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Abstract

Alzheimer's disease (AD) is one of the most common neurodegenerative diseases. Its etiology and associated mechanisms
are still unclear, which largely hinders the development of AD treatment strategies. Many studies have shown that dysregu-
lation of energy metabolism in the brain of AD is closely related to disease development. Dysregulation of brain energy
metabolism in AD brain is associated with reduced glucose uptake and utilization, altered insulin signaling pathways, and
mitochondrial dysfunction. In this study, we summarized the relevant pathways and mechanisms regarding the dysregulation
of energy metabolism in AD. In addition, we highlight the possible role of mitochondrial dysfunction as a central role in
the AD process. A deeper understanding of the relationship between energy metabolism dysregulation and AD may provide
new insights for understanding learning memory impairment in AD patients and in improving AD prevention and treatment.
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Introduction

Alzheimer's disease (AD) is a neurological disorder charac-
terized by progressive cognitive decline. AD is pathologi-
cally characterized by progressive neuronal and synaptic loss
resulting from the deposition of amyloid-beta (Ap) plaques
and phosphorylated tau neurofibrillary tangles [1, 2]. Glu-
cose is the main source of energy for the brain, producing
adenosine triphosphate (ATP) through glycolysis, the tricar-
boxylic acid (TCA) cycle, and the electron transport chain
(ETC). It is known to enter the brain from blood vessels via
glucose transporter proteins (GLUTs) and requires insulin
for optimal cellular utilization. Recent studies have shown
that overexpression of glucose 6-phosphate dehydrogenase
(G6PD), a rate-limiting enzyme in the pentose phosphate
pathway, can save cognitive loss in double-transgenic APP/
PS1 mouse models, which undoubtedly provides a new
perspective for the treatment of AD. Previous studies have
focused on enzymes involved in the production of AP or
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p-tau, and correcting dysregulation of sugar metabolism in
the AD brain may also be an effective way to impede disease
progression [3]. Much evidence suggests that brain glucose
metabolism dysfunction, insulin resistance, and subsequent
mitochondrial dysfunction play important roles in the pro-
gression of AD [4-6].

In this review, we summarized disordered glucose metab-
olism, impaired insulin signaling, mitochondrial dysfunc-
tions, and their interactions with p-amyloid deposition and
tau hyperphosphorylation in the AD brain [4, 6], highlight-
ing the involvement of glucose transporter proteins, IRS/
PI3K/Akt and its downstream signaling pathways and mito-
chondrial dysfunction including mitochondrial DNA muta-
tions, abnormal mitochondrial fusion and division, altered
mitochondrial dynamics, and oxidative stress in disease
progression [4, 7, 8]. In general, they are interrelated and
together affect the energy supply and metabolic balance of
the brain. A deeper understanding of these mechanisms not
only helps shed light on the pathophysiological processes
of AD, but also provides important insights for developing
new intervention strategies and treatments that ultimately
improve patients' cognitive function and overall quality of
life.
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Search strategy

We searched PubMed using “Glucose metabolism” “Glucose
transporters” “Mitochondrial dysfunction” “Mitochondrial
autophagy” “Mitochondrial genetics” “B-Amyloid” “Tau
protein” “Insulin resistance” “Oxidative stress” and “Alz-
heimer’s disease” as keywords and then excluded irrelevant
articles based on the abstract. Finally, we reviewed the
mechanism of brain energy metabolism dysregulation in
AD. Most of the articles were published from 2015 to 2024.

Mechanisms related to glucose transport
and metabolism in Alzheimer's disease

Although the brain makes up only 2% of the body overall,
it uses 25% of the body's glucose. The high energy require-
ments of neurons are met primarily by the supply of d-glu-
cose in the blood. The process of brain glucose metabolism
involves both intracellular glucose metabolism and glucose
transportation, and it involves multiple steps. The entry pro-
cess of glucose into the brain requires transporter proteins.
Energy requirements vary with brain activity, and deletion
of major glucose transporter proteins leads to a reduction
in brain glucose supply, which affects metabolic and other
processes that depend on ATP production [9, 10]. Numerous
studies have shown altered brain glucose transporter protein
expression and function in AD brain.

