruple by
2050, affecting approximately one in 85 individuals world-
wide [3]. Rather than being a mere secondary response to
the formation of senile plaques and neurofibrillary tangles,
neuroinflammation in AD contributes significantly, if not
more, to the disease pathogenesis [3].

AD is characterized as a dual-proteinopathy disor-
der, exhibiting a spatially selective distribution of diffuse
neuritic Aβ plaques within the brain parenchyma [4,5].
Initially, these plaques are intracytoplasmic but later be-
come extracellular, accompanied by neurofibrillary tangles,
synaptic degeneration, neuronal loss and gliosis [6–9].

The etiology of AD continues to be a controversial
topic and is not fully understood [10–12]. Current models
suggest that the accumulation of neurotoxic Aβ species at
synapses triggers a cascade of events, including microglial
activation, ionic imbalances, neurotransmitter dysregula-

tion, mitochondrial dysfunction, oxidative stress and hy-
perphosphorylation of tau protein, leading to tangle forma-
tion [12–23]. Tau-mediated mechanisms exacerbate synap-
tic and neuronal impairments, culminating in cortical dys-
function [24].

Microglia, as the resident macrophages of the central
nervous system (CNS), are crucial for maintaining CNS
homeostasis. They have been implicated in AD pathol-
ogy and participate in phagocytosis, removal of pathogenic
molecules andmodulate neuroinflammatory responses [25–
29]. Activation of microglia is a critical element in
the pathogenesis of AD [30]. Robust experimental data
suggest a role for activated microglia in Aβ and p-Tau-
mediated neuronal dysfunction during AD pathogenesis
[30,31]. These immune functions are energy-intensive and
regulated by mitochondrial activity [28]. Mitochondria
are ubiquitous organelles, essential to nearly all eukaryotic
cells [32,33]. They are primarily responsible for adenosine
triphosphate (ATP) production, the principal cellular energy
molecule [34].

Mitochondria play an important role in oxidative
stress, cell survival, calcium homeostasis and energy
metabolism [35]. Mitochondrial dysfunction is considered
to be directly involved in the death of autonomic neu-
rons [35]. AD has been thought to be a metabolic dis-
ease [28,35–37]. Although glial mitochondria are more
metabolically flexible than neurons, they also play a critical
role in the function of the CNS and have specific metabolic
andmitochondrial characteristics to support their functional
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diversity [28,35,38]. Several studies have identified a range
of mitochondrial dysfunctions in microglia and other brain
cells, including age-related accumulation of mitochondrial
DNA (mtDNA) mutations, structural remodeling, overpro-
duction of mitochondrial reactive oxygen species (ROS),
changed mitocondrial membrane potential, reduced ATP
levels, disruptions in the electron transport chain, and el-
evated mitochondrial fragmentation, resulting in defective
mitophagy [1,31,39–44]. These mitochondrial dysfunc-
tions contribute to the onset of AD. Further research has
revealed drugs targeting various signaling pathways related
to mitochondrial energymetabolism, dynamics, biogenesis,
and autophagy.

This review outlines recent advancements in under-
standing the relationship between microglial mitochondrial
dysfunction and AD. It also summarizes the signaling path-
ways involved and pharmaceutical interventions targeting
these pathways over the past five years. Lastly, we in-
troduce a novel perspective for targeting specific signaling
pathways as a therapeutic approach for AD.

2. Mitochondrial Dysfunction in Microglia
2.1 Physiological Function of Microglia and Its Roles in
Brain Inflammation

Serving as the resident macrophages of the CNS, mi-
croglia maintain CNS homeostasis; they are also implicated
in AD pathology [25,45]. Upon exposure to pathogenic or
damage signals, microglia rapidly activate to acquire dif-
ferent phenotypes exerting either neuroprotection or neuro-
toxicity [46]. As brain resident innate immune cells - mi-
croglia - sculpt neural circuitry and coordinate copious and
numerous neurodevelopmental requirements [47].

