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Abstract Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized 

by cognitive decline and neuronal loss, with its pathogenesis tightly linked to a “pathological 

triad”―mitochondrial dysfunction, metabolic dysregulation, and calcium homeostasis imbal-

ance. This triad forms a mutually reinforcing network that amplifies AD pathology, yet its pre-

cise causal relationships and clinical relevance remain incompletely understood. Here, we 

critically synthesize evidence from human studies, animal models, and in vitro systems to 

dissect how these dysfunctions interact in vivo: mitochondrial structural damage and bioener-

getic failure (e.g., reduced cytochrome c oxidase activity) impair ATP production, triggering 

metabolic reprogramming (e.g., astrocytic Warburg-like glycolysis, lactate shuttle dysfunc-

tion) and disrupting calcium buffering via mitochondrial calcium uniporter (MCU) dysregula-

tion. Conversely, metabolic stress (e.g., hyperglycemia-induced mitochondrial overload) and 

calcium overload (e.g., NMDA receptor hyperactivation) exacerbate mitochondrial damage 

through reactive oxygen species (ROS) bursts and mitochondrial permeability transition pore 

(mPTP) opening. These processes are further amplified by amyloid β-protein (Aβ) and tau pa-

thology: Aβ oligomers directly inhibit mitochondrial respiration and activate calcium channels, 

while hyperphosphorylated tau disrupts mitochondrial trafficking and exacerbates metabolic 

enzyme dysfunction. We evaluate the clinical translatability of preclinical findings, high-

lighting inconsistencies (e.g., conflicting results of CoQ10 trials) and gaps (e.g., human-specific 

metabolic signatures). Finally, we propose a framework prioritizing multi-target therapies that 

disrupt the triad’s vicious cycle, emphasizing the need for biomarkers to stratify patients 

based on triad dysregulation patterns.
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Introduction

Alzheimer’s disease (AD) imposes a devastating burden on 
global health, with its pathogenesis long attributed to amy-

loid β-protein (Aβ) plaques and neurofibrillary tangles 
(NFTs). However, the failure of Aβ- and tau-targeted thera-

pies underscores the need to revisit broader pathological 
networks. 1,2 Mounting evidence points to a “pathological 
triad”―mitochondrial dysfunction, metabolic dysregula-

tion, and calcium imbalance―as core drivers that interact 
with and amplify Aβ/tau toxicity. 3—5 The “collapse” of 
mitochondria triggers a series of chain disasters: structural 
damage (such as crista rupture and loss of membrane integ-

rity) leads to the breakdown of the respiratory chain, which 
in turn causes an ATP crisis and an outbreak of reactive ox-

ygen species (ROS); autophagic failure (Aβ inhibits PINK1/ 
Parkin) results in the accumulation of damaged mitochon-

dria, turning cells into uncontrolled “garbage dumps”; 
imbalance in dynamics (dynamin-related protein 1 (DRP1)/ 
optic atrophy 1 (OPA1)) causes mitochondrial fragmentation, 
ultimately interrupting the energy supply. 3,6

Metabolic reprogramming further adds fuel to the fire; in 
terms of glucose metabolism, the hyperactivity of the 
“Warburg effect” in astrocytes hinders lactate shuttling, 
leading to neurons being “starved in droves” due to energy 
deficiency; In lipid metabolism, cholesterol deposition fa-

cilitates Aβ aggregation, and apolipoprotein E 4 (ApoE4) 
exacerbates lipotoxicity, resulting in the disruption of 
membrane fluidity; In amino acid metabolism, the inverted 
ratio of glutamate to GABA triggers excitotoxicity and 
inhibitory imbalance, overburdening neurons. 7 The calcium 
“tsunami” delivers the final blow to neurons, and over-

activation of N-methyl-D-aspartate (NMDA) receptors/ 
inositol trisphosphate receptors (IP3Rs) triggers calcium 
sparks, which then form pathological calcium waves, 
leading to intracellular calcium overload; Once calcium-

dependent proteases are activated, they promote the 
hyperphosphorylation of tau proteins, forming NFTs; The 
loss of control of the mitochondrial calcium channel mito-

chondrial calcium uniporter (MCU) causes the collapse of 
the membrane potential, ultimately triggering cell 
apoptosis. 8,9 There is a “toxic synergy” between Aβ and 
tau. Aβ activates glycogen synthase kinase-3β (GSK-3β) to 
phosphorylate tau, and tau aggregation in turn promotes Aβ 
deposition, forming a lethal cycle; Signaling pathways un-

dergo collective betrayal. The inhibition of phosphatidyli-

nositol 3-kinase (PI3K)-protein kinase B (Akt), 
overactivation of mitogen-activated protein kinase (MAPK), 
and loss of control of GSK-3β constitute a “death triangle”; 
In terms of epigenetics, ApoE4 mutation, DNA hypo-

methylation, abnormal histone modifications, etc., accel-

erate the pathological process.

Based on these findings, we propose a three-dimensional 
collaborative intervention strategy as a new dawn for

treatment: First, construct mitochondrial armor, using Co-

enzyme Q10 as an antioxidant and autophagy activator to 
clear “garbage” 10 ; Second, achieve metabolic rebalancing, 
using GLP-1 analogs to reverse glucose metabolism and 
statins to regulate lipids and block Aβ deposition 11 ; Third, 
seal the calcium storm, using nimodipine to block calcium 
channels and quercetin to regulate calcium signals. 12 By 
combining single-cell metabolomics with multi-omics inte-

gration, we will decode the spatiotemporal dynamics of this 
network and provide precise targets for early intervention. 
This is not only a mechanistic innovation but also a strategic 
turning point to end the impasse in AD treatment (Fig. 1).

Normal “operation” of mitochondria, 
metabolism, and calcium homeostasis

The “powerhouse” role of mitochondria

Mitochondria are double-membrane-bound organelles 
within cells, with their unique structure serving as the 
foundation for various critical physiological functions. The 
smooth outer membrane exhibits relatively high perme-

ability, allowing small molecules and ions to pass freely. 
The inner membrane folds inward to form cristae, signifi-

cantly increasing its surface area and providing attachment 
sites for key proteins such as respiratory chain complexes 
and ATP synthase. 13 The mitochondrial matrix contains 
enzymes involved in metabolic pathways like the tricar-

boxylic acid (TCA) cycle and fatty acid oxidation, as well as 
mitochondrial DNA (mtDNA) and ribosomes, enabling inde-

pendent gene expression and partial protein synthesis. 14 

As the cell’s “powerhouse”, mitochondria oxidize and 
break down nutrients such as carbohydrates, fats, and 
amino acids through oxidative phosphorylation (OXPHOS), 
converting the chemical energy stored in these substances 
into ATP to fuel various cellular activities. 15 This process 
involves the TCA cycle and electron transport chain (ETC). 
During the TCA cycle, acetyl-CoA is fully oxidized, gener-

ating reducing equivalents such as NADH and FADH2. These 
equivalents transfer electrons to oxygen via the respiratory 
chain, while protons are pumped across the inner mito-

chondrial membrane, creating a transmembrane proton 
gradient that drives ATP synthase to produce ATP. 16 Mito-

chondria also participate in biosynthesis; for example, 
multiple steps of heme synthesis occur within mitochon-

dria, providing essential material foundations for cells.

The “balance beam” of cellular metabolism

Cellular metabolism is a complex and orderly process 
involving the synthesis and breakdown of various sub-

stances, with glucose metabolism, lipid metabolism, and 
amino acid metabolism being the most critical pathways.
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Glucose metabolism primarily includes glycolysis, the TCA 
cycle, the pentose phosphate pathway, and gluconeogen-

esis. Glycolysis occurs in the cytoplasm, breaking down 
glucose into pyruvate while generating small amounts of 
ATP and NADH. 17 Under aerobic conditions, pyruvate enters 
mitochondria to participate in the TCA cycle, where it is 
fully oxidized into carbon dioxide and water, releasing 
substantial energy. Under anaerobic conditions, pyruvate is 
reduced to lactate. The pentose phosphate pathway pri-

marily produces NADPH and ribose phosphate. NADPH par-

ticipates in intracellular reduction reactions, such as fatty 
acid and cholesterol synthesis, while ribose phosphate 
serves as a key precursor for nucleic acid synthesis. 18 

Gluconeogenesis synthesizes glucose from non-carbohy-

drate sources (e.g., lactate, glycerol, and glucogenic amino 
acids), playing a vital role in maintaining blood glucose 
stability.

Lipid metabolism encompasses fat synthesis, break-

down, and fatty acid β-oxidation. Fat synthesis involves 
combining glycerol and fatty acids into triglycerides for 
storage, primarily occurring in adipose tissue and the 
liver. 19 Lipolysis, mediated by hormone-sensitive lipase, 
breaks down triglycerides into glycerol and fatty acids. 
Fatty acids undergo β-oxidation in mitochondria to 
generate acetyl-CoA, which enters the TCA cycle to release 
energy. 20 Amino acid metabolism includes deamination, 
decarboxylation, and synthesis. Ammonia produced by 
deamination is converted to urea via the ornithine cycle in 
the liver for excretion, while α-keto acids enter glucose or 
lipid metabolism pathways to provide energy or synthesize 
other molecules. 21

These metabolic pathways are interconnected and co-

ordinated. For instance, pyruvate from glycolysis can be

converted to acetyl-CoA for fat synthesis; glycerol from 
lipolysis can enter gluconeogenesis to form glucose; and α- 
keto acids from amino acid deamination can join glucose 
or lipid pathways. 22 Cells maintain metabolic balance 
through precise regulatory mechanisms, including allo-

steric and covalent enzyme modifications, hormonal 
regulation, and gene expression control. Insulin promotes 
glucose uptake and utilization, inhibits gluconeogenesis, 
and enhances fat and protein synthesis, while glucagon 
elevates blood glucose, stimulates lipolysis, and activates 
gluconeogenesis. 23