2.1 Mechanisms of glucose transport in central
nervous system

For optimal transport at various glucose concentrations
and physiological demands, the brain expresses a fam-
ily of transporter proteins from solute carrier 2 (SLC2),
including GLUT1, GLUT2, GLUT3, GLUT4, GLUTS, and
GLUT12 transporter proteins, as well as Na+-d-glucose
cotransport proteins from the solute carrier 5 (SLC5) fam-
ily, including sodium-glucose cotransporter 1 (SGLT1)
[11]. Glucose transporter proteins are distributed in differ-
ent locations and have different roles. The entry of glucose
into the brain occurs primarily through the transporters
GLUT!1 and GLUTS3 [10]. GLUT!1 is located in capillary
endothelial cells and astrocytes and is responsible for
facilitating the passage of glucose through the blood—brain
barrier and into astrocytes [11]. However, neurons do not
express GLUT1, and the primary glucose transporter that
facilitates glucose entrance into neurons is GLUT3. The
density and distribution of GLUT3 in axons, dendrites,
and neuronal bodies are related to local brain energy
requirements, and low levels of GLUT3 are also detected
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in astrocytes and endothelial cells. Hypothalamic neurons
contain GLUT2, which functions as a glucose sensor to
control appetite, and it is believed that GLUT2 controls
neurotransmitter release and synaptic activity in hip-
pocampus neurons. Several insulin-sensitive transporters
are present at low levels in the brain. GLUT4, an insulin-
regulated glucose transporter primarily found in the hip-
pocampus and amygdala, migrates from the cytoplasm to
the cell membrane to help neurons absorb glucose, while
GLUTS is transferred to the rough endoplasmic reticu-
lum in the cytoplasm after protein glycosylation to recycle
available glucose [9-11]. In addition, GLUT12, a newly
discovered glucose transporter, mainly exists in insulin-
sensitive tissues. It is expressed more frequently in the
frontal brain of Alzheimer's patients, according to recent
studies, and the specific mechanism may be related to the
deposition of Ap [12]. (Fig. 1).

Diminished expression of GLUT1 in the blood-brain bar-
rier (BBB) is linked to diminished glucose transport in the
early stages of AD [13]. The specific mechanism may be the
accumulation of toxic soluble amyloid-beta-peptide (sAB)
in the brain and plasma of AD patients, which reduces the
expression of GLUT1 through the insulin/Akt/TXNIP axis,
thus promoting BBB dysfunction [14]. The study discovered
that decreased GLUT3 levels in AD patients' brain tissue
hampered nerve cells' ability to absorb glucose [15]. Mean-
while, a 20% decrease of GLUT?3 in the neurons of elderly
AD mice is age related, while the total GLUT3 level is not
affected in young AD mice [16]. It is possible that the pri-
mary cause of the decreased glucose absorption is that A
works by preventing GLUT3 vesicles from fusing with the
plasma membrane [17].

Studies also demonstrated that the lack of glucose trans-
port and metabolism in AD might be the result of impaired
insulin signaling, which may be due to dysfunction of insu-
lin-sensitive GLUTs. The young and elderly 3xTg-AD mice
had considerably decreased total GLUT4 levels compared
to age-matched non-Tg mice, by approximately 20% and
35%, respectively [16]. According to animal studies, insu-
lin stimulation causes GLUT4 to be transported to the rat
hippocampus plasma membrane, where it can enhance spa-
tial memory and encourage glycolysis [18]. The PI3-K and
MAPK pathways are required for GLUT4 translocation to
the plasma membrane. Activation of protein kinase B (Akt/
PKB) via the PI3-K pathway results in GLUT4 transloca-
tion [19]. AP(1-42) oligomers have no effect on GLUT1
or GLUT3, but they impair hippocampus insulin signaling,
diminish GLUT4 translocation, and cause cognitive decline
and hippocampal hypometabolism [20]. It is possible that
upregulating GLUT4 mediates insulin's effect on memory
[21, 22]. Hippocampal GLUT4 translocation was elevated by
memory training, while GLUT4 blockage hindered memory
acquisition [23].
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Fig.1 Schematic diagram of brain glucose transport, uptake and utilization-related mechanisms, and mitochondrial dynamics
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(a) Mitochondrial fission: Drpl is transported from cyto-
plasm to mitochondria with the help of Fisl, Mff, etc.
Drpl then assembles and forms the oligomer ring
structure, resulting in mitochondrial division through
membrane shrinkage by GTP hydrolysis. Mitochon-
drial fusion: Two Mfn isomers (Mfn1/2) mediate outer
membrane fusion, and Opal mediates inner mem-
brane fusion to elongate mitochondria. Mitochondrial
autophagy: Damaged mitochondrial membrane poten-
tial leads to depolarization, and the pathway of PINK1
into the inner mitochondrial membrane is blocked,
resulting in stable accumulation of PINK1 in the outer
mitochondrial membrane. E3 ubiquitin ligase is acti-
vated by phosphorylation of Parkin and its substrate
ubiquitin molecule (Ub) at the Ser65 site (pSer65-Ub).
The protein of the LC3 interaction domain in the mito-
chondrial outer membrane is the receptor of autophagy,
and its binding causes extensive ubiquitination. After
the recruitment of the autophagy receptor, the mem-
brane of the autophagy begins to extend and eventu-
ally close, forming a double-membrane structure of the
autophagy, and then fuses with the lysosome to form
the autophagy lysosome, in which the damaged mito-
chondria are degraded.

(b) Distribution of glucose transporters: The blood—brain
barrier is mainly formed by the close connection of
capillary endothelial cells, which are covered by con-
tinuous basement membrane, pericytes, and astrocyte
terminal protrusions. Glucose transporters mediate
D-glucose transport across specific membranes.