Microglia, acting as effector cells in the brain’s in-
nate immune system, exhibit an adaptability to perform
various specialized functions in AD, including phagocy-
tosis and elimination of harmful clusters of Aβ and tau
proteins that contribute to neurodegeneration. These im-
munological processes necessitate substantial energy re-
sources, which are controlled by mitochondria. Further-
more, microglia exhibit metabolic flexibility, capable of
utilizing both glycolysis and oxidative phosphorylation and
reprogram their mitochondrial function to meet their energy
needs when activated by inflammation [28]. Myeloid Trig-
gering receptor expressed on myeloid cells 2 (TREM2) is a
regulatory factor that adapts to mitochondrial metabolism
and is only expressed in microglia. Recent studies have
shown that TREM2 is involved in multiple microglial ac-
tivities, including calcium mobilization, phagocytosis, cy-
tokine production, energy metabolism and immune re-
sponse regulation. TREM2 is highly expressed in the brains
of AD patients. Modulation of TREM2-mechanistic tar-
get of rapamycin (mTOR) signaling increases microglial
phagocytosis in AD [48]. Increasing evidence suggests
that TREM2 maybe involved in regulating microglial po-
larization of the anti-inflammatory Macrophages (MΦs)

type 2 (M2) phenotype through multiple signaling path-
ways, including the Toll-like receptor 4 (TLR4)-mediated
pathway, Phosphatidlinositol 3-kinase (PI3K)/protein ki-
nase B (Akt) pathway and Janus kinase/signal transducer
and activator of transcription (JAK/STAT) pathway. In the
field of neurodegenerative diseases, TREM2 has been ob-
served to reduce the accumulation of lactate dehydroge-
nase (LD) in aging microglia. At the same time, studies
have shown that TREM2 restores microglia homeostasis
through the TREM2-Apolipoprotein E (APOE)-mediated
pathway, possibly by regulating key transcription factors
such as transforming growth factor β (TGF-β) that are ho-
mologous to microglia [49]. APOE is a glycoprotein in-
volved in the regulation of lipid metabolism and is widely
expressed in astrocytes, microglia, vascular parietal cells
and choroid plexus cells in the central nervous system [50].
APOE is a polymorphic gene with three common alleles:
ϵ2, ϵ3, and ϵ4. Although the most common allele, APOE
ϵ3 (APOE3), is not associated with the disease, APOE ϵ4
(APOE4) is the largest known genetic risk factor for late-
onset AD. APOE4 is involved in AD pathogenesis by af-
fecting microglial reactivity, synaptic integrity and plastic-
ity, lipid transport, cerebrovascular integrity and function,
and glucose metabolism, some of which are independent of
Aβ-associated pathways [51]. Under pathological condi-
tions and injury, APOE is found to be sharply upregulated
in activated microglia and stressed neurons. Investigators
have found that the TREM2-APOE pathway plays a key
role in microglial phenotypic change from a homeostatic to
a neurodegenerative phenotype.

Microglia express glycolysis and oxidation and in the
absence of glucose, they aremetabolically flexible and have
the capacity to quickly adapt to consume glutamine as an al-
ternative metabolic fuel. Glutamine hydrolysis supports the
maintenance of motor and damage sensing functions of mi-
croglia processes in insulin-induced hypoglycemia in blood
glucose or in vivo in acute brain sections. This metabolic
adaptation sustains mitochondrial function and is regulated
through mTOR-dependent signaling. This plasticity allows
microglia tomaintain their critical monitoring and phagocy-
tosis roles even after disruption of neural energy homeosta-
sis [52,53]. Glucose deprivation may sensitize microglia to
release inflammatory mediators and major microglia func-
tions in survival and inflammation, which probably result
in psychiatric comorbidities of ischemia, diabetes, and/or
metabolic disorders [54]. Microglia also undergo a tran-
sition from a resting phenotype to a reactive phenotype,
known as disease-associated microglia. There is a common
misconception that M1, the glycolytic type, and M2 are de-
pendent on the oxidative phosphorylation phenotype. The
glucose uptake of microglia is mainly promoted by glucose
transporter type 1 (GLUT1), especially within inflamma-
tory environments [55].