The “precise regulation” of calcium homeostasis

Intracellular calcium homeostasis is essential for normal 
cellular physiology. At rest, the cytosolic calcium concen-

tration ([Ca 2+ ]i) is approximately 100 nM, while the extra-

cellular levels are ∼1.2 mM, creating a steep concentration 
gradient. 24 Cells maintain this gradient via plasma mem-

brane calcium channels, pumps (e.g., Ca 2+ -ATPase), and 
intracellular calcium stores (ER and mitochondria). Plasma 
membrane channels include voltage-gated calcium chan-

nels (VGCCs), receptor-operated calcium channels (ROCCs, 
also termed ligand-gated calcium channels), and mecha-

nosensitive channels. 25 VGCCs are critical in excitable cells 
(e.g., neurons, cardiomyocytes), where membrane depo-

larization triggers Ca 2+ influx, initiating processes like 
neurotransmitter release and muscle contraction. ROCCs 
open upon ligand binding (e.g., acetylcholine at neuro-

muscular junctions). Additionally, plasma membrane Ca 2+ - 
ATPase (PMCA) and sodium-calcium exchanger (NCX) 
extrude Ca 2+ against the gradient using ATP hydrolysis or

Figure 1 Associated factors, core mechanisms, and intervention methods of AD. In terms of pathogenic factors, it includes lactic 

acid accumulation/acidosis, respiratory chain inhibition, mitochondrial fragmentation, apoptosis and neuroinflammation, calcium 

imbalance/ATP reduction/ROS increase, and neuronal dysfunction, which can induce the disease. In terms of pathogenesis, 

mitochondrial dysfunction, calcium imbalance, and metabolic disorders are the key factors, and the disease process is mediated 

through signaling pathways such as PI3K/AKT/GSK-3β. Intervention strategies include therapeutic directions such as mitochondrial 

protectants, autophagy regulators, gene therapy, and lipid regulation.
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sodium electrochemical gradients, respectively. 26 The ER, a 
major calcium store, releases Ca 2+ via IP3Rs and ryanodine 
receptors (RyRs) upon stimulation, while sarco/ER Ca 2+ - 
ATPase (SERCA) pumps reuptake cytosolic Ca 2+ to maintain 
high ER luminal Ca 2+ levels. 27 Mitochondria regulate cal-

cium via MCU for uptake and NCX for efflux, balancing 
cytosolic and mitochondrial Ca 2+ while modulating energy 
metabolism. 28

As a key second messenger, Ca 2+ regulates diverse 
physiological processes―muscle contraction, neurotrans-

mitter release, proliferation, differentiation, and apopto-

sis―through dynamic concentration changes. Elevated 
[Ca 2+ ]i promotes Ca 2+ binding to calmodulin (CaM), forming 
Ca 2+ -CaM complexes that activate downstream effectors 
like Ca 2+ /CaM-dependent kinases (CaMKs), triggering spe-

cific responses. 29 For example, Ca 2+ binding to troponin 
initiates muscle contraction, while neuronal Ca 2+ influx 
facilitates neurotransmitter release. Calcium signaling be-

gins with extracellular Ca 2+ influx or ER Ca 2+ release (via 
IP3R/RyR), generating cytosolic Ca 2+ transients. Calcium-

induced calcium release (CICR) amplifies signals into prop-

agating waves, activating pathways like CaMK and PKC to 
regulate metabolism and proliferation. Signal termination 
relies on Ca 2+ clearance systems: PMCA and NCX extrude 
Ca 2+ , SERCA refills ER stores, and mitochondria buffer 
excess Ca 2+ via MCU/NCX. 30 Calcium-binding proteins (e.g., 
CaM, troponin) prevent overload by sequestering free Ca 2+ 

and mediating signal transduction. 31

Calcium homeostasis is finely tuned by genetic, oxida-

tive, and inflammatory factors. Dysregulation leads to cal-

cium overload, aberrant protease activation, and cellular 
damage, linking it to cardiovascular diseases, neuro-

degeneration, and cancer. Understanding these regulatory 
mechanisms holds significant therapeutic potential (Fig. 2).

Aberrant “variations” in AD

The “dilemma” of mitochondrial dysfunction

In the pathological progression of AD, mitochondrial 
dysfunction plays a pivotal role, severely impairing 
neuronal function and acting as a core driver of disease 
progression. This dysfunction encompasses multiple critical 
aspects, including structural damage, energy metabolism 
abnormalities, dynamic imbalance, and defective mitoph-

agy, all of which are intricately interconnected to form a 
complex and lethal pathological network. The integrity of 
the mitochondrial structure is essential for maintaining 
normal function. Studies have revealed significant 
morphological alterations in mitochondria from AD brains, 
including swelling, crista fragmentation, reduced cristae 
density, and compromised outer/inner membrane integ-

rity. 32 These changes resemble cracks in a building’s load-

bearing walls, disrupting the internal architecture and 
function of mitochondria, and directly interfering with the
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Figure 2 Mitochondria, as the “powerhouses” of the cell, drive OXPHOS through their double-membrane structure (permeable

outer membrane and cristae-rich inner membrane) and matrix-residing enzyme systems (e.g., the TCA cycle and respiratory chain

complexes), converting carbohydrates, lipids, and amino acids into ATP while participating in heme synthesis. Cellular metabolism,

centered on the glucose, lipid, and amino acid pathways, maintains dynamic equilibrium via glycolysis, the TCA cycle, β-oxidation,

and interconversion pathways (e.g., pyruvate→lipids, glycerol→gluconeogenesis), which is regulated by hormones such as insulin/

glucagon. Calcium homeostasis relies on MAMs, which in AD exhibit MAM expansion (Sigma-1R/Fis1 ratio imbalance) and patho-

logical transitions from calcium sparks to waves, causing calcium overload and protease-mediated cellular damage. Calcium 

signaling is triggered by VGCCs or ER release (IP3R/RyR), amplified via CICR, and terminated by PMCA, SERCA pumps, and calcium-

binding proteins (e.g., calmodulin). Dysregulation of this system is linked to neurodegenerative and cardiovascular diseases. 

Together, these mechanisms reveal AD-associated dysregulation of the energy—metabolism—calcium signaling network, offering 

insights for targeted therapies.
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assembly and activity of key protein complexes such as the 
ETC and ATP synthase. 33

Electron microscopy of AD brain tissue clearly demon-

strates swollen mitochondria with fragmented cristae, 
which fail to efficiently perform energy metabolism, lead-

ing to neuronal energy deficits and subsequent pathological 
cascades. 33 Further studies show mitochondrial degenera-

tion in AD, characterized by hydropic changes, thinned 
matrix, and vacuolation. 33 In AD rat neurons, mitochondria 
exhibit increased average volume, reduced surface area-to-

volume ratio, and decreased numerical density, reflecting 
swelling and loss. 34 Human AD neurons display mild mito-

chondrial swelling, structural disorganization, vacuolation, 
and crista disarray or disintegration in severe cases. 34 

Mitochondrial abnormalities in AD patients are well-docu-

mented: post-mortem brains show swollen mitochondria 
with fragmented cristae, reduced Complex I/IV activity, 
and mtDNA mutations correlated with the Braak stage. 35 

However, their temporal relationship with Aβ/tau remains 
debated. Longitudinal studies in AD mice suggest that 
mitochondrial respiration deficits precede Aβ deposition, 
while human data show Aβ plaques colocalize with 
dysfunctional mitochondria, supporting a feedforward 
loop. 36

Mitochondrial energy metabolism abnormalities are a 
hallmark of AD, trapping neurons in an energy-deprived 
state. OXPHOS is severely suppressed in AD mitochondria, 
drastically reducing ATP production. This stems from ETC 
dysfunction, particularly the diminished activity of cyto-

chrome C (Cyt C) oxidase, which disrupts electron transfer, 
proton gradient formation, and ATP synthesis. 37 mtDNA 
mutations further exacerbate ETC dysfunction by encoding 
defective ETC proteins, reducing ATP output while 
increasing ROS production. 38 AD brains exhibit higher 
mtDNA mutation rates compared to controls, which are 
correlated with metabolic deficits and neuronal damage. 39 

Impaired cerebral glucose uptake and utilization in AD 
contribute to mild cognitive impairment. 40 Elevated cere-

brospinal fluid lactate, reduced succinate/fumarate levels, 
and decreased activity of ETC complexes (I, II, III, and Cyt 
C) confirm mitochondrial oxidative damage. 41 Age-related 
mtDNA instability in AD increases mutations, disrupting ETC 
function, ATP synthesis, and calcium homeostasis while 
increasing oxidative stress, protein/lipid oxidation, and 
mitochondrial permeability transition, accelerating 
neuronal aging and death. 42

Mitochondrial dynamics―fusion, fission, transport, and 
positioning―are critical for functional and spatial homeo-

stasis. In AD, fission/fusion imbalance arises from dysre-

gulation of DRP1 and OPA1. 3—6 Overactivated DRP1 drives 
excessive mitochondrial fragmentation, while reduced or 
dysfunctional OPA1 impairs fusion. 3—6 This imbalance dis-

rupts mitochondrial morphology, energy production, cal-

cium buffering, and intracellular transport while elevating 
ROS. 3—6 AD-linked gene mutations (e.g., presenilin-1/2, 
PS1/PS2) exacerbate dynamic defects. For instance, PS1 
mutations inhibit the mitochondrial fusion proteins Mfn1/ 
Mfn2, promoting fragmentation. 43

Mitophagy―the selective clearance of damaged 
mitochondria―is impaired in AD, akin to a malfunctioning 
cellular waste disposal system. Damaged mitochondria accu-

mulate in AD neurons due to failed autophagosome—lysosome

degradation. These dysfunctional mitochondria not only 
cease energy production but also generate excessive ROS, 
exacerbating cellular damage. 44 AD-associated proteins (e.g., 
Aβ, tau) disrupt mitophagy by inhibiting key regulators like 
PTEN-induced kinase 1 (PINK1) and Parkin 45. For example, Aβ 
oligomers bind to PINK1, blocking its kinase activity and pre-

venting Parkin recruitment to mitochondria, thereby halting 
mitophagy initiation. 46

The “vortex” of metabolic dysregulation

In AD, metabolic reprogramming exhibits unique spatio-

temporal features. Astrocytes display hyperactive glycol-

ysis, resembling the Warburg effect in cancer cells. 47 This 
leads to excessive glucose uptake and lactate production 
via glycolysis in astrocytes, while neurons suffer from 
OXPHOS decompensation. 48 Normally, neurons rely on 
OXPHOS for energy production. In AD, mitochondrial 
dysfunction and impaired substrate supply render neurons 
unable to efficiently generate sufficient energy via 
OXPHOS, resulting in an energy crisis. 49 Lactate shuttle 
dysfunction represents another critical aspect of AD 
metabolic abnormalities. Epigenetic dysregulation of mon-

ocarboxylate transporters 1 and 4 (MCT1/4) disrupts lactate 
transport between astrocytes and neurons. The lactate 
shuttle is essential for maintaining brain energy homeo-

stasis, and its impairment causes metabolic signaling 
decoupling, compromising neuronal energy supply and 
signaling, 50 and lactate accumulation (from overproduction 
and reduced clearance), which disrupts pH and drives 
pathological post-translational modifications (PTMs). Pro-

tein lactylation (Kla), a lactate-dependent PTM, links 
metabolism to protein function and gene expression. 51 It 
modulates histones (e.g., H3K18la) to up-regulate glyco-

lytic genes, forming a feed-forward loop that exacerbates 
metabolic imbalance, neuroinflammation, and oxidative 
stress.

