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ABSTRACT 

Myelin plasticity is fundamental to the formation of neural networks and the optimization of neural functions, shaping 
circuits governing emotion, cognition, sensation, and motor control. Synthesized by oligodendrocytes, myelin undergoes lifelong 
remodeling that demands high metabolic activity; this renders the myelin-oligodendrocyte unit highly susceptible to metabolic 
stress, aging, and pathological insults. While demyelination is the core hallmark of various chronic neurological disorders, this 
review specifically highlights its emerging role in Alzheimer’s disease (AD). Myelin impairment is increasingly recognized as an 
early pathological event in AD, potentially preceding the classic accumulation of amyloid plaques and neurofibrillary tangles. Here, 
we provide a comprehensive overview of myelin structure and function, evaluating the potential of tracking myelin changes as 
early diagnostic biomarker for AD. We further synthesize recent evidence regarding myelin pathology across a spectrum of central 
nervous system disorders including multiple sclerosis, leukodystrophies, cerebral small vessel disease, psychiatric disorders, 
and traumatic injury, highlighting the underlying pathological mechanisms. Furthermore, we examine emerging therapeutic 
strategies, ranging from pharmacological interventions to noninvasive stimulation, aimed at restoring oligodendroglial function 
and promoting remyelination. Finally, we offer a forward-looking perspective on myelin regeneration research, emphasizing its 
critical potential as a novel therapeutic target for AD and other neurodegenerative conditions. 
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 Introduction 

yelin, a multilayered lipid membrane that ensheathes neuronal
xons, is produced by oligodendrocytes in the central nervous
ystem (CNS), and is essential for rapid and efficient signal
onduction. Emerging evidence indicates that myelin integrity is
ot only critical for nerve conduction velocity, but also deeply
nvolved in neuronal survival, axonal metabolic support, neu-
al circuit formation, and plasticity [ 1 ]. Consequently, damage,
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maldevelopment, or dysfunction of the myelin represents a
central pathological feature and a key contributor to a wide range
of CNS disorders [ 1 ]. 

With the aging of the global population, Alzheimer’s disease
(AD) has become a pressing public health challenge, as both its
prevalence and associated economic costs continue to climb. For
decades, AD research and therapeutic development have largely
focused on amyloid- β (A β) plaques and tau neurofibrillary tangles
se, which permits use, distribution and reproduction in any medium, provided the 
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FIGURE 1 Hypothesis model diagram of AD-related myelin injury. 
Preclinical AD stage includes CN and SCD. aMCI indicates MCI due to 
AD. AD, Alzheimer disease; CN, cognitively normal; MCI, mild cognitive 
impairment; SCD, subjective cognitive decline. 
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NFTs) as primary hallmarkers of neuronal loss and synaptic
amage [ 2, 3 ]. However, existing clinical treatments for AD
xhibit limited efficacy and safety. Recent studies highlight that
isruption of myelin integrity occurs early in AD and correlates
losely with the rate of cognitive decline. A new model of
D now proposes myelin damage as an upstream risk factor
or its hallmark pathology [ 4 ], a view supported by clinical
euroimaging and molecular studies [ 5, 6 ]. White matter hyper-
ntensities (WMH), which reflect myelin loss, predict aggressive
ognitive decline in individuals with mild cognitive impairment
MCI) [ 5 ]. Consistent with this, in vivo myelin water fraction
MWF) imaging has revealed myelin degradation in patients with
CI and dementia [ 7, 8 ], suggesting that myelin breakdown is
ne of the earliest structural alterations in AD brains. Notably,
his process appears to be driven by age-related DNA damage
ndependently of amyloid deposition [ 6 ]. 

ritically, Depp et al. [ 4 ] proposed that age-dependent myelin
tructural defect can directly or indirectly promote A β plaque
ormation via two mechanisms: one is that myelin dysfunction in
he aging forebrain activates microglia, thereby impairing their
apacity to clear A β deposits and prevent plaque formation [ 4 ];
nd the other is that aging myelin loses its axon-supportive
unctions, resulting in axonal distress, which subsequently ele-
ates neuronal BACE1 and amyloid precursor protein (APP)
evels, indicative of increased A β production [ 4 ]. Additionally,
ligodendrocytes have also been shown to express high levels
f APP and other amyloidogenic processing proteins [ 9 ]. When
tudied in AppNL- G-F/NL- G-F knock-in (APPKI) mouse model of
D, oligodendrocytes have been shown to produce considerable
mount of A β, contributing to plaque burden alongside neurons
 9 ]. It seems that in AD, neuron is unlikely the only producer of
ggregate-forming proteins. The oligodendroglial A β production
ould explain why white matter susceptibility to the disease
ften occurs early [ 10 ]. Consequently, myelin breakdown and
ligodendrocyte injury could be considered as a pivotal early
vent in AD pathogenesis (Figure 1 ). 