Microglia continuously monitor the brain parenchyma
to detect changes in neuronal activity and homeostatic pro-
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cesses to maintain normal brain function. Metabolic path-
ways participating in microglial activity adapt and pro-
mote cell phenotypes. While mitochondrial oxidative phos-
phorylation is efficient in the production of ATP, mi-
croglia produce ATP faster and produce intermediates for
cytokine production and cell growth. In macrophages,
pro-inflammatory stimulation induces a metabolic transi-
tion from oxidative phosphorylation to glycolysis, a phe-
nomenon similar to the Warburg effect in tumor cells. Al-
terations in metabolic function allow macrophages to re-
spond appropriately to changing environments and much
evidence suggests that, similar to macrophages, microglia
are able to variably adapt to the energy matrix. Neuroin-
flammation frequently manifests in various neurodegener-
ative disorders and metabolic reprogramming of microglia
has been found in neurodegenerative diseases [56].

2.2 Physiological Function of Microglia

Mitochondria serve as the primary energy-generating
organelles in human cells. The genetic blueprint for mi-
tochondria, mitochondrial DNA (mtDNA) is a circular,
double-stranded molecule comprising 16,569 nucleotides.
It encodes 13 messenger RNAs, 2 ribosomal RNAs and 22
transfer RNAs [57].

Proteins transcribed from mitochondrial messenger
RNAs form essential subunits of the oxidative phospho-
rylation complexes I to V except complex II. These com-
plexes play a key role in mitochondrial oxidative phospho-
rylation, influencing electron transfer and ATP generation
[58,59]. The principal sites for oxidative phosphorylation
and ATP generation are mitochondria, mitochondria sup-
ply about 95% of the energy needed for cellular functions
[60]. Under hypoxic conditions, cells rely solely on glycol-
ysis for ATP production, which leads to the conversion of
pyruvate into lactic acid. In aerobic conditions, glycolysis
produces pyruvate that enters the tricarboxylic acid (TCA)
cycle, also known as the citric acid or Krebs cycle, facili-
tating mitochondrial ATP synthesis [61].

Mitochondria generate circulating metabolites from
the TCA cycle that influence cellular fate and function.
TCA cycle metabolites have traditionally been regarded
as by-products of cellular metabolism. These metabolites
are crucial for the biosynthesis of macromolecules, includ-
ing nucleotides, proteins and lipids. While fundamental
to cellular homeostasis, these processes occur rapidly. It
has been recognized that metabolites in the TCA cycle are
also involved in controlling chromatin modification, DNA
methylation and change of function post-translational pro-
tein modification [62].

Mitochondrial morphology exhibits significant varia-
tions across different cell types and tissues and swiftly re-
sponds to external stimuli and metabolic signals such as
nutritional status. The structure of mitochondria, char-
acterized by continuous fission and fusion of their inner
and outer membranes, has been intensively studied for its

functional implications. Unregulated fission leads to mi-
tochondrial disruption, commonly linked with metabolic
dysfunction and disease. Controlled fusion produces sta-
ble mitochondrial networks, which counteract metabolic
damage, maintain cellular integrity, and inhibit autophagy
[63]. Mitochondrial morphology undergoes constant alter-
ations through a dynamic interplay of fusion, fission and
cytoskeletal trafficking. The balance between fission and
fusion rates determines both the extent to which mitochon-
dria form closed networks and their length. Moreover,
these rates are controlled by mitochondrial metabolism,
harmful conditions and their cellular environment. Fusion
and fission are significant for mitochondrial redistribution,
growth, and maintaining a robust mitochondrial network.
Moreover, fission and fusion process of mitochondria exert
a significant role in disease-associated procedures, includ-
ing mitochondrial apoptosis and autophagy.