Lactylation of amyloid precursor protein (APP) promotes 
amyloidogenic processing, increasing neurotoxic Aβ42. 52 

This creates a cycle in which dysregulated glucose meta-

bolism elevates lactate, enhancing APP cleavage and Aβ42 
production; Aβ then worsens mitochondrial dysfunction and 
glucose uptake impairment. Lactylation also intersects with 
mitochondrial and calcium homeostasis, amplifying patho-

genesis via ROS, disrupted calcium buffering, and per-

turbed signaling. 53 Targeting glucose metabolism and 
lactylation (e.g., with inhibitors of lactate production/ 
transport or lactylation regulatory enzymes, or combination 
strategies) shows therapeutic promise, highlighting the 
need for multi-target therapies addressing these inter-

connected pathways. Single-cell metabolomics has 
revealed neuron subtype-specific metabolic vulnerabilities. 
Distinct neuronal populations exhibit varying sensitivities to 
metabolic disturbances in AD, with certain subtypes being 
more prone to energy dysregulation. This provides new in-

sights into the selective neuronal damage mechanisms in 
AD. 54

In AD, severe metabolic abnormalities in glucose, lipids, 
and amino acids intertwine within the brain, forming a self-

reinforcing “vortex” that interacts bidirectionally with 
mitochondrial dysfunction to drive disease progression. The

Three-dimensional interactive network in AD 5



brain relies heavily on glucose for energy, which is normally 
converted to ATP via glycolysis and OXPHOS. However, AD 
brains exhibit early and critical glucose metabolism de-

fects, including reduced uptake, impaired glycolysis, and 
suppressed OXPHOS, leading to energy deficits. Regions 
critical for cognition―such as the temporal, parietal, and 
frontal lobes―show significantly lower glucose metabolic 
rates than healthy individuals. 55

Mitochondrial dysfunction exacerbates these defects by 
disrupting OXPHOS and ATP synthesis, which in turn results 
in the inhibition of glucose uptake and glycolysis. Impaired 
respiratory chain complexes reduce oxygen utilization, 
destabilizing energy balance and suppressing glucose 
transporter activity. AD pathological proteins like Aβ and 
tau further disrupt glucose metabolism: Aβ inhibits glucose 
transporters glucose transporter type 1 (GLUT1)/GLUT3, 
while hyperphosphorylated tau destabilizes microtubules, 
impairing transporter trafficking and localization. 56,57 

Compensatory activation of anaerobic glycolysis increases 
lactate production, disrupting the pH balance and 
damaging neurons. Positron emission tomography (PET) 
imaging reveals reduced glucose metabolism ratios in AD 
brains, particularly in the right parietal lobe, posterior 
temporoparietal regions, hippocampus, and posterior 
cingulate cortex. 58 Lipids are essential for membrane 
structure and function, yet AD brains exhibit dysregulated 
synthesis, metabolism, and transport of cholesterol, tri-
glycerides, and phospholipids. 59 Elevated cholesterol, 
particularly around Aβ plaques, promotes Aβ aggregation 
and alters membrane fluidity, creating a vicious cycle that 
accelerates plaque formation. 60 Lipid peroxidation gener-

ates ROS, damaging neurons and mitochondria. 61 Mito-

chondrial dysfunction impairs fatty acid β-oxidation, 
leading to intracellular lipid accumulation. Defective 
mitochondrial fatty acid transporters reduce fatty acid 
import, while lipid peroxidation products (e.g., malon-

dialdehyde) damage mitochondrial membranes and en-

zymes, further impairing respiratory chain activity and ATP 
synthesis. 62 ApoE, particularly the ϵ4 isoform, exacerbates 
AD pathology by disrupting cholesterol efflux, promoting 
Aβ aggregation, and fostering NFT formation. 62 Altered 
fatty acid metabolism destabilizes neuronal membranes, 
and toxic lipid peroxides amplify oxidative stress, accel-

erating neurodegeneration. 62 Amino acid metabolism is 
critical for protein synthesis and signaling. AD brains show 
abnormal amino acid levels, altered transporter activity, 
and disrupted enzyme function. Glutamate levels rise, 
while γ-aminobutyric acid (GABA) levels decline. 63 Excess 
glutamate causes excitotoxic neuronal damage via over-

activation of NMDA receptors, while reduced GABA dis-

rupts the inhibitory—excitatory balance, worsening 
neuronal injury. 64 Mitochondria participate in amino acid 
metabolism (e.g., glutamate oxidation, urea cycle), and 
their dysfunction leads to toxic metabolite accumulation. 
For example, impaired glutamate-oxidizing enzymes in-

crease glutamate levels, while ammonia (a byproduct of 
amino acid catabolism) inhibits respiratory chain com-

plexes, reduces ATP synthesis, and increases ROS 
production. 65

In terms of glucose metabolism, reduced cerebral 
glucose uptake (detected by PET) is an early biomarker, but 
the mechanistic connection between this reduction and

mitochondria is highly complex. 66 Although mitochondrial 
dysfunction impairs the process of OXPHOS, the increase of 
glycolysis in astrocytes (achieved through hypoxia-inducible 
factor (HIF-1α)) may play a compensatory role. 65 Never-

theless, this compensatory mechanism leads to the accu-

mulation of lactic acid and acidosis, which in turn 
exacerbates neuronal damage. At the level of lipid meta-

bolism, carriers of ApoE4 have abnormal cholesterol 
transport, which promotes the aggregation of Aβ. Simulta-

neously, defects in mitochondrial β-oxidation also result in 
lipid peroxidation (such as the accumulation of 4-hydrox-

ynonenal). 67 However, the results of clinical trials on statins 
have been mixed, highlighting the necessity of dis-

tinguishing between targets for cholesterol synthesis and 
those for cholesterol transport. In amino acid metabolism, 
the imbalance between glutamate and GABA in AD patients 
not only reflects the abnormal function of mitochondrial 
glutamate dehydrogenase but also is related to calcium-

dependent glutamate release. This directly links metabolic 
disorders and abnormal calcium regulation to 
excitotoxicity.

The “crisis” of calcium homeostasis imbalance

Mitochondria-associated endoplasmic reticulum (ER) mem-

branes (MAMs) play a critical role in calcium signaling and 
cellular homeostasis. 68 In AD, MAMs exhibit abnormal 
expansion, characterized by an imbalance in the Sigma-1R/ 
Fis1 ratio. Sigma-1R, a molecular chaperone protein, shows 
dysregulated interaction with the mitochondrial fission 
protein Fis1, impairing MAM structure and function. 69 This 
pathological expansion disrupts calcium signaling between 
the ER and mitochondria, altering mitochondrial calcium 
uptake and buffering capacity. 70

Spatiotemporal dynamics of intracellular calcium 
signaling undergo significant changes, transitioning from 
nanoscale calcium sparks to pathological calcium waves. 71 

Under normal conditions, calcium sparks are localized, 
transient signaling events. In AD, however, calcium ho-

meostasis imbalance increases spark frequency and prop-

agates their spread into calcium waves. These pathological 
waves induce intracellular calcium overload, activating 
calcium-dependent proteases and phosphatases that dam-

age cellular structure and function. 72 Optogenetic tools 
have provided novel insights into AD-associated calcium 
dysregulation. Studies have revealed that Aβ oligomers 
induce dendritic microdomain calcium oscillations, which 
disrupt dendritic spine structure and function, impairing 
interneuronal communication and contributing to cognitive 
deficits in AD. 73

Calcium dysregulation in AD poses a critical threat to 
neuronal survival, disrupting signaling, metabolism, and 
mitochondrial function. NMDA receptor hyperactivity and 
excessive ER calcium release via IP3R/RyR channels flood 
the cytosol with Ca 2+ , overwhelming homeostatic mecha-

nisms. 74 Elevated cytosolic Ca 2+ activates CaMK, driving tau 
hyperphosphorylation. 75 Hyperphosphorylated tau de-

taches from microtubules, destabilizing them and forming 
NFTs, which disrupt neuronal structure and synaptic 
transmission. 76 Calcium dysregulation also alters gene 
expression and protein synthesis, impairing pathways
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critical for neuronal survival. 77 Calcium overload triggers 
apoptosis by activating proteases, phospholipases, and 
endonucleases, which degrade cytoskeletal proteins, hy-

drolyze membrane lipids, and fragment DNA. 78 Concurrent 
mitochondrial dysfunction exacerbates ROS production, 
oxidizing lipids, proteins, and nucleic acids while disrupting 
neurotransmitter synthesis and release, impairing cognition 
and memory 79 (Fig. 3).

Calcium dysregulation in AD patients is evidenced by up-

regulated NMDA receptor subunits and MAM expansion in 
post-mortem brains. Unlike transient physiological calcium 
sparks, AD neurons exhibit pathological calcium waves 
driven by: (1) ER calcium leakage (via IP3R hyper-

activation); (2) Impaired mitochondrial uptake (via MCU 
overexpression); and (3) Plasma membrane influx (via Aβ- 
activated channels). 80,81 These waves activate calpains and 
caspases, cleaving tau and mitochondrial proteins―a 
mechanism supported by human tauopathy data showing 
calcium-dependent tau cleavage products. Notably, cal-

cium stabilizers like nimodipine improve cognition in some 
AD subgroups, suggesting that calcium dysregulation is not 
just a downstream effect but a modifiable driver.