(c) The insulin—insulin receptor (IR)—insulin receptor sub-
strate (IRS)-PI3K pathway induces the phosphoryla-
tion and activation of PDK-1 and AKT. Activated AKT
has many downstream effects: AKT phosphorylates the
AKT substrate AS160, which controls the transport of
GLUT4 to cell membranes; Inhibition of TXNIP by
direct phosphorylation promotes plasma membrane
localization of glucose transporter GLUT1; AKT
inhibits Tau kinases such as GSK3p and p38, thereby
limiting Tau hyperphosphorylation. Tau monomers also
promote normal insulin signaling by inhibiting PTEN
and thus inhibiting the conversion of PIP3 to PIP2.
Intracellular glucose can enter the hexose amine bio-
synthetic pathway (HBP) and generate OGT substrate
UDP-GIcNAc. And the glutamine-fructose-6-phos-
phate aminotransferase (GFAT) is the way for the speed
limit of enzymes. O-GIcNAc transferase (OGT) and
O-GIcNAc hydrolase (OGA) promote the installation
and removal of O-GlcNAc on tau proteins, respectively,
thereby regulating tau phosphorylation.
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2.2 Overview of glucose utilization and metabolism

Upon entering the cell, glucose undergoes irreversible
phosphorylation by hexokinase (HK) to become glucose
6-phosphate (G6P). G6P is then processed primarily through
glycolysis, the pentose phosphate (PPP) pathway, glycogen
generation, and other metabolic pathways. Glycolysis pro-
duces nicotinamide adenine dinucleotide (NADH), which
is reoxidized in the mitochondrial ETC together with fla-
vin adenine dinucleotide (FADH?2) produced during the
TCA cycle. The process of electron coupling of NADH and
FADH?2 with molecular oxygen to produce ATP is called
oxidative phosphorylation [24].

The early and consistent feature of AD is a signifi-
cant reduction in glucose utilization. The changes in glu-
cose metabolism in AD patients are mainly related to the
decrease of metabolic complex, the change of enzymes
involved in glucose metabolism, the decrease of aerobic
glycolysis, and the decrease of oxidative phosphorylation
[24]. Specifically, the pyruvate dehydrogenase complex
(PDHC), a-ketoglutarate dehydrogenase complex (KDHC),
and enzymes in the electron transport chain (ETC), such
as succinate dehydrogenase (Complex II) and cytochrome
c oxidase (complex IV), exhibit reduced activity in AD
patients [25]. Additionally, changes were seen in the glucose
metabolism-related enzymes in AD, with decreased levels of
hexokinase (HK) in both transgenic mouse models of amy-
loidosis and postmortem brain tissue of AD patients [26].
Activation of pyruvate dehydrogenase kinase 1 (PDK1) and
lactate dehydrogenase A(LDHA) increases resistance to AP
toxicity and causes a decrease in oxidative phosphorylation.
Decreased expression of PDK1 was found in postmortem
brain tissue of AD patients [27]. Santangelo found elevated
lactate and decreased pyruvate in the brain of AD patients,
suggesting that they rely more on anaerobic glycolysis for
energy production, and that age-related loss of aerobic gly-
colysis may accelerate the pathology of AD [28].

2.3 Hexosamine biosynthetic pathway (HBP)

In addition to the above glucose utilization, approximately
3-5% of intracellular glucose enters the hexosamine bio-
synthesis pathway (HBP) and produces the OGT substrate
uridine 50-diphosphate-n-acetylglucosamine (UDP-Glc-
NAc). UDP-GIcNAc is the donor of protein O-linked beta-
N-acetylglucosamine (O-GIcNAc) modification which is
a post-translational modification that regulates a variety
of cellular processes. O-GlcNActransferase (OGT) and
0O-GIcNAcase (OGA) promote the installation and removal
of O-GIcNAc on proteins, respectively. The glycosylation
of O-GIcNAc is mainly regulated by intracellular UDP-
GlcNAc level, which varies with the availability of glucose
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in cells, so it is also known as the sensor of intracellular
glucose metabolism [29]. (Fig. 1).

As a result, tau and other brain proteins have lower
O-GlcNAcylation levels in AD brains. This is most likely
because the brain's glucose metabolism is impaired. Both
in vitro and in vivo, O-GlcNAcylation controlled the phos-
phorylation of tau in a site-specific way. O-GIcNAcylation
on tau modulates local conformational changes that slow
down fibrinogenic aggregation and counteract glycogen
synthase kinase 3p (GSK-3p) induced phosphorylation [30].
Reduced tau O-GlcNAcylation was found to lead to abnor-
mal hyperphosphorylation of tau in animal models [31].In
the presence of tau pathology, an increase in O-GIcNAc can
lead to a decrease both in B-amyloid peptide levels and amy-
loid plaque deposition [32]. It has been previously shown
that O-GlcNAcylation increases the processing of non-amy-
loid a-secretase, leading to increased levels of neuroprotec-
tive soluble amyloid protein procurer o (sAPPa) fragments
and decreased AP secretion [33]. Thus, O-GIcNAcylation
may also be a molecular link between glucose dysregulation
and p-amyloid pathology in AD. Furthermore, a multitude
of research has demonstrated that O-GIcNAc also has sig-
nificant impacts on mitochondria. O-GlcNAcylation controls
the shape, dynamics, and oxidative stress of mitochondria
[34]. Examples of these proteins include the respiratory
chain complex, Milton, dynamin-related protein 1 (DRP1),
and peroxisome proliferator-activated receptor-y coactivator
(PGC)—1 a ([35, 36]. In AD neurons, significant reductions
in overall O-GIcNAcylation are strongly associated with
mitochondrial defects, and OGA inhibitors can restore these
mitochondrial abnormalities and stop cell death by raising
O-GIcNAcylation levels [37].