Three members of the Dynamin family play an im-
portant role in fission and fusion mechanisms [64]. As dy-
namic organelles, mitochondria can fuse and divide. These
continuous and simultaneous processes are mediated by nu-
clear DNA-coding proteins, which act upon the mitochon-
drial membrane. The balance of fission and fusion dic-
tates mitochondrial morphology, adapting to the metabolic
demands of the cell. Additionally, these two processes
are essential for optimizing mitochondrial bioenergetic and
functional capabilities [65]. Maintaining a healthy network
of interconnected mitochondria is crucial for ensuring the
proper positioning of mitochondria towards high-energy-
demanding neurons, as well as safeguarding neurons by
minimizing oxidative stress. To achieve these objectives, it
is imperative to achieve an equilibrium between mitochon-
drial fusion and fission processes [66].

2.3 Microglia with Mitochondrial Dysfunction in
Alzheimer’s Disease

Implications can be observed in conditions like
AD and cerebral ischemia/reperfusion, where microglial
mtDNA undergoes mutations or deletions [67,68]. Re-
cent research has reported a correlation between levels
of microglial mtDNA deletions in distinct brain regions
with varying pathological susceptibilities to AD and their
corresponding disease stages [69]. Once taken up by
nearbymicroglia, mtDNAwill binds to cyclic guanosine 5′-
monophos-phate-adenosine monophosphate (GMP-AMP)
synthase (cGAS) protein and activates the cGAS-Sting cy-
toplasmic DNA recognition pathway, thereby increasing
the expression of interferon-beta (IFN-β) [67]. Addition-
ally, after treated by mtDNA, the human microglia will
produce large amounts of ROS, activate the nuclear factor-
κB (NF-κB) signaling pathway, synthesize excessive pro-
inflammatory cytokines, aggravate the inflammatory mi-
croenvironment and lead to cell death and tissue damage
[70]. Therefore, the release of damage-associated molecu-
lar patterns is increased and more microglia are activated,
triggering a feed-forward cycle of neuroinflammation [71].
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Table 1. Mitochondrial associated biological process changes occurred in the pathological and physiological environments in
microglial.

Biological process Physiological environment Physiological environment

OXPHOS Main way of generating energy Complex I, III, IV activity decreased; ROS increased
Glycolysis It produces almost no energy Fast energy supply in response to inflammation or stress
TCA cycle Normal PDH, 2OGDH, glutamate, glutamine, GABA, and NAA decreased
Mitochondrial fusion Normal Tomm40, Opa1, Mfn1, Mfn2 decreased
Mitochondrial fission Normal Drp1, Fis1 increased
PGC-1α/TFAM Normal TFAM, Nrf1, Nrf2, and PGC-1α decreased
Mitophagy Normal PINK, Pakin, LC3 decreased
TCA, Trica rboxylic acid; OXPHOS, oxidative phosphorylation; ROS, reactive oxygen species; PDH, Pyruvate dehydrogenase;
2OGDH, 2-oxoglutarate dehydrogenase; GABA, Gamma-aminobutyric acid; NAA, N-acetyl-aspartate; Tomm40, Translocase of
outer mitochondrial membrane 40; Opa1, Optic atrophy 1; Mfn1, mitofusin-1; Mfn2, mitofusin-2; Drp1, dynamin related protein 1;
Fis1, mitochondrial fission 1 protein; TFAM,mitochondrial transcription factor A; Nrf1, Nuclear respiratory factor 1; Nrf2, Nuclear
respiratory factor 2; PGC-1α, peroxisome proliferator-activated receptor gamma coactivator 1 alpha; PINK, PTEN-induced kinase
1; PTEN, Phosphatase and tensin homolog; LC3, microtubule-associated proteins light chain 3.