Mitochondria-metabolism-calcium homeostasis 
interplay

Mitochondria-metabolism crosstalk

Mitochondrial dysfunction profoundly impacts metabolic 
pathways. Impaired respiratory chain complexes disrupt 
electron transfer, hindering NADH/FADH2 oxidation and sup-

pressing OXPHOS, thereby reducing ATP synthesis. 82 To 
compensate, cells activate anaerobic glycolysis, increasing 
glucose uptake and lactate production. 83 This metabolic shift 
not only lowers energy efficiency but also elevates intracel-

lular acidity, impairing enzyme activity and signaling. 83 Mito-

chondrial defects also obstruct fatty acid β-oxidation and 
amino acid metabolism. Fatty acid oxidation requires mito-

chondrial enzymes and transporters; dysfunction leads to lipid 
accumulation and metabolic imbalance. 84 Similarly, mito-

chondrial failure disrupts amino acid catabolism (e.g., gluta-

mate oxidation), causing toxic metabolite buildup. 85

Under chronic high-sugar diets or diabetic conditions, 
elevated blood glucose levels lead to excessive glucose
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Figure 3 The core pathological network of AD is formed by a triangular cyclic system composed of mitochondrial dysfunction, 

metabolic disturbances, and calcium homeostasis imbalance, which interact bidirectionally to create a self-reinforcing vicious 

cycle. Mitochondrial dysfunction manifests as structural damage (swelling, cristae rupture, increased volume/decreased numerical 

density), energy metabolism abnormalities (reduced COX and Complex I-III activities, elevated lactate/decreased succinate), 

dynamic imbalance (DRP1 up-regulation/OPA1 down-regulation leading to fragmentation), and autophagy impairment (Aβ-medi-

ated inhibition of PINK1/Parkin), collectively triggering the ATP crisis and ROS accumulation. Metabolic disturbances form a glu-

cose—lipid—amino acid triad of dysregulation: impaired glucose metabolism involves GLUT1/3 suppression and compensatory 

glycolysis elevation, exacerbating mitochondrial damage through feedback inhibition; lipid abnormalities drive Aβ deposition via 

cholesterol accumulation, ApoE4 effects, and membrane fluidity reduction; and amino acid imbalance features glutamate/GABA 

ratio disruption and ammonia toxicity. Calcium dyshomeostasis arises from NMDA receptor/IP3R hyperactivation, inducing a cal-

cium overload that activates proteases, triggers ROS bursts, promotes tau phosphorylation→NFT formation, and collapses the 

mitochondrial membrane potential. These three systems interact through positive feedback loops―ROS→mtDNA mutations→ETC 

damage, Aβ→GLUT inhibition→energy crisis, and calcium overload→mitochondrial permeability transition pore opening. ATP 

depletion and defective autophagy further transform damaged mitochondria into persistent ROS sources, ultimately driving an 

irreversible neurodegenerative cascade.
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influx into cells, overloading mitochondria and inducing 
functional damage. 86 Hyperglycemia triggers excessive 
mitochondrial ROS production, which oxidizes lipids and 
proteins in mitochondrial membranes, compromising 
structure and function. 87 Lipid metabolism abnormalities, 
such as hypercholesterolemia and hypertriglyceridemia, 
cause intracellular lipid accumulation, impairing mito-

chondrial integrity. Excess cholesterol and triglycerides 
disrupt membrane fluidity and permeability, hindering 
respiratory chain complexes and other proteins and thereby 
exacerbating mitochondrial energy metabolism dysfunc-

tion. 88,89 Additionally, metabolic byproducts like ketones 
and uric acid accumulate systemically, further impairing 
mitochondrial performance. 90

The AMP-activated protein kinase (AMPK) pathway is 
central to energy homeostasis. Decreased ATP and 
increased AMP levels activate AMPK, which phosphorylates 
targets like acetyl-CoA carboxylase (ACC). Phosphorylated 
ACC reduces fatty acid synthesis while promoting fatty acid 
oxidation to boost ATP production. 91 AMPK also enhances 
mitochondrial biogenesis and repair by regulating tran-

scription factors such as peroxisome proliferator-activated 
receptor γ coactivator-1α (PGC-1α). 92 The Sirtuin 1 (SIRT1) 
pathway, an NAD + -dependent deacetylase, modulates 
mitochondrial function and metabolism. SIRT1 deacetylates 
substrates like PGC-1α and forkhead box class O3a 
(FOXO3a), enhancing their activity to promote mitochon-

drial biogenesis and metabolic homeostasis. 93,94 By regu-

lating metabolic genes, SIRT1 maintains glucose and lipid 
metabolism balance, safeguarding cellular metabolic 
stability. 94

Mitochondria-calcium homeostasis nexus

Mitochondria possess the ability to take in and release 
calcium ions, with their uptake mechanism primarily 
relying on the MCU complex located on the mitochondrial 
inner membrane. 95 The MCU complex consists of multiple 
subunits, including MCU, MCUR1, MICU1, and MICU2. 96 

Under normal physiological conditions, when the intracel-

lular calcium ion concentration increases, calcium ions 
enter the mitochondrial matrix through the MCU complex 
along the electrochemical gradient. 97 The presence of the 
mitochondrial membrane potential provides the driving 
force for calcium ion uptake; the higher the mitochondrial 
membrane potential is, the greater the driving force for 
calcium ion uptake would be. The uptake of calcium ions by 
mitochondria is also regulated by MICU1 and MICU2, which 
act as calcium ion sensors. Under low calcium conditions, 
they can inhibit the activity of MCU, preventing excessive 
calcium ion uptake by mitochondria. 98 The release of cal-

cium ions from mitochondria primarily occurs through the 
mitochondrial NCX and mPTP. NCX facilitates the reverse 
exchange of calcium ions in the mitochondrial matrix with 
sodium ions in the cytoplasm, thereby releasing calcium 
ions. 8 mPTP is a non-selective large pore channel. Under 
pathological conditions such as oxidative stress and calcium 
overload, mPTP opens, leading to the rapid release of cal-

cium ions, small molecules, and macromolecules from the 
mitochondrial matrix into the cytoplasm. This process dis-

rupts the mitochondrial membrane potential, induces

mitochondrial dysfunction, and may even result in 
apoptosis. 99

As a critical calcium reservoir, mitochondria suffer 
functional impairment during cytosolic calcium overload. 
Excessive Ca 2+ activates the mitochondrial permeability 
transition pore (mPTP), collapsing the membrane potential 
(ΔΨm), uncoupling the respiratory chain, reducing ATP 
synthesis, releasing apoptogenic factors (e.g., CytC), and 
increasing ROS production. 100 Calcium overload also stim-

ulates mitochondrial calcium-dependent proteases and 
phospholipases, catalyzing lipid peroxidation and proteol-

ysis, which generate more ROS and damage mitochondrial 
membranes/enzymes, perpetuating dysfunction. 101 

Disruption of calcium homeostasis can severely impair 
mitochondrial function. When there is intracellular calcium 
overload, a large amount of calcium ions entering mito-

chondria can cause mitochondrial membrane potential de-

polarization, damaging the normal structure and function 
of mitochondria. 102 Calcium overload also activates phos-

phatases and proteases in mitochondria, leading to the 
degradation of proteins such as mitochondrial respiratory 
chain complexes and ATP synthase, which inhibits mito-

chondrial energy metabolism. 103 Calcium overload in 
mitochondria promotes the production of ROS, which 
further oxidizes lipids and proteins on the mitochondrial 
membrane, creating a vicious cycle that exacerbates 
mitochondrial damage. 104 Studies have shown that in the 
brains of patients with AD, disruption of calcium homeo-

stasis leads to mitochondrial dysfunction, which in turn 
affects the energy supply and survival of neuronal cells, 
serving as one of the important mechanisms of AD 
pathogenesis. 105

This close link involves multiple important signaling 
pathways. The opening of mPTP is associated with various 
signaling pathways, with cyclosporine A-sensitive protein D 
(CypD) being a crucial component of mPTP. 106 When cells 
are stimulated by oxidative stress, calcium overload, and 
other factors, the expression and activity of CypD increase, 
promoting the opening of mPTP. The CaMKII signaling 
pathway is also involved in the regulation of mitochondrial 
calcium homeostasis. 107 CaMKII can be activated by the 
calcium ion—calmodulin complex, and the activated CaMKII 
can phosphorylate proteins such as MCU, regulating mito-

chondrial uptake and release of calcium ions. 108 In the 
brains of AD patients, the activity of CaMKII is abnormally 
elevated, leading to disruption of mitochondrial calcium 
homeostasis, which in turn affects mitochondrial function 
and the survival of neuronal cells. 109

Metabolism-calcium homeostasis interdependence

Metabolic abnormalities can significantly impact calcium 
homeostasis. In metabolic diseases such as diabetes, hy-

perglycemia leads to intracellular glucose metabolic dis-

orders, activating the polyol pathway and PKC pathway. 110 

Activation of the polyol pathway results in the accumula-

tion of sorbitol and fructose within cells, causing an in-

crease in intracellular osmolarity, enhanced cell membrane 
permeability, and increased calcium ion influx. 111 Activa-

tion of the PKC pathway phosphorylates calcium channels 
and transporters on the cell membrane, altering their
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function and leading to an imbalance in calcium ion influx 
and efflux. 112 Abnormal lipid metabolism also affects cal-

cium homeostasis. 113 Hypercholesterolemia and hyper-

triglyceridemia alter the lipid composition of the cell 
membrane, impacting the function of calcium channels and 
transporters, and resulting in abnormal calcium ion trans-

port. 114,115 Some lipid metabolites, such as oxidized low-

density lipoprotein (ox-LDL), can stimulate cells to produce 
an inflammatory response and release cytokines, which 
affect calcium channels and transporters on the cell 
membrane, leading to the disruption of calcium homeo-

stasis. 116 Disruption of calcium homeostasis also interferes 
with metabolic pathways. Intracellular calcium overload 
activates a series of calcium-dependent enzymes, such as 
phospholipase A2 (PLA2), PKC, and calcineurin (CaN). 117 

Activation of PLA2 leads to the hydrolysis of cell membrane 
phospholipids, producing metabolites such as arachidonic 
acid, which further affect cell metabolism and signaling. 118 