2.4 Insulin signaling

Insulin signaling plays a crucial role in regulating glucose
metabolism in nerve cells. Numerous studies have shown
that insulin freely penetrates the blood—brain barrier from
the bloodstream to control the metabolism of glucose in the
brain, promotes neuronal growth, regulates the release and
uptake of catecholamines, and controls the distribution and
expression of GABA (gamma-aminobutyric acid) [38, 39].
Insulin resistance (IR) is a pathological state when cells'
ability to respond to insulin is reduced, resulting in a biologi-
cal effect that is less than expected from a given quantity of
insulin [39]. Alterations in insulin signaling may hasten the
aging of the brain, impact neuron plasticity, and potentially
cause neurodegeneration. These changes are also responsible
for insulin resistance. A fludeoxyglucose-18 (FDG) positron
emission tomography (PET) study has shown that reduced
local glucose metabolism is linked to insulin resistance,
especially in the medial temporal lobe [40].

2.4.1 Altered insulin signaling and B-amyloid

Impaired insulin signaling has been linked to Ap deposi-
tion in the brain, which can be harmful to synapses and
contribute to memory loss in Alzheimer's disease [41].
Insulin regulates the metabolism of APP to maintain the
equilibrium between the anabolism and catabolism of Ap
[42]. Insulin accelerates APP/A trafficking from the trans-
Golgi network, a key cellular location for A synthesis, to
the plasma membrane, thereby drastically reducing intracel-
lular accumulation of AP, according to in vitro studies [43].
Research on animals indicates that a brain insulin shortage
could result in higher production of Af, and insulin resist-
ance increases the production of Af in the brain via altered
insulin signal transduction, increased p-secretase, and
y-secretase activities [44], and autophagosome accumula-
tions [45, 46]. Insulin-like growth factors (IGF), IGF recep-
tors, insulin receptor substrate-1 (IRS-1) [47], and insulin-
stimulated GLUT4 [48] are some of the IR components that
are important in controlling APP processing, because they
increase GSK-3p activity and decrease protein kinase B
activity. It has also been shown that brain insulin and IGF-1
receptor dysfunction can also lead to AP aggregation and
synaptic loss in the brain and that elevated levels of Ap can
in turn antagonize the binding of insulin and IGF-1 to their
corresponding receptors, exacerbating neuronal resistance
to insulin or IGF-1 [49].

The impaired insulin signaling pathway can affect the
deposition of A, while the accumulation of A will further
deepen the impaired insulin signaling pathway. Ap can com-
petitively bind insulin receptors and induce insulin resist-
ance [50], inhibit autophosphorylation of insulin receptors,
and also decrease insulin receptor levels and activity [51,
52], specifically on dendrites bound by soluble Af oligomers
[51]. Additionally, it has been discovered that Af oligomers
decide abnormal TNFo/JNK activation and IRS-1 inhibition
in both in vitro and in vivo scenarios [51, 53], which induces
tau hyperphosphorylation and altered insulin signaling.

On the other hand, the main AP degradation peptidase
is insulin-degrading enzyme (IDE), which is controlled
by insulin levels [54]. Mice lacking the IDE gene showed
increased amounts of Af in the brain [55]. On the other
hand, in APP transgenic mice, overexpression of IDE
decreased brain AP levels and slowed or stopped AP plaque
formation [56]. Insulin elevates IDE protein levels through
the phosphatidylinositol-3-kinase (PI3K) pathway [57], and
research demonstrates that in the brains of AD patients and
APP transgenic mice, lower IDE was linked with defective
insulin signaling (decreased PI3K subunit P85). Addition-
ally, IDE serves as a mediator between AD and insulin
resistance. In the mice brain, diet-induced insulin resist-
ance promoted the production of Af, which correlated with
enhanced y-secretase activity and reduced IDE activity [58].

@ Springer



2 Page 6 of 14

Journal of Neurology (2025) 272:2

2.4.2 Altered insulin signaling and tau protein

Altered insulin signaling pathway might lead to abnormal
phosphorylation of the tau protein. Tau protein controls
intracellular signaling and maintains the integrity of micro-
tubules [59], and the aggregation of hyperphosphorylated
tau leads to neuronal dysfunction and degeneration in AD
[60]. It has been demonstrated that by triggering the PI3
kinase (PI3-K) signaling pathway [61], insulin secretion and
action decrease glycogen synthase kinase 3 (GSK-3p), a tau
protein phosphorylation that has been extensively addressed
[62]. Therefore, by blocking PI3-K/AKT and increasing
GSK-3f activity, compromised insulin or IGF-1 signaling
pathways can encourage tau phosphorylation [63].