These observation suggest that microglial mtDNA abnor-
malities contribute to glial activation and deposition of
pathogenic material deposition in AD.

Accumulating in vitro and in vivo evidence suggests
that metabolic impairments in the CNS contribute to both
microglial activation and cell death, exacerbating pathology
in neurodegenerative diseases [72]. Oxidative stress and re-
active oxygen species generation are pivotal mechanisms in
this process [72,73]. Microglia are attacked by oxidative
stress, and reactive oxygen species, leading to mitochon-
drial dysfunction. Microglia with mitochondrial dysfunc-
tion increase mitochondrial damage, increase the release of
inflammatory factors into the extracellular space and over-
produce ROS. These pathological changes further increase
the inflammatory response of microglia. Considerable pro-
teomic analyses of AD brains and cerebrospinal fluid have
demonstrated elevated levels of proteins linked to glucose
metabolism, coinciding with early-stage microglial activa-
tion [74]. Upon inflammatory stimulation, microglia shift
their metabolic pathway to less efficient glycolysis, poten-
tially undermining their metabolic efficiency and phago-
cytic capability, ultimately leading to microglial dysfunc-
tion and Aβ accumulation [75,76]. Analogous observations
have been reported in murine models [45]. Additionally,
it has been observed by the current authors that a spatial
correlation exists between aerobic glycolysis in cognitively
normal young adults and Aβ deposition in individuals with
both dementia of the Alzheimer’s type and cognitively nor-
mal participants with elevated Aβ levels [77].

An increasing body of literature highlights the sig-
nificant role of mitochondrial fusion/fission imbalance in
microglia-mediated neuroinflammation in AD. Evidence
has demonstrated that activated microglia in AD mouse
models exhibit mitochondrial damage due to dysregulated
mitochondrial dynamics [78]. In neurodegenerative condi-
tions, neuronal debris is believed to initiate glial-mediated
neuroinflammation, contributing to further neuronal loss.

Notably, this phenomenon has been specifically observed
in microglia. The ratio of damaged to functional mito-
chondria released frommicroglia and the resultant neuronal
damage, are both regulated by Fis1-mediatedmitochondrial
fragmentation within these glial cells [79].

Recent studies have suggested that defective mi-
tophagy might play a role in the development of AD. Fur-
ther research has shown that mitophagy is impaired in the
hippocampi of patients with AD, as well as in induced
pluripotent stem cell-derived human neurons and animal
models of the disease [80].

3. Signaling Pathways that Regulate
Microglia with Mitochondrial Dysfunction in
AD

Mitochondrial dysfunction can trigger diverse signal-
ing pathways, leading to the metabolic reprogramming of
glial cells and exacerbate pathogenic events related to AD
[81]. Signaling pathways associated with mitochondrial
dysfunction in microglia are showed in Fig. 1 and Table 1.