Activation of PKC phosphorylates various metabolism-

related enzymes and proteins, such as glycogen synthase 
and pyruvate dehydrogenase, thereby inhibiting glucose 
metabolism and energy production. 119 Activation of CaN 
dephosphorylates the transcription factor NFAT, allowing it 
to enter the nucleus and regulate the expression of related 
genes, affecting cell metabolism and function. 120 Calcium 
overload also leads to mitochondrial dysfunction, impacting 
cellular energy metabolism and further exacerbating 
metabolic disorders. 121

In this interactive process, multiple important signaling 
pathways are involved. The IP3R signaling pathway plays a 
crucial role in the interaction between metabolism and cal-

cium homeostasis. 122 When cells are stimulated, phospholi-

pase C (PLC) is activated, hydrolyzing phosphatidylinositol 
4,5-bisphosphate (PIP2) to generate phosphatidylinositol 
3,4,5-trisphosphate (PIP3) and diacylglycerol (DAG). IP3 
binds to IP3R on the ER, causing the release of calcium ions 
stored in the ER into the cytoplasm, thereby increasing the 
intracellular calcium ion concentration. 123 The increased 
intracellular calcium ion concentration further activates 
signaling pathways such as PKC, affecting metabolic pro-

cesses. 124 The PLC signaling pathway is also involved in the 
regulation of metabolism and calcium homeostasis. Activa-

tion of PLC not only produces IP3 but also generates DAG, 
which can activate PKC. PKC, through phosphorylation of 
various substrates, regulates the activity of metabolism-

related enzymes and proteins, impacting cell metabolism 
and calcium homeostasis. 125

Integrated tripartite model in AD

The interplay among mitochondria, metabolism, and cal-

cium homeostasis in AD forms a complex pathological 
network. In the early stages of AD, mitochondrial dysfunc-

tion may be one of the initiating factors. 126 Impaired 
function of mitochondrial respiratory chain complexes 
leads to reduced ATP synthesis and inadequate energy 
supply. 127 To maintain cellular energy demands, cells acti-

vate the anaerobic glycolysis pathway, resulting in 
abnormal glucose metabolism and increased lactate pro-

duction. 128 Mitochondrial dysfunction also increases the 
production of ROS, increasing oxidative stress. 129 Oxidative

stress damages mitochondrial membranes and mtDNA, 
further exacerbating mitochondrial dysfunction. 130

Metabolic disturbances also play a crucial role in this 
process. Metabolic abnormalities such as hyperglycemia 
and hyperlipidemia can lead to mitochondrial overload 
and impair mitochondrial function. 131 The accumulation 
of pathological proteins, such as Aβ and tau proteins, in-

terferes with intracellular signaling and metabolic pro-

cesses, causing disruptions in calcium homeostasis. 132 Aβ 
can bind to receptors on the cell membrane, activating 
calcium channels and increasing calcium ion influx. 133 

Hyperphosphorylation of tau proteins disrupts the cyto-

skeleton, affecting the function of organelles such as the 
ER and mitochondria, and leading to disruptions in cal-

cium homeostasis. 134 Imbalances in calcium homeostasis 
further exacerbate mitochondrial dysfunction and meta-

bolic disturbances. Intracellular calcium overload acti-

vates calcium-dependent enzymes, leading to the 
degradation of proteins such as mitochondrial respiratory 
chain complexes and ATP synthase, inhibiting mitochon-

drial energy metabolism. 135 Calcium overload also pro-

motes ROS production, enhances oxidative stress, and 
damages mitochondrial membranes and mtDNA. Imbal-

ances in calcium homeostasis affect the activity of 
metabolism-related enzymes and proteins, interfering 
with metabolic pathways and leading to an inadequate 
energy supply. 136

The synergistic dysregulation of these three factors 
collectively promotes the occurrence and progression of AD 
(Fig. 4). Mitochondrial dysfunction, metabolic distur-

bances, and disruptions in calcium homeostasis interact, 
forming a vicious cycle that continuously exacerbates 
neuronal damage and death. 137 As the disease progresses, 
neuronal damage gradually spreads, leading to significant 
loss of neurons in regions such as the cerebral cortex and 
hippocampus, ultimately resulting in cognitive and memory 
dysfunction. 138

In-depth analysis of key molecular mechanisms

The “toxic synergy” of the Aβ and tau proteins

The Aβ and tau proteins play central roles in AD, engaging 
in a lethal “toxic interplay” that drives disease progression, 
and profoundly impacting mitochondria, metabolism, and 
calcium homeostasis (Fig. 5). Aβ is a peptide produced 
through sequential cleavage of APP by β-secretase and γ- 
secretase, generating isoforms such as Aβ1-40, Aβ1-42, and 
Aβ1-43. 139 In AD brains, an imbalance in the Aβ42/43 
ratio―marked by increased hydrophobic, aggregation-

prone Aβ42/43―leads to senile plaque formation, a hall-

mark of AD pathology. 140 Aβ accumulation disrupts mito-

chondrial function by interacting with membrane proteins 
like voltage-dependent anion channels (VDACs) and ATP 
synthase, inhibiting respiration, reducing ATP synthesis, 
and elevating ROS production. 141 Aβ also destabilizes 
mitochondrial dynamics by suppressing the fusion proteins 
mitofusin 1 and 2 (Mfn1/Mfn2), causing fragmentation and 
impairing mitochondrial distribution.

Tau, a microtubule-associated protein, stabilizes mi-

crotubules under normal conditions, supporting axonal
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transport. In AD, hyperphosphorylated tau detaches from 
microtubules, forming NFTs that disrupt neuronal structure 
and signaling. 142 Aberrant tau also impairs mitochondrial 
trafficking by binding to mitochondrial membrane re-

ceptors, causing uneven distribution and energy deficits. 
Additionally, tau activates kinases like GSK-3β, exacer-

bating mitochondrial ROS generation. 143

Aβ and tau engage in a vicious cycle: Aβ activates GSK-

3β, promoting tau hyperphosphorylation, while phosphor-

ylated tau accelerates Aβ aggregation. 144 In vitro studies 
have shown that Aβ exposure increases tau aggregation and 
phosphorylation, and vice versa. 145 This synergy amplifies 
mitochondrial dysfunction, metabolic chaos, and calcium 
dysregulation. Jointly, Aβ and tau reduce glucose uptake, 
impair glycolysis/OXPHOS, and deplete cellular energy. 146 

They also disrupt calcium homeostasis, triggering Ca 2+ 

overload, protease activation, and mitochondrial damage. 
Mounting evidence highlights Aβ-tau “toxic synergy” as 
pivotal in AD pathogenesis, driving neuronal death and 
cognitive decline via mitochondrial/metabolic collapse and 
calcium toxicity. 147 Deciphering their interaction mecha-

nisms is critical for unraveling AD pathology and developing 
targeted therapies.

Aberrant signaling pathways

In the complex pathological progression of AD, the dysre-

gulation of multiple signaling pathways acts like malfunc-

tioning circuits, disrupting normal physiological signals 
within cells and severely damaging the finely tuned regu-

latory networks governing mitochondria, metabolism, and 
calcium homeostasis. These disruptions serve as critical 
drivers of disease progression. The PI3K-Akt signaling 
pathway plays a crucial role in cell growth, survival, and 
metabolism. However, in AD, this signaling pathway be-

comes abnormally dysfunctional. Normally, extracellular 
signaling molecules such as growth factors bind to receptors 
on the cell membrane, activating PI3K, which catalyzes the 
conversion of PIP2 to PIP3. PIP3, as a second messenger, 
recruits Akt to the cell membrane and, with the help of 
kinases such as phosphatidylinositol-dependent kinase-1 
(PDK1) and mammalian target of rapamycin complex 2 
(mTORC2), phosphorylates the serine and threonine resi-

dues of Akt to activate it. 148 Activated Akt regulates 
cellular physiological functions through various pathways, 
such as inhibiting the activity of GSK-3β to promote cell 
survival, regulating the expression and activity of glucose
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Figure 4 The interplay between mitochondria-metabolism-calcium homeostasis constitutes a core pathological triad in AD: a 

vicious cycle involving mitochondrial damage (disruption of respiratory chain complexes leading to reduced ATP production, 

activation of anaerobic glycolysis causing lactic acidosis, and β-oxidation impairment resulting in fatty acid accumulation and 

lipotoxicity), metabolic storm (hyperglycemia/hyperlipidemia-induced mitochondrial overload and ROS burst, along with Aβ/tau-

mediated calcium channel dysfunction), and calcium crisis (MCU-mediated calcium influx combined with pathological mPTP 

opening, triggering calcium overload, membrane potential collapse, and apoptosis). Compensatory mechanisms partially coun-

teract these damages through the AMPK pathway (energy-sensing inhibition of lipid synthesis via ACC phosphorylation and PGC-1α 

activation to promote mitochondrial biogenesis) and the SIRT1 axis (NAD + -dependent deacetylation enhancing PGC-1α activity for 

mitochondrial repair). AD-specific pathways include Aβ/tau toxicity (direct activation of calcium channels driving pathological 

influx), the CypD-mPTP axis (oxidative stress-induced mitochondrial content leakage), and CaMKII dysregulation (aberrant MCU 

phosphorylation exacerbating calcium uptake imbalance). Cascade amplification manifests as metabolite accumulation (fatty 

acids/lactate altering membrane fluidity and ion channel function), a ROS-calcium death spiral (ROS↑→mPTP open-

ing→Ca 2+ ↑→ROS↑ loop), and inflammatory disruption (ox-LDL-induced ER calcium release via PLC/IP3 signaling). Ultimately, 

these dysfunctions converge into terminal pathways: CytC release activating apoptotic cascades, PKC/PLA2/CaN-driven metabolic 

collapse, and hippocampal/cortical neuron loss causing cognitive decline, collectively shaping AD’s irreversible pathological 

endpoint (red highlights: pathological processes; blue: repair mechanisms; yellow: AD-specific pathways).
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transporters to maintain the cellular energy metabolic 
balance, and activating downstream transcription factors 
to regulate the expression of related genes. 149 In the brains 
of AD patients, the PI3K-Akt signaling pathway is signifi-

cantly inhibited. Studies have found that Aβ can bind to 
receptors on the cell membrane, inhibiting the activity of 
PI3K and reducing the production of PIP3, thereby blocking 
the activation of Akt. 150 Abnormal phosphorylation of the 
tau protein also interferes with the normal conduction of 
the PI3K-Akt signaling pathway. It can bind to the regula-

tory subunit of PI3K, inhibiting its activity, and simulta-

neously activate GSK-3β to further inhibit the activity of 
Akt. 151 Inhibition of the PI3K-Akt signaling pathway leads to 
a series of adverse consequences. It enhances the activity 
of GSK-3β, promoting abnormal phosphorylation of the tau 
protein and the formation of NFTs, which disrupts the 
structure and function of neurons. 151 It affects the 
expression and activity of glucose transporters, resulting in 
reduced glucose uptake and utilization by neurons, 
abnormal energy metabolism, and inadequate cellular en-

ergy supply. 152 Additionally, it inhibits the activity of 
downstream transcription factors, affecting the expression 
of related genes and impairing neuronal survival and 
function.