In Alzheimer’s pathology, there is a vicious circle
between insulin resistance, Tau pathology, and A pathol-
ogy. Impaired insulin signaling induces deposition of Af} and
hyperphosphorylation of tau, and those above pathological
changes will further exacerbate insulin signaling impair-
ment. The correlation between insulin signaling and AP
has been discussed above. Tau deletion causes an impaired
hippocampus insulin response due to decreased activity of
IRS-1 and phosphatase and tensin congeners on chromo-
some 10 (PTEN), which negatively controls the PI3-K/AKT
pathway. PTEN inhibits insulin signaling and reduces its
lipid phosphatase activity [64]. Researchers believe that the
pathologic loss of tau function promotes brain insulin resist-
ance, which leads to cognitive and metabolic impairment in
AD patients [65].

3 Mitochondrial dysfunction in Alzheimer's
disease

Mitochondria produce ATP through oxidative phospho-
rylation (OXOPHOS) using reducing agents such as reduc-
ing NADH and FADH. ATP is necessary for maintaining
neuronal function, transmitting neuronal information, and
developing strong neural connections in learning and mem-
ory. Numerous studies have shown widespread mitochon-
drial abnormalities in the brains of AD patients. Below, we
will analyze the mechanisms and effects of mitochondrial
dysfunction in AD in four key areas, including gene level
(mtDNA methylation, mutations, and non-coding RNA),
calcium signaling, mitochondrial metabolism, and kinetic
changes.

3.1 Gene level
The nuclear and mitochondrial genomes both affect mito-
chondrial activity [8] as most mitochondria proteins are

encoded by the nucleus [66] and directed to the mito-
chondria by mitochondria-targeting sequences. Epigenetic
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modification of nuclear genes encoding mitochondrial pro-
teins affects mitochondrial homeostasis. In addition, abnor-
mal modification of mitochondrial DNA (mtDNA) can also
lead to the development of diseases through mitochondrial
dysfunction.

3.1.1 mtDNA methylation

In epigenetic processes, DNA methylation is probably the
most easily understood epigenetic adaptation and the most
common DNA modification. Stoccoro et al. found that
mtDNA methylation was reduced by about 25% in blood
samples of AD patients compared to D-loop methylation
levels in the control group [67]. Blanch et al. found increased
mtDNA methylation in the D-loop of the inner olfactory
cortex of Braak stage I-II and III-IV AD [68]. The pro-
duction of 5-hydroxymethylcytosine (ShmC), a crucial step
in the demethylation of DNA, is facilitated by the proteins
belonging to the 10-11 translocation (TET) family, which
oxidize 5-methylcytosine (5mC) to ShmC [69]. Previous
small sample studies have shown elevated mitochondrial
methylated cytosine-derived bases, and ShmC levels in the
superior temporal gyrus and the middle temporal gyrus of
preclinical AD and advanced AD [70]. Recent studies have
shown that with loss of TET function, AD-related pathol-
ogy increases and that regulation of the methylome of TET
enzymes, particularly TET1, may contribute to AD patho-
genesis [71]. Single-carbon metabolism polymorphisms of
MTRR 66> G and DNMT3a —448A > G were significantly
correlated with D-loop mtDNA methylation [72].

3.1.2 MtDNA mutation and damage

The accumulation of somatic mtDNA mutations affects
mitochondrial function, and leads to AD progression [73].
Krishnan et al. demonstrated an increase in neurons express-
ing a mitochondrial biochemical defect-cytochrome-c oxi-
dase (COX) deficit, which was well reported as a hallmark
of mtDNA dysfunction in the hippocampus in sporadic AD
patients relative to age-matched controls [74]. Mitochon-
drial dysfunction caused by oxidative damage may be related
to mtDNA damage. In AD, there is more brain oxidative
damage [75]. Previous research in the parietal cortex of AD
patients demonstrated an extremely significant threefold
increase in oxidative damage to mtDNA and a minor sig-
nificant increase to nuclear DNA, confirming that mtDNA
is especially vulnerable to oxidative damage [76]. However,
another study has reported that the significant increase in the
frequency of hippocampal mtDNA mutations in early AD
patients may be related to the accumulation of replication
errors rather than an immediate result of oxidative damage
[77].
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Research on AD patients and animal models indicates that
early in the neurodegenerative process, unrepaired oxida-
tive damage to nuclear and mtDNA may accumulate. It has
been demonstrated that AD-related DNA repair dysfunction
increases neurodegeneration. Base excision repair (BER),
nucleotide excision repair (NER), mismatch repair (MMR),
double-strand break repair (DSBR), and direct reversal are
the primary DNA repair methods [78]. DSBR consists of
both non-homologous end junction (NHEJ) and homologous
recombination (HR). Compared to normal aging, AD brain
cells have more extensive damage to the BER and DSBR
pathways [79]. Haploid defect of DNA base excision repair
enzyme is a key enzyme in the bit error rate of neurons, and
the reduction of this enzyme can lead to the aggravation
of AD characteristics in 3xTgAD mice, inducing neuronal
dysfunction, cell death, impairment of memory, and syn-
aptic plasticity [80]. DNA damage is a major activator of
adenosine diphosphate-ribose polymerase-1 (PARP-1), an
enzyme that uses nicotinamide adenine dinucleotide(NAD")
as a cofactor to catalyze post-translational modification of
proteins. PARP-1 activation affects cytochrome oxidase IV
protein levels, oxygen consumption, and membrane poten-
tial, leading to a cell bioenergy crisis that leads to cell death
[81, 82]. Poly-ADP-ribose (PAR) protein accumulated and
PARPI activity increased in brain tissue samples from AD
patients' susceptible areas. PARP1 is a unique signaling
pathway that triggers programmed cell death [83]. The lack
of NAD +in AD may be due to enhance oxidative stress-
mediated DNA damage which leads to PARP1 activation,
and finally caused mitochondrial dysfunction. There is a
relationship between inflammation, mitochondrial dysfunc-
tion, and the pathophysiology of AD. AD pathogenesis can
result from oxidative damage and lipid peroxide destruction
of mtDNA, which can start inflammatory signals in astro-
cytes and set off cascade reactions [84].