Mitochondrial energy metabolism encompasses mul-
tiple processes, including oxidative phosphorylation, the
TCA cycle and glycolysis. Mitochondria serve as the pri-
mary site for oxidative phosphorylation, where the elec-
tron transport chain synthesizes ATP. This chain is mainly
composed of Complexes I to V, located in the inner mi-
tochondrial membrane [82]. Glycolysis comprises ten re-
actions that are divided into two phases: ATP investment
and ATP payoff. These reactions take place in the cy-
tosol [82]. The mitochondrial matrix is responsible for
the production of the TCA cycle, which consists of eight
enzymatic steps that consume and regenerate citrate [62].
The researchers observed a decline in mitochondrial com-
plex I, III, and IV activity in AD models or the brains of
AD patients. Furthermore, levels of TCA cyclically de-
rived metabolites (glutamate, Gamma-aminobutyric acid
(GABA), N-acetyl-aspartate (NAA), and glutamine) were
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Fig. 1. Mitochondrial dysfunction in microglia associated with Alzheimer’s disease. Mitochondria perform multiple roles, including
energy metabolism, mitochondrial dynamics, mitochondrial biogenesis, and mitochondrial autophagy. Each function participates in
various signaling pathways. Microglia with mitochondrial dysfunction significantly contribute to neuroinflammation in Alzheimer’s
disease. Figurewasmade by biorender (https://www.biorender.com/). ROS, reactive oxygen species; ATP, denosine triphosphate; Acetyl-
CoA, acetyl coenzyme A; TCA, tricarboxylic acid cycle; α-KG, α-ketoglutarate; CytC, Cytochrome C; ADP, Adenosine diphosphate;
Mfn1, mitofusin-1; Mfn2, mitofusin-2; Opa1, Optic atrophy 1; Drp-1, dynamin related protein 1; Fis-1, mitochondrial fission 1 protein;
PGC-1α, peroxisome proliferator-activated receptor gamma coactivator 1 alpha; TF, Transcription factor; Nrf1/2, Nuclear respiratory
factor 1/2; Nfe, nuclear factor ets-like; TFAM, mitochondrial transcription factor A; mtDNA, mitochondrial DNA; PINK, PTEN-induced
kinase 1; PTEN, Phosphatase and tensin homolog; BNIP3, BCL2/adenovirus E1B interacting protein 3; BCL2, B-cell lymphoma 2;
FUNDC1, FUN14 domain containing 1; AD, Alzheimer’s disease; NADH, Nicotinamide adenine dinucleotide; NIX, NIP3-like protein
X.

found to be significantly reduced in the AD model, which
correlates with the pathology of AD [83]. Dysfunction in
the energy metabolism of mitochondria and metabolic re-
programming in microglia have a strong association with
AD [84].

Mitochondria are active organelles that exist dynam-
ically in networks. They are constantly brought together
and then separated by a process of fusion and fission. A
previous study has revealed elevated expression of the mi-
tochondrial fission genes mitochondrial fission 1 protein
(Fis1) and dynamin related protein 1 (Drp1), alongside de-
creased expression of mitochondrial fusion genes Translo-
case of outer mitochondrial membrane 40 (Tomm40), Op-
tic atrophy 1 (Opa1), mitofusin-1 (Mfn1) and mitofusin-2
(Mfn2) [85]. Research indicates that an imbalance in mi-

tochondrial fusion and fission significantly contributes to
microglia-mediated neuroinflammation in AD [84].

Peroxisome proliferator-activated receptor gamma
coactivator 1 alpha (PGC-1α), is a controller of the gen-
eration of mitochondria. The activation of PGC-1α (ei-
ther through phosphorylation or deacetylation) initiates this
pathway, cascading into the stimulation of a set of impor-
tant transcription factors located in the nucleus, specifically
the nuclear respiratory factors Nuclear respiratory factor-1
(NRF-1), Nuclear respiratory factor-2 (NRF-2), along with
estrogen-associated receptor-α. This leads to augmented
expression ofmitochondrial transcription factor A (TFAM),
responsible for both the transcription and replication of
mtDNA [86]. Investigation has revealed that the levels of
TFAM protein in the hippocampus of individuals with AD
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Fig. 2. Drugs categorized by mitochondrial energy metabolism, mitochondrial biogenesis and mitochondrial autophagy for AD
therapy. More than 40 candidate molecules were showed in the figure, which have demonstrated promising results in preclinical AD
models. Figure was made by biorender (https://www.biorender.com/). ROS, reactive oxygen species; GRP75, glucose-regulated pro-
tein 75; ATP, denosine triphosphate; acetyl-CoA, acetyl coenzyme A; IFN-γ, Interferon-γ; BPTES, bis-2-(5-phenylacetamido-1, 3,
4-thiadiazol-2-yl) ethyl sulfide; AD, Alzheimer’s disease; mitoQ, mitoquinone; VBIT, voltage-dependent anion channel oligomerization
inhibitor; VRP, virus-like replicon particle; Ac-YVAD-cmk, acetyl-tyrosyl-valyl-alanyl-aspartyl-chloromethylketone.

are diminished by half, with a concurrent decrease in the
levels of NRF-1, NRF-2 and PGC-1α. These findings in-
dicate a disruption in mitochondrial biosynthesis within the
AD’s brain [87].