The MAPK signaling pathway plays an important regula-

tory role in cell proliferation, differentiation, apoptosis, 
and stress responses. However, in AD, this signaling 
pathway is abnormally activated. The MAPK signaling 
pathway mainly includes three pathways: extracellular 
signal-regulated kinase (ERK), c-Jun N-terminal kinase 
(JNK), and p38 MAPK. 153 Normally, extracellular signaling 
molecules such as growth factors, cytokines, and stress 
stimuli bind to receptors on the cell membrane, triggering a 
series of cascade reactions that activate Ras protein, which 
then activates kinases such as RAF and mitogen-activated 
protein (MEK), ultimately phosphorylating and activating 
MAPK. 154 Activated MAPK enters the nucleus, phosphory-

lates downstream transcription factors, and regulates the 
expression of related genes, thereby affecting cellular 
physiological functions. 155 In the brains of AD patients, 
pathological products such as the Aβ and tau proteins can 
activate the MAPK signaling pathway. Aβ can bind to re-

ceptors on the cell membrane, activating the Ras-RAF-MEK-

ERK pathway and leading to excessive activation of ERK. 156 

Abnormal phosphorylation of the tau protein can also 
activate the JNK and p38 MAPK pathways, enhancing their 
activities. 157 Abnormal activation of the MAPK signaling 
pathway has negative effects on mitochondria,
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Figure 5 The core pathological mechanism of AD manifests as Aβ-Tau toxic synergy (red module): Aberrant cleavage of APP by β/ 

γ-secretases generates Aβ42/43, which is deposited and directly binds mitochondrial VDAC/ATP synthase to inhibit the respiratory 

chain, causing ATP depletion and ROS burst. Concurrently, hyperphosphorylated tau forms NFTs, disrupting microtubule structure 

and blocking mitochondrial transport while activating GSK-3β to amplify ROS production. This creates a self-reinforcing loop―Aβ 

activates GSK-3β to promote tau phosphorylation, while tau aggregation reciprocally enhances Aβ deposition. In signaling pathway 

dysregulation (blue module), PI3K-Akt pathway suppression releases GSK-3β (exacerbating tau pathology) and collapses glucose 

metabolism; MAPK hyperactivation (ERK-mediated VDAC phosphorylation damaging mitochondria, JNK/p38 triggering apoptosis/ 

neuroinflammation) combines with GSK-3β-driven mitochondrial fission via Drp1 phosphorylation. Genetic—epigenetic dysregula-

tion (purple module) involves APP/PS mutations and the APOE4 allele that promotes Aβ overproduction/deposition, DNA hypo-

methylation/aberrant histone modifications that causes pathological protein accumulation, and miRNA imbalance that worsens 

mitochondrial gene dysfunction. Through cross-module cascades, ROS bursts activate MAPK pathways to disrupt calcium homeo-

stasis, while PI3K-Akt inhibition-induced energy crisis and epigenetic abnormalities synergistically amplify Aβ/Tau toxicity, ulti-

mately forming an irreversible neurodegenerative pathological network.
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metabolism, and calcium homeostasis. Overactivated ERK 
can phosphorylate mitochondrial-associated proteins such 
as voltage-dependent anion channel (VDAC) and Mitofusin, 
leading to mitochondrial dysfunction, abnormal energy 
metabolism, and increased ROS production. 158 Activation of 
JNK and p38 MAPK can induce the expression of apoptosis-

related genes, promoting neuronal apoptosis, and activate 
the expression of inflammation-related genes, triggering 
neuroinflammatory responses and further damaging neu-

rons and mitochondria. 159 Activation of the MAPK signaling 
pathway also affects the expression and activity of calcium 
homeostasis regulatory proteins, resulting in abnormal 
elevation of the intracellular calcium ion concentration and 
disruption of calcium homeostasis.

As a serine/threonine kinase, GSK-3β plays an important 
regulatory role in cell metabolism, proliferation, differen-

tiation, and apoptosis. However, in AD, GSK-3β becomes a 
key factor disrupting cellular homeostasis. Normally, the 
activity of GSK-3β is regulated by multiple signaling path-

ways, such as the PI3K-Akt signaling pathway, which inhibits 
its activity by phosphorylating the serine residue of GSK-

3β. 160 GSK-3β participates in various physiological pro-

cesses, such as regulating glycogen synthesis, cell cycle 
progression, and gene expression. 161 In the brains of AD 
patients, the activity of GSK-3β is significantly enhanced. 
Aβ can activate GSK-3β, phosphorylating the tau protein, 
leading to abnormal phosphorylation of the tau protein and 
the formation of NFTs. 162 Abnormal phosphorylation of tau 
protein can further activate GSK-3β, creating a vicious 
cycle. 163 Enhanced activity of GSK-3β also affects mito-

chondrial function by phosphorylating mitochondrial-asso-

ciated proteins such as Drp1, increasing mitochondrial 
fission, exacerbating fragmentation, and increasing 
abnormal energy metabolism and ROS production. 164 GSK-

3β also interferes with the activity of metabolism-related 
enzymes, affecting the metabolism of glucose, lipids, and 
amino acids, leading to metabolic disorders. 165 GSK-3β also 
affects the phosphorylation state of calcium homeostasis 
regulatory proteins, resulting in abnormal elevation of the 
intracellular calcium ion concentration and disruption of 
calcium homeostasis.

“Regulatory aberrations” in genes and epigenetics

Mutations in APP, PSEN1, and PSEN2 are primary familial AD 
(FAD) drivers. These disrupt APP processing via β- and γ- 
secretases, leading to overproduction and aggregation of 
neurotoxic Aβ42/43 peptides. Aβ aggregates form senile 
plaques, trigger neuroinflammation, and directly impair 
mitochondrial function (reducing respiratory chain activity, 
ATP synthesis, increasing ROS). 166—171 Critically, mutant 
presenilins (PSEN1/PS2) interact with mitochondrial mem-

brane proteins, exacerbating structural and functional 
damage. Furthermore, they disrupt ER calcium storage, 
deplete ER calcium levels, perturb calcium signaling, and 
contribute to neuronal death. 172,173 PSEN1 mutations, the 
most common type of FAD, often correlate with early onset 
and rapid progression. 174 The APOE ϵ4 allele is the strongest 
genetic risk factor for sporadic AD (SAD). The APOE4 protein 
has a high affinity for Aβ, promoting its aggregation into 
plaques and hindering its clearance. 175—179 It also

exacerbates tau hyperphosphorylation and NFT formation. 
Crucially, APOE4 compromises mitochondrial respiration, 
diminishes ATP production, elevates ROS, disrupts brain 
glucose and lipid metabolism, and exacerbates neuro-

inflammation. 180—182 These combined effects severely 
impact mitochondrial-metabolic fitness and calcium buff-

ering capacity.

In addition to APOE, variations in genes directly gov-

erning mitochondrial dynamics (MFN2, OPA1, DRP1), 
mitophagy (PINK1, PARKIN), metabolic pathways (sortilin-

related receptor (SORL1), Clusterin), and calcium handling 
(inositol 1,4,5-trisphosphate receptor type 3 (ITPR3), RyRs) 
are increasingly linked to AD risk. 44,183 For example, 
impaired mitophagy due to PINK1/PARKIN dysfunction al-

lows damaged mitochondria to accumulate, fueling oxida-

tive stress and metabolic failure. Dysregulation in calcium 
channel genes can lead to cytosolic calcium overload, 
triggering mPTP opening and apoptosis. 45

Epigenetic modifications alter gene expression without 
changing DNA sequences and are dynamically influenced by 
aging and environment. Aberrant methylation occurs in AD 
brains. Hypomethylation of the APP promoter increases APP 
expression, boosting Aβ production. Hypermethylation of 
the PSEN1 promoter can suppress γ-secretase activity, also 
contributing to Aβ pathology. 184,185 Importantly, methyl-

ation changes in the promoters of mitochondrial biogenesis 
regulators (e.g., PGC-1α) and metabolic enzymes can 
impair energy production and antioxidant responses. 186 

Similarly, altered methylation in genes encoding calcium 
pumps/channels (e.g., SERCA, PMCA) may disrupt intra-

cellular calcium homeostasis. AD involves altered histone 
marks. Increased H3K9 methylation silences neuro-

protective genes, while decreased H4K16 acetylation af-

fects chromatin structure and gene expression. 187,188 

Crucially, aberrant histone acetylation/methylation can 
repress the transcription of mitochondrial electron trans-

port chain components, metabolic enzymes (e.g., PDH 
complex), and calcium buffering proteins (e.g., calbindin), 
directly linking epigenetic dysregulation to mitochondrial 
dysfunction, metabolic deficits, and calcium 
dysregulation. 188,189

Dysregulated miRNAs in AD target key mRNAs. For 
instance, decreased miR-132 elevates the expression of 
targets involved in tau phosphorylation, mitochondrial 
fission/fusion, and calcium signaling (e.g., polypyrimidine 
tract binding protein 1 (PTBP1), Forkhead box O3 (FOXO3a), 
and methyl-CpG-binding protein 2 (MECP2)), contributing to 
neurodegeneration and mitochondrial/metabolic/calcium 
imbalance. 190 Other miRNAs (e.g., miR-34a targeting SIRT1, 
miR-338 targeting COXIV) directly impact mitochondrial 
biogenesis and oxidative phosphorylation. 191,192 Altered 
lncRNA expression (e.g., BACE1-AS, SRY-box transcription 
factor 2 (SOX2) overlapping transcript (Sox2-OT)) in AD can 
promote Aβ production, tau pathology, and neuro-

inflammation. Significantly, specific lncRNAs (e.g., mater-

nally expressed 3 (MEG3), RNA component of mitochondrial 
RNA-processing endoribonuclease (RMRP)) are implicated in 
regulating mitochondrial metabolism, ROS production, and 
calcium-dependent apoptosis pathways, providing another 
epigenetic layer influencing the mitochondrial-metabolic-

calcium axis in AD. 193,194
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The “exploration path” of treatment strategies