3.1.3 Non-coding RNA (miRNA)

In mitochondria, non-coding RNAs from the nucleus
or mitochondrial genome involved in epigenetic regu-
lation mainly include miRNA, small interfering RNA
(siRNA), Piwi-interacting RNA (piRNA), long non-coding
RNAs(IncRNA), and circular RNA(circRNA). Among them,
miRNAs regulate gene expression by inhibiting or degrad-
ing the level of target messenger RNA (mRNAs) after tran-
scription. In vitro studies have shown that amyloid-oligo-p42
(OAPB42) can stimulate the production of mitochondrial
tumor necrosis factor-a(TNF-a), thereby elevating the
degree of miR-34a expression, which decreases five impor-
tant proteins' expression in mitochondrial ETC through base
pair complementarity [85], thus leading to mitochondrial
dysfunction. Moreover, miR-34a negatively regulates the
expression of B-cell lymphoma-2(Bcl2) by directly targeting

the 3’-untranslated region(3’UTR) of Bcl2, an anti-apoptotic
protein mainly located in mitochondria, whose expression
is known to protect cell viability by inhibiting apoptosis
induced by caspase-9 [86]. In AD transgenic mice, down-
regulation of Bcl2 leads to caspase3 activation and neuro-
degeneration [87, 88]. John et al. concluded and analyzed
that miR-15b, miR-23a/b, miR-107, miR-132, miR-143,
and miR-330 having neuroprotective effects of preventing
mitochondrial dysfunction and Ap formation were down-
regulated in neurons of AD patients. However, miR-15a,
miR-34a, miR-126, miR-181a, miR-210-3p, miR-425, and
miR-424 are elevated in AD, which can lead to the loss of
mitochondrial structure and function and play a pathological
role in AD [89]. Some of these miRNAs act on mitochon-
dria and regulate mitochondrial biogenesis (miR-23a/23b),
kinetics (miR-140, miR-195), and mitochondrial autophagy
(miR-101) [90].

3.2 Calcium signaling

In AD, there is a close relationship between calcium ion
signaling and its homeostasis, ATP production, and mito-
chondrial dysfunction. As mentioned above, after being
transported via GLUTs, glucose can be converted into ATP
through glycolysis and TCA cycle thereby meeting the pri-
mary energy requirements of the brain and maintaining
the normal operation of neuronal signals and other non-
signaling activities. Among them, intracellular Ca** buffer-
ing is one of the most important ATP-dependent neuronal
mechanisms [91]. Intracellular Ca2 +is a common second
messenger that is essential for regulating many aspects of
neuronal function, including action potential, learning and
memory, neuron development and differentiation, and syn-
aptic plasticity [92]. Two ATPases, sarco endoplasmic retic-
ulum Ca®* ATPase(SERCA) and plasma membrane Ca**
ATPase(PMCA) of the substrate, respectively, produce ATP
into the endoplasmic reticulum Ca>* pump and pump out of
the cell [93]. In the absence of an adequate supply of ATP,
intracellular Ca®* levels may increase, resulting in certain
effects or loss of function of the cell, leading to neurological
susceptibility [94]. Meanwhile, recent studies have found
that calcium homeostasis regulatory protein(CALHM)?2
V136G mutation (rs232660) is significantly correlated with
AD [95]. CALHM is a voltage-dependent calcium channel
with a quaternary transmembrane structure and is also an
important channel mediating cellular ATP release, which
is activated by the decrease of extracellular Ca>* level and
plasma membrane depolarization [96, 97]. V136G mutation
leads to loss of CALHM?2 ATP release function and impaired
synaptic plasticity in astrocytes, and CALHM2V 136G muta-
tion makes mice prone to cognitive decline in old age [95].
Thus, this could result in a destructive cycle of Ca** and
ATP that together promote AD disease progression.
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Mitochondrial Ca®* homeostasis is essential for mito-
chondrial function and ATP production [98]. Mitochondrial
Ca”" imbalance triggers mitochondrial dynamic(transport,
fission, fusion) changes and mitochondrial autophagy, thus
leading to cell death in AD [99-101]. The main mechanism
may be that amyloid deposition and tau hyperphosphoryla-
tion have neurotoxic effects on mitochondrial Ca** homeo-
stasis [98]. Additionally, hyperphosphorylated tau protein
disrupts neuronal circuits, opens voltage-gated Ca2 + chan-
nels (VGCCs), and depletes nuclear Ca2 +, all of which
have an impact on Ca2 +homeostasis [102—104]. AP has
the ability to create holes in the plasma membrane or over-
activate channels, which permits a significant amount of
Ca2 +to enter the cytoplasm from the extracellular space.
On the other hand, studies have also confirmed that elevated
mitochondrial Ca** levels are associated with plaque depo-
sition and neuronal death in mouse models of AD [105]. It
has been found that in vivo mitochondrial Ca?* overload
involving toxic extracellular A oligomers is prevented by
blocking mitochondrial Ca** mono-transporters. Therefore,
the reduction of neuronal mitochondrial Ca>* by inhibiting
mitochondrial Ca®* mono-transporters could serve as a new
potential therapeutic target for the treatment of AD [105].