The signaling pathway that regulates mitophagy is the
phosphatase and tensin homolog (PTEN)-induced kinase 1
(PINK1)/Parkin axis. In depolarized and damaged mito-
chondria, PINK1 accumulates on the outer membrane of
the mitochondria and enlists the E3-ubiquitin ligase Parkin
[88,89]. Parkin contributes to the removal of damaged mi-
tochondria by ubiquitinating proteins in the outer mitochon-
drial membrane, which include Mfn1, Mfn2, and voltage-
dependent anion channel 1 (VDAC1) [82]. Investigation
has observed that levels of PINK1, microtubule-associated
proteins light chain 3 (LC3), and Lon protease 1 (LONP1)
were up-regulated in animal models and the brains of AD
patients. Emerging evidence suggests that mitochondrial
autophagy, or mitophagy, takes part in the inflammatory
responses and phagocytic activities of microglia [80,90].

4. Future Perspectives
In neurodegenerative diseases, mitochondrial dys-

function often precedes the accumulation of toxic proteins,
establishing a vicious cycle of deteriorating cellular con-

ditions. Consequently, mitochondria have become prime
targets for the development of novel therapeutics in neu-
rodegenerative diseases.

Here, a summary of literature from the past five years
is complied into Table 2 (Ref. [91–125]) and Fig. 2, more
than 40 candidate molecules were categorized by differ-
ent drug targets. It shows the treatment of AD by drugs
is targeting mitochondrial energy metabolism, mitochon-
drial homeostasis, mitochondrial biogenesis and mitochon-
drial autophagy. Encouragingly, some drugs have already
entered clinical trials. Rapamycin, targeting mitochondrial
energy metabolism, was in phase 2 clinical trials. And met-
formin, a small molecule targeting mitochondrial biosyn-
thesis, was in phase 3 clinical trials. Perhaps in the near
future, these candidate molecules are expected to become
effective drugs for the treatment of AD.

Recent studies have demonstrated promising results in
preclinical ADmodels. Some of these drugs have also been
used in healthy or AD patients at various stages of clinical
trials. However, there are many challenges between pre-
clinical success and clinical application. Initially, it must be
determined whether drugs are safe and whether they cause
serious adverse reactions. Subsequently, do all drug candi-
dates cross the blood-brain barrier? If not, can nanotechnol-
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Table 2. Pharmacological agents targeting pathways that regulate mitochondrial dysfunction in microglia.
Targets Drugs Mechanisms References

Energy metab
-olism

Vitamin E, Vitamin C,
Alpha-lipoic acid, MitoQ,
Curcumin, Astaxanthin,
Ginkgo biloba prepara-
tions

Reduce superoxide radicals and scavenge hydrogen peroxide [91–94]

Sodium rutin Enhances the level of mitochondrial oxidative phosphorylation [95]
Batrachocholine Improves mitochondrial ATP metabolism and modifying antioxidant

proteins
[96]

Ginsenoside Rb1 Inhibition of mitochondrial complex I activity [97,98]
Interferon-γ (IFN-γ) Boosts glycolytic metabolism [99]
Thy and 2’-De Increase ATP production and inhibited glycolysis [100]
Naringin Reduces oxidative damage [101]
Rapamycin, Torin1 and
Niclosamide

Downregulation of the mTORC1 pathway [102]

Myricetin (Myr) Inhibits P38 MAPK pathway activation [103]
BPTES Glutaminase inhibitor [104]
Mesenchymal
stem/stromal cells (MSCs)