The “repair strategy” of mitochondria-targeted 
therapy

As an emerging strategy in the field of AD treatment, 
mitochondria-targeted therapy aims to provide new hope 
to AD patients by repairing mitochondrial function. It 
mainly includes several aspects such as mitochondrial pro-

tectants, mitophagy regulators, and mitochondrial gene 
therapy. Mitochondrial protectants are a class of drugs that 
can directly act on mitochondria, enhance their antioxidant 
capacity, stabilize the membrane potential, and promote 
energy metabolism, just like putting on a sturdy armor for 
mitochondria. Coenzyme Q10 (CoQ10), as a natural anti-

oxidant, is an important component of the mitochondrial 
respiratory chain. It can participate in the electron trans-

port process, promote the synthesis of ATP, and has anti-

oxidant effects, being able to scavenge the ROS produced 
by mitochondria and protect mitochondria from oxidative 
damage. 195 Studies have shown that in AD animal models, 
the supplementation of CoQ10 can improve mitochondrial 
function, reduce the aggregation and deposition of Aβ, and 
enhance cognitive ability. 196 However, human trials have 
shown limited efficacy: a 16-month Phase III trial 
(NCT00117403) found that high-dose CoQ10 (1200 mg/day) 
failed to significantly slow cognitive decline in 
mild—moderate AD patients compared to placebo, despite 
target engagement in cerebro-spinal fluid (CSF) bio-

markers. 197 This translational gap may reflect species-spe-

cific mitochondrial vulnerability, late intervention timing, 
or insufficient targeting of non-oxidative mechanisms. 
Idebenone is a synthetic ubiquinone analog with strong 
antioxidant activity. It can penetrate the blood—brain 
barrier (BBB), enter neurons, and protect mitochondria 
from oxidative stress damage. 198 Clinical studies have 
shown that idebenone can improve the cognitive function 
and activities of daily living of AD patients and delay the 
progression of the disease. 199

Mitophagy activators, by activating the mitophagy 
pathway, promote the clearance of damaged mitochondria, 
thus maintaining the quality and function of mitochondria, 
just like the “garbage cleaners” in the cell are strength-

ened. The PINK1/Parkin pathway is a key regulatory 
pathway of mitophagy, and some small-molecule com-

pounds can promote mitophagy by activating this 
pathway. 199 Machine learning-based screening of a large 
library of small molecules has identified kaempferol and 
emodin as lead compounds that induce significant auto-

phagy in human cells, Caenorhabditis elegans, and the 
mouse nervous systems. These compounds exert marked 
improvements in neurodegenerative changes in AD mouse 
models, including the inhibition of key pathological hall-

marks such as extracellular Aβ deposits, intracellular Aβ1-

42 accumulation, and the aggregation of microtubule-

associated proteins, alongside enhanced learning and 
memory abilities. 200 Associate Professor Yi Juan from the 
School of Basic Medicine of Lanzhou University, in collabo-

ration with the team of Professor Shen Hanming from the 
University of Macau, found that spautin-1 is a specific in-

hibitor of mitophagy. By targeting the mitochondrial outer

membrane translocase complex, it positively regulates the 
stability and activity of PINK1, a key molecule for the 
initiation of mitophagy on the mitochondrial outer mem-

brane, and promotes mitophagy activity. It has also been 
confirmed that spautin-1 can improve the pathological 
symptoms of AD in the Caenorhabditis elegans model by 
promoting mitophagy. 201

Mitochondrial gene therapy is an emerging treatment 
strategy. It imports normal mitochondrial genes into cells to 
repair or replace damaged mitochondrial genes, thus 
improving mitochondrial function, just like rewriting the 
correct program for mitochondria. mtDNA mutations are 
one of the important causes of mitochondrial dysfunction. 
Through gene therapy technology, normal mtDNA can be 
introduced into cells to correct the mutations and restore 
the normal function of mitochondria. 202 However, mito-

chondrial gene therapy still faces many technical chal-

lenges at present, such as the selection of gene vectors, the 
improvement of gene delivery efficiency, and the regula-

tion of gene expression. Nevertheless, with the continuous 
development and improvement of gene therapy technol-

ogy, mitochondrial gene therapy is expected to become an 
effective means for AD treatment. Mitochondria-targeted 
therapy provides new ideas and methods for the treatment 
of AD. By repairing mitochondrial function, it is expected to 
delay the progression of AD and improve the quality of life 
of patients. 203 However, currently, these treatment stra-

tegies are still in the research stage and require further in-

depth research and clinical trials to verify their safety and 
effectiveness. It is believed that in the future, with the 
continuous progress of science and technology, mitochon-

dria-targeted therapy will bring new breakthroughs to the 
treatment of AD.

The “balancing strategy” of metabolic regulation 
therapy

As one of the important strategies for AD treatment, 
metabolic regulation therapy aims to regulate the meta-

bolic balance of substances such as glucose, lipids, and 
amino acids, improve the energy supply and function of 
neurons, and thus open up new avenues for the treatment 
of AD. Glucose metabolism regulation is one of the key links 
in metabolic regulation therapy, with the goal of improving 
the abnormal glucose uptake and utilization in the brains of 
AD patients and providing sufficient energy for neurons. 
Glucagon-like peptide-1 (GLP-1) analogs, as a new type of 
therapeutic drug, have shown good application prospects. 
GLP-1 is a peptide hormone secreted by intestinal endo-

crine cells, and it can regulate the glucose metabolism in 
the brain through multiple pathways. The activation of the 
GLP-1 receptor can interact with various signaling pathways 
related to energy metabolism, stimulate glucose-depen-

dent insulin secretion, and inhibit gastric emptying, 
thereby regulating the glucose metabolic pathways in the 
brain and promoting an improvement in metabolic capac-

ity. 204,205 Studies have shown that GLP-1 analogs can 
improve the cognitive function of AD patients through 
multiple mechanisms, such as regulating glucose meta-

bolism, the anti-inflammatory response, and synaptic 
plasticity. 206 In AD animal models, administering GLP-1
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analogs can increase brain glucose uptake, improve energy 
metabolism, inhibit 3-Hydroxy-3-methylglutaryl-CoA (HMG-

CoA) reductase, reduce Aβ deposition, alleviate neuro-

inflammatory responses, and thus improve cognitive func-

tion. 207 Clinically, epidemiological studies have associated 
statin use with a reduced AD incidence, but randomized 
controlled trials (e.g., HPS, PROSPER) have shown no 
cognitive benefits in elderly populations. 208 Subgroup ana-

lyses even suggested accelerated cognitive decline in 
APOE4 carriers. This discrepancy may arise from: (1) 
Compensatory up-regulation of cerebral cholesterol syn-

thesis; (2) Differential blood—brain barrier penetration 
across statins; and (3) Disruption of neuroprotective iso-

prenoid pathways. 209,210

Lipid metabolism regulation is also an important direc-

tion of metabolic regulation therapy. Its core lies in cor-

recting the disorder of lipid metabolism in the brains of AD 
patients, reducing the accumulation of harmful lipids, and 
maintaining the normal structure and function of the cell 
membrane. Some studies have found that statins, as 
commonly used lipid-lowering drugs, may have potential 
therapeutic effects on AD. Statins can inhibit the activity of 
cholesterol synthase and reduce cholesterol levels, thereby 
reducing the production and aggregation of Aβ. 208 Statins 
can also regulate the inflammatory response and improve 
mitochondrial function, having a positive impact on the 
pathological process of AD. 211 Researchers from Saarland 
University in Germany and SRH University of Applied Health 
Sciences in Leverkusen found that the production of Aβ 
protein affects the synthesis of certain fats, especially a 
class of lipids called sulfatides, and that the quantity of 
sulfatides, in turn, regulates the quantity of the Aβ protein. 
This two-way interaction provides a new target for the 
treatment of AD. 212 By regulating the metabolism of sul-

fatides, it may help reduce the accumulation of the Aβ 
protein and thus relieve the symptoms of AD.

Amino acid metabolism regulation cannot be ignored 
either. Its purpose is to maintain the balance of amino acid 
levels in the brains of AD patients, ensure the normal syn-

thesis and metabolism of neurotransmitters, and promote 
signal transmission between neurons. Some studies have 
shown that supplementing certain amino acids or regulating 
the activity of amino acid-metabolizing enzymes may be 
beneficial for the treatment of AD. Supplementing gluta-

mate can increase the level of glutamate in the brain, 
enhance the excitability of neurons, and improve cognitive 
function. 213 However, excessive glutamate can also lead to 
excitotoxicity, so the dosage of amino acid supplementa-

tion needs to be precisely controlled. 214 Regulating the 
activity of amino acid-metabolizing enzymes, such as 
glutamine synthetase and glutamate decarboxylase, can 
also affect the synthesis and metabolism of neurotrans-

mitters such as glutamate and GABA, thereby regulating the 
balance between the excitability and inhibition of neu-

rons. 215 Metabolic regulation therapy provides a new 
strategy for the treatment of AD by regulating the meta-

bolic balance of substances such as glucose, lipids, and 
amino acids. Although these treatment methods are still in 
the research stage, they have shown potential therapeutic 
effects and are expected to bring new hope to AD patients. 
In the future, further in-depth research on the specific 
mechanisms and optimal treatment regimens of metabolic

regulation therapy is needed to improve the safety and 
effectiveness of treatment.