3.3 Mitochondrial metabolism and kinetic changes

Changes in mitochondrial metabolism and dynamics have
been closely linked to various diseases (e.g., AD and Par-
kinson's disease), and it is critical to study mitochondrial
morphology and dynamics, because they directly affect cel-
lular health and function. The main dynamic activities of
mitochondria are fusion (two organelles merging into one),
fission (a single organelle splitting into two), transport
(directed movement within the cell), and autophagy (tar-
geted destruction through the autophagy pathway). In mam-
mals, mitochondria fusion is mediated by three GTPases:
Mitofusinl (Mfn1), Mitofusin2 (Mfn2), and opticnerveat-
rophyproteinl (Opal). Mfnl and Mfn2 mediated the mito-
chondrial outer membrane fusion; Opal collaborates with
Mfnl/2 and other proteins mediated intimal fusion and
ridge remodeling [106, 107]. As a complement to fusion,
mitochondrial division is equally important for cellular and
organismal physiology. Mitochondrial division is mediated
by dynein-associated protein 1(Drpl), a large GTPase that
mediates mitochondrial fission through the fission factor
(Fis1) or mitochondrial fission factor (Mff) receptor express-
ing in the outer membrane of mitochondria [108]. The possi-
bility exists that Drpl phosphorylation is linked to the regu-
lation mechanism of mitochondrial fission [109]. Another
method of maintaining mitochondrial mass is mitochondrial
autophagy, which is primarily mediated by phosphatase and
tensin homolog-induced putative kinase 1(Pink1) and E3
ubiquitin ligase (Parkin) [110]. Increased reactive oxygen
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species (ROS) levels and mitochondrial membrane depo-
larization tend to accumulate Pink1 on the mitochondrial
outer membrane, further phosphorylates protein including
the recruitment and activation of Parkin, and reduce oxida-
tive stress by mediating autophagy signaling and autophagy
receptors’ activation [108, 111] (Fig. 1).

Previous research has demonstrated a significant decrease
in the protein expression levels of the big kinetic protein-
related GTPases involved in fission and fusion in the AD
brain, including DRP1, Opal, Mfnl1, and Mfn2, while Fisl is
significantly increased [110, 112]. A can lead to increased
mitochondrial fragmentation and decreased neuronal fusion
[113], while in APP mice, reducing Drpl can reduce AP
generation and mitochondrial dysfunction, improving mito-
chondrial biogenesis and synaptic activity [114]. In addition,
Drpl and glycogen synthase kinase 3 (GSK3p) are related
to the pathogenesis of AD. Studies have demonstrated that
Drp1Ser693 is the phosphorylation site of GSK3f [109].
Therefore, GSK3p in AD neurons can be mediated by the
Drpl phosphorylation of mitochondria.

A key function of PINK1 is to maintain a balance between
mitochondrial fission and fusion. While PINK1 suppression
can cause mitochondrial fusion, PINK1 overexpression can
encourage mitochondrial fission [115]. PINK1 provides pro-
tection against oxidative stress, proteasome activity, endo-
plasmic reticulum stress, and neurodegeneration caused by
mitochondrial malfunction [5]. A decrease in mitochondrial
levels was found in 12 month old APP mice, along with
a decrease in PINK1 and telomerase reverse transcriptase
(TERT) levels involved in mitochondrial autophagy [116].
Activation of the Adrb2/Akt/Pink1 signaling pathway could
improve mitochondrial autophagy in mice, and alleviate
mitochondrial dysfunction, and tau pathology [117].