Secret neuroprotective and anti-inflammatory factors to promote the
survival of neurons and transfer functional mitochondria and miR-
NAs to boost their bioenergetic profile as well as improve microglial
clearance of accumulated protein aggregates

[105]

GRP75 Improves mitochondrial function and decrease oxidative stress [106]

Mitochondrial
dynamics

Mdivi-1 Repairs mitochondrial breakage and distribution defects [107]
Butylphthalide Balances the mitochondrial dynamics [108]
AIII An inhibitor of JAK2 [109]
Cannabidiol Increases the expression of Mfn2 [110]

Mitochondrial
biogenesis

Resveratrol Sirtuin proteins activator [111]
Quercetin Promotes PGC-1α to regulate mitochondrial homeostasis [112]
Ginsenoside RC Activates the SIRT1-pgC1α pathway [113]
Berberine AMPK activator [114]
Metformin Enhances the transcriptional activity of mitochondrial biogenesis fac-

tor Nrf-2 and thus upregulating the expression of peroxidase GPx7
[115]

Mitochondrial
autophagy

Melatonin Improves mitochondrial-lysosomal fusion [116]
β-caryophyllene Increases the expression of PINK1, Parkin and Beclin-1 [117]
Lithium urate, Tomatidine,
Rhapontigenin, Urolithin
A, Actinonin, Nicoti-
namide riboside, T-271

Mitophagy enhancers [118–120]

Ac-YVAD-cmk Caspase-1 inhibitor [121]
VBIT-4 VDAC1 inhibitor [122]
VRP, Nicardipine Ca2+ blockage, and regulation of Ca2+-dependent genes [123,124]
Quercetin Inhibition of mtROS-mediated NLRP3 inflammasome activation in

microglia through promoting mitophagy
[125]

ATP, denosine triphosphate; mitoQ, mitoquinone; mTORC1, mammalian target of rapamycin complex 1; MAPK, mitogen-activated
protein kinase; BPTES, bis-2-(5-phenylacetamido-1, 3, 4-thiadiazol-2-yl) ethyl sulfide; GRP75, glucose-regulated protein 75; Mdivi-
1, Mitochondrial division inhibitor-1; JAK2, Janus kinase-2; Mfn2, mitofusin 2; PGC-1α, peroxisome proliferator-activated receptor
gamma coactivator 1 alpha; SIRT1-pgC1α, silent information regulator factor 2-related enzyme 1- peroxisome proliferator-activated
receptor gamma coactivator 1; AMPK, AMP-activated protein kinase; Nrf-2, Nuclear respiratory factor 2; GPx7, Glutathione peroxi-
dase 7; PINK1, PTEN induced putative kinase 1; VDAC1, voltage-dependent anion channel 1; mtROS, mitochondrial reactive oxy-
gen species; NOD, nucleotide-binding oligomerization domain; LRR, leucine-rich repeat; NLRP3, (NOD-, LRR- and pyrin domain-
containing 3); miRNAs, micro-ribonucleic acids.
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ogy be employed as a vehicle to help the drug translocate?
Further, can these drugs target the mitochondria that reach
microglia and are there an off-target effects? Is a guide-
RNA required for localization? Can the bioavailability of
these drugs following entry through the blood-brain barrier
reach an effective concentration? Finally, do these drugs
have an effect on nerve cells other than microglia? These
issues still need to be addressed. Further study of the mech-
anisms of microglia mitochondrial dysfunction in AD is re-
quired to provide ideas and directions for such clinical re-
search.

5. Conclusion
In this article, the role of mitochondrial dysfunction in

microglia in AD is reviewed and the preclinical drugs tar-
geting mitochondria for AD in the past five years are sum-
marized. It is proposed thatmitochondriamay be a potential
target for AD treatment and the preclinical drugs targeting
mitochondria for AD in the past five years are summarized.
However, there is still a long path from preclinical research
to clinical application and further research on mechanisms
of mitochondrial dysfunction in microglia are needed.
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