The “stabilizing strategy” of calcium homeostasis 
regulation therapy

Calcium homeostasis regulation therapy plays an important 
role in the treatment of AD. Its core objective is to regulate 
the intracellular calcium ion concentration and restore 
calcium homeostasis, thereby reducing neuronal damage 
and improving the pathological process of AD. Calcium 
channel blockers are one of the important drugs in calcium 
homeostasis regulation therapy. Their mechanism of action 
is to prevent the influx of extracellular calcium ions, reduce 
the intracellular calcium ion concentration, and then affect 
the contraction activities of cardiac muscle and vascular 
smooth muscle. In the treatment of AD, they mainly regu-

late the calcium homeostasis of neurons. 216 There are many 
commonly used calcium channel blockers in clinical prac-

tice, such as verapamil, diltiazem, and dihydropyridine 
drugs such as nitrendipine, nimodipine, and nisoldipine. 216 

These drugs can selectively block the calcium channels of 
the cell membrane and reduce the influx of extracellular 
calcium ions. Taking nimodipine as an example, it has a high 
selectivity for cerebral blood vessels, can dilate cerebral 
blood vessels, increase cerebral blood flow, and improve 
the ischemic and hypoxic phenomena of brain tissue. 217 In 
the treatment of AD, nimodipine can reduce the calcium 
overload of neurons by inhibiting the influx of calcium ions, 
thereby reducing the production and aggregation of Aβ and 
protecting neurons from damage. 218 Studies have shown 
that in AD animal models, administering nimodipine can 
improve cognitive function, reduce the formation of NFTs, 
and delay the progression of the disease. 219 In contrast, 
Phase III trials in mild—moderate AD patients (e.g., the 
Mini-Mental State Examination (MMSE) study) showed no 
significant improvement in primary endpoints (AD Assess-

ment Scale-cognitive subscale (ADAS-cog), clinicians’ 
interview-based impression of change-plus (CIBIC-Plus)), 
though post hoc analyses suggested benefits in subgroups 
with severe white matter lesions. 220,221 Key limitations 
include: (1) Compensatory calcium influx through non-L-

type channels (e.g., NMDA-R); (2) Late-stage intervention 
after irreversible synaptic loss; and (3) Inability to reverse 
Aβ/tau-mediated mPTP dysregulation. 222

Calcium signal regulators maintain calcium homeostasis 
by regulating the activity of the intracellular calcium 
signaling pathway. Some natural compounds and small-

molecule drugs have shown potential therapeutic effects in 
this regard. Quercetin, as a natural flavonoid compound, 
has multiple biological activities, such as antioxidant, anti-

inflammatory, and regulation of calcium signals. 223 Studies 
have found that quercetin can inhibit the Aβ-induced cal-

cium overload in neurons by regulating the calcium 
signaling pathway, reduce the production of ROS, and thus 
protect neurons from oxidative damage. 224 In cell experi-

ments, quercetin can reduce the intracellular calcium ion 
concentration in neurons treated with Aβ and alleviate the 
damage to neurons caused by the imbalance of calcium 
homeostasis. 223 Some small-molecule drugs have also been 
developed to regulate the calcium signaling pathway. They
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can interact with key proteins in the calcium signaling 
pathway, regulate the activity and function of the proteins, 
and thus maintain calcium homeostasis. 225 These small-

molecule drugs can inhibit the excessive activation of 
signaling pathways such as CaMK, reduce the abnormal 
phosphorylation of tau protein, and thus improve the 
pathological symptoms of AD. 226 Calcium homeostasis 
regulation therapy provides an effective strategy for the 
treatment of AD by regulating the intracellular calcium ion 
concentration and the calcium signaling pathway. Although 
these treatment methods still need further clinical 
research to verify their safety and effectiveness, they bring 
new hope for the treatment of AD (Fig. 6). In the future, 
with the in-depth study of the mechanism of calcium ho-

meostasis regulation, more effective therapeutic drugs and 
methods are expected to be developed, bringing new 
breakthroughs to the treatment of AD patients.

Conclusions and perspectives

Significant progress has been made in elucidating the mo-

lecular mechanisms of mitochondrial-metabolic-calcium 
homeostasis in AD, providing novel perspectives and a 
robust theoretical foundation for understanding its patho-

genesis. Studies have clearly demonstrated that mito-

chondrial dysfunction, metabolic disturbances, and calcium 
dyshomeostasis play pivotal roles in AD progression, form-

ing an intricate pathological network through their inter-

connected interactions. The abnormal accumulation and 
interplay of the Aβ and tau proteins, along with

dysregulated signaling pathways such as PI3K-Akt, MAPK, 
and GSK-3β, act as central drivers exacerbating mitochon-

drial impairment, metabolic dysregulation, and calcium 
imbalance, ultimately leading to neuronal death and 
cognitive decline.

However, current research still faces limitations. While 
numerous AD-associated molecules and pathways have 
been identified, their precise interactions and regulatory 
networks remain incompletely understood. Key knowledge 
gaps persist regarding the molecular mechanisms underly-

ing Aβ/tau aggregation and their specific impacts on mito-

chondrial dysfunction and calcium dysregulation. 
Technologically, existing methods for monitoring mito-

chondrial, metabolic, and calcium homeostasis parameters 
lack the capacity for comprehensive dynamic analysis of 
these complex pathophysiological processes. Although 
traditional cellular and animal models provide essential 
insights, they exhibit inherent discrepancies compared to 
human AD pathology, limiting their translational accuracy.

Future breakthroughs in AD research are anticipated 
across multiple fronts. In fundamental research, emerging 
technologies such as multi-omics integration, single-cell/ 
spatial transcriptomics, and artificial intelligence (AI)- 
driven big data analytics will enable deeper exploration of 
AD mechanisms. Multi-omics integration (genomics, tran-

scriptomics, proteomics, and metabolomics) will facilitate 
the reconstruction of comprehensive molecular networks, 
revealing intricate gene-transcript-protein-metabolite re-

lationships. Single-cell and spatial transcriptomics will 
dissect AD pathogenesis at the cellular and spatial

signal modulator

quercetin

CaMK pathway↓

Tau↓P

neurons protection 

Ca channel blocker

nimodipine

Ca influx↓

Ca overload↓

Aβ↓

cognitive ability↑ 

Aβ deposition↓

improve mitochondrial 
function

gene therapy

mtDNA repair

restore respiratory 
chain function

autophagy regulator

stable PINK1 
activity

PINK1/Parkin 
pathway↑

spautin-
1 

kaempfero
l/emodin

mitochondrial protectant

penetrating BBB 
/protecting 

mitochondria

antioxidant/promo
tes ATP synthesis

idebenone CoQ10

lipid regulation

 Aβ 
regulation cholesterol↓

sulfatides statins

lipotoxicity↓

lipid regulation

GLP-1 analogs

insulin secretion↑

brain glucose uptake↑

 Aβ↓/anti-
inflammatory

amino acid 
regulation

optimize 
neurotransmitters 

glutamic acid 
supplementation

control 
excitotoxicity

Figure 6 The mitochondrial repair strategy (green) employs protectants like CoQ10 to enhance antioxidant capacity and ide-

benone to cross the BBB for mitochondrial structural protection. Autophagy activators such as kaempferol/emodin (via the PINK1/ 

Parkin pathway) and spautin-1 (stabilizing PINK1 activity) clear damaged mitochondria, while gene therapy targets mtDNA mu-

tations to restore respiratory chain function. These interventions synergistically improve mitochondrial function, reduce Aβ 

deposition and enhance cognition. The metabolic balancing strategy (blue) includes glucose regulation (GLP-1 analogs boosting 

cerebral glucose utilization to suppress Aβ/neuroinflammation), lipid modulation (statins lowering cholesterol and sulfatides 

bidirectionally regulating Aβ levels), and amino acid optimization (controlled glutamate supplementation to avoid excitotoxicity). 

Lipid homeostasis reduces the Aβ burden, indirectly shielding mitochondria. The calcium stabilization strategy (orange) uses 

channel blockers (e.g., nimodipine inhibiting Ca 2+ influx to alleviate neuronal overload) and signaling modulators (quercetin 
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resolution, identifying novel cellular subtypes, biomarkers, 
and intercellular communication mechanisms. AI-powered 
data mining will accelerate therapeutic target discovery 
and precision medicine development.

Therapeutically, mitochondrial-targeted strategies, 
metabolic modulators, and calcium homeostasis regulators 
show promising potential but require optimization. Key 
priorities include developing effective mitochondrial pro-

tectants, mitophagy activators, and mitochondrial gene 
therapies; identifying precise metabolic targets to restore 
glucose/lipid/amino acid equilibrium; and discovering se-

lective calcium channel modulators. Concurrently, 
advancing early diagnostic methods and preventive in-

terventions will be crucial for slowing disease progression 
and improving patient outcomes. Research on mitochon-

drial-metabolic-calcium homeostasis mechanisms in AD 
holds tremendous scientific and clinical significance. 
Through continued innovation and interdisciplinary collab-

oration, we may ultimately unravel AD pathogenesis and 
develop transformative therapies, bringing new hope for 
overcoming this global health challenge and improving the 
lives of AD patients worldwide.

Despite these advances, critical barriers hinder trans-

lation from preclinical data to clinical therapies. The 
mitochondrial and metabolic dysfunction emerges decades 
before symptoms, yet most trials intervene at later stages 
when pathology is irreversible, limiting its impact. Patho-

logical heterogeneity further complicates progress―AD 
subtypes exhibit distinct triad dysregulation (e.g., mito-

chondrial-predominant vs. calcium-driven dysfunction), 
making one-size-fits-all treatments ineffective. 227 Single-

target therapies (e.g., MCU inhibitors) may activate bypass 
pathways like store-operated calcium entry (SOCE). 228 

Mouse models inadequately recapitulate human metabolic 
aging and APOE4 interactions. Human induced pluripotent 
stem cell (iPSC)-derived neurons and organoids better 
model cell-type-specific vulnerabilities but lack systemic 
metabolism.

Future strategies should prioritize biomarker-guided 
early intervention, which entails combining PET to assess 
metabolic activity, mitochondrial ROS sensors to monitor 
mitochondrial health, and calcium-sensitive functional 
magnetic resonance imaging (fMRI) to track calcium 
dynamics―enabling interventions at preclinical stages 
when pathological changes are still reversible. Additionally, 
combinatorial approaches that simultaneously target mul-

tiple components of the mitochondrial-metabolic-calcium 
triad, such as pairing mitophagy inducers with lactate 
transport inhibitors, hold promise for disrupting the self-

reinforcing pathological cycles. Equally important is patient 
stratification based on triad-specific endophenotypes, such 
as distinguishing between “metabolic AD” and “calcium-

associated tauopathy”, to ensure more precise and effec-

tive therapeutic targeting.
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