The formation of advanced glycation end products
(AGEs) in cells and tissues is a normal aspect of aging,
but it accelerates in AD, according to transmission elec-
tron microscopy [118]. AGEs can influence mitochondrial
dynamics by affecting the fusion—fission balance, signifi-
cantly increasing mitochondrial fission in AD. The influ-
ence of AGEs could be attributed to the fact that AGEs up-
regulate the expression of fission proteins Drpl and Fisl,
and down-regulate the expression of fusion proteins Mfnl,
Mitn2, and Opal [7], and through ROS, AGEs are also impli-
cated in aberrant APP processing and the generation of Ap
[119]. In a study using transgenic tau mice, mitochondrial
malfunction was also discovered. This included decreased
cytochrome oxidase activity, elevated amounts of H202 and
lipid peroxidation, and decreased levels of mitochondrial
ATP. In addition, these mice had reduced fusion proteins
(Mfn2, Mfnl, and Opal2) [120], suggesting that phospho-
rylated tau protein can induce mitochondrial abnormalities.

Overall, the primary causes of mitotic autophagy defects
in AD are generally attributed to the production and
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accumulation of Af and phosphorylated tau proteins [7], the
abnormal interaction of A and phosphorylated tau proteins
with Drp1 and volt-dependent anion channels (VDAC), and
decreased levels of PINK1 and parkinl [108].

4 Translational therapy

In recent years, there has been a gradual increase in the num-
ber of clinical studies addressing the mechanisms of glu-
cose metabolism in AD patients, with researchers focusing
on dietary interventions (e.g., intermittent fasting [121] or
ketogenic diet [122]) and pharmacological therapies (glu-
cose-lowering medications, medications to improve insulin
sensitivity, etc.), to explore whether these can attenuate or
slow down the progression of AD. For example, liraglutide,
a glucagon-like peptide-1 (GLP-1) analog, restores BBB
glucose transport [123], and is also an insulin sensitizer with
neuroprotective properties, which can ameliorate insulin
resistance in patients with AD [124]. Newer glucose-lower-
ing drugs, such as dipeptidyl peptidase 4 (DPP-4) inhibitors,
glucagon-like peptide-1 receptor agonists (GLP-1RAs), and
sodium—glucose cotransporter-2 (SGLT2) inhibitors, may
also help to prevent or delay the onset of dementia through a
variety of mechanisms, including reducing insulin resistance
and oxidative stress, and attenuating amyloid deposition and
tau phosphorylation [125].

State-of-the-art therapeutic approaches to mitochondrial
dysfunction in AD are emerging as a hot topic of research
and are currently focused on several key areas. Current
mainstream therapeutic targets, anti-amyloid antibodies
(e.g., Aducanumab, Lecanemab, and Donanemab) have been
used to reduce brain amyloid load in AD patients [126].
Meanwhile, research on tau proteins is rapidly advancing
(anti-p-tau217 antibody), inhibiting the aberrant phospho-
rylation of tau proteins, thereby slowing the formation of
neurofibrillary tangle [127]. Targeting AP or tau can also
reduce mitochondrial damage at the cellular level [126].

Meanwhile, multiple therapeutic strategies are cur-
rently being investigated to improve mitochondrial func-
tion and reduce oxidative stress in AD. Metformin has
been found to have a positive effect on improving cogni-
tion in patients with cognitive impairment, which may be
related to improved mitochondrial metabolism and insulin
signaling, as well as activation of AMPK, modulation of
microglial cell phenotypes, and an increase in autophagy
in the brain [128, 129]. Some other mitochondria-targeted
antioxidants, such as MitoQ, SS-31, SkQ, MitoApocynin,
MitoTEMPO, and MitoVitE, can reduce ROS levels and
oxidative stress [130]. Mitochondrial division inhibi-
tors (e.g., Mdivi-1) help reduce neuronal damage and
improve cognitive function by modulating the activity of

the dynamin-related protein Drp1 [131]. Some small mol-
ecule drugs, such as Urolithin A and Mito Q, are effective
in modulating the mitochondrial autophagy process and
attenuating oxidative stress damage to neuronal cells [132,
133]. There is also a trend toward gene therapy, particu-
larly the use of clustered regularly interspaced palindromic
repeats (CRISPR)-associated protein 9 (Cas9) technology
to correct defective mitochondrial genes for the treatment
of AD [134].

4 Conclusion

Reduced expression and dysfunction of GLUTs in AD
might impair glucose uptake in neurons. Decreased com-
plexes involved in glucose metabolism, enzyme changes,
decreased aerobic glycolysis and oxidative phospho-
rylation, and impaired insulin signaling pathway may
impair glucose utilization and metabolism. At the same
time, mitochondrial dysfunction is also an important fac-
tor that interacts with the reduction of glucose utilization.
Impaired energy metabolism during AD is intrinsically
linked to the loss of mitochondrial structural and func-
tional integrity; in addition, dysregulation of glucose
metabolism and mitochondrial dysfunction are related to
amyloid deposition and tau hyperphosphorylation in AD,
whether as primary or secondary events, which can pro-
vide a variety of new therapeutic targets. An increasing
number of studies have begun to focus on the application
of regulating glucose metabolism, insulin signaling path-
way, and mitochondrial function in AD treatment strate-
gies. We hope that this review can provide a reference
for intervention studies on the dysregulation of energy
metabolism in AD.
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