yelin’s vulnerability in aging and AD stems from its dynamic
iology. In the CNS, myelin is synthesized by oligodendrocytes
o support axonal integrity, energy metabolism, and neural
of 30
synchrony [ 11 ]. Myelin, traditionally viewed as a stable structure,
is now understood to undergo dynamic modulation throughout
life [ 12 ]. Its lifelong remodeling demands high metabolic activity,
rendering oligodendrocytes and myelin susceptible to age-related
stressors. Also, aging myelin becomes thinner and shorter [ 13 ],
increasing vulnerability to oxidative damage, A β toxicity, genetic
and environmental risk factors [ 14 ]. This cascade culminates
in axonal degeneration, white matter lesions, and circuit dys-
function underlying cognitive deficits [ 15 ]. Brain regions that
contain a high myelin content has also been shown to be
more resistant to developing tau pathology in AD [ 16 ], implying
that myelin may confer protection against both A β and tau
pathologies. Preclinical experiment in AD model has shown
that promoting remyelination restored hippocampal sharp-wave
ripples and rescues memory [ 17 ], highlighting myelin repair as a
promising therapeutic avenue for AD-related myelin injury. 

In addition of AD research highlighting the myelin’s role in AD
pathogenesis and its therapeutic implications, this review also
synthesizes emerging evidence on various CNS diseases, includ-
ing multiple sclerosis (MS), leukodystrophies, vascular dementia
and cerebral small vessel disease (cSVD), psychiatric disorders,
secondary myelin loss following traumatic CNS injury. We first
overview the myelin biology and summarize the biomarkers
of myelin, which may help detect myelin integrity. We then
update the shared pathological mechanisms converging on oligo-
dendrocyte injury and impaired myelination or maintenance,
linking myelin dysfunction to several CNS diseases. Finally, we
discuss therapeutic strategies aimed at promoting myelin regen-
eration and highlight the growing potential of myelin-targeted
interventions to slow the progression of demyelinating disorders.

2 Structure and Function of Myelin in Central 
Nervous System 

The myelin has the core role from structural support to functional
regulation in CNS. Thus, elucidating the fundamental structure,
composition, and function of myelin is crucial for comprehending
its role in AD. Furthermore, the development of sensitive and
intuitive detection methods is instrumental in advancing our
understanding of the role of myelin in AD. 

2.1 Structure and Components of Myelin 

Myelin in the CNS is a specialized cell membrane produced by
oligodendrocytes [ 18 ]. The dry mass of CNS myelin is predomi-
nantly composed of low protein content consisting of 25%–30%
[ 19 ], with a relatively high lipids content accounting for 70%–75%.
Myelin contains unique lipid-related proteins, primarily myelin
basic protein (MBP) and proteolipid protein (PLP) [ 18 ]. MBP is
essential for myelination [ 20 ], while PLP stabilizes myelin [ 21 ].
Myelin sheath comprises a diverse array of lipid components,
primarily including cholesterol, glycosphingolipids (GSLs), and
phospholipids [ 20 ]. This composition contrasts with most biolog-
ical membranes, which typically exhibit a higher protein-to-lipid
ratio. The distinctive lipid-rich composition of the myelin confers
its unique insulating properties, which are crucial for isolating
axons from their surrounding microenvironment and facilitating
rapid nerve conduction. Myelin is highly enriched in lipids, with
MedComm, 2026
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 unique composition (cholesterol/phospholipids/glycolipids in a
:2:1 ratio) called lipid rafts, which are important for the guidance
f membrane proteins, trafficking, and signaling [ 22 ]. They are
lso central to APP amyloidosis processing in AD [ 23 ], linking
ltered lipid raft composition to AD pathogenesis [ 24 ]. Thus, AD
an be viewed as a plasma membrane disorder [ 25 ], exploring
ipid rafts can offer insights into its mechanisms and treatments. 

.2 Function of Myelin in Neural Oscillation and 

ognition 

he role of myelin in learning and memory function is important.
he learning and memory functions of the brain depend on not
nly the information transmission between neurons, but also on
he appropriate patterns or synchronization of different neuron
lusters, especially the connections between the hippocampus
nd cortex [ 26, 27 ]. The role of myelin in learning and cognitive
unction can be explained from two different levels: at the cell
evel, myelin is responsible for insulating axons, supporting axons
nd ensuring bidirectional communication between axon-glial
ells. At the global brain level, myelin is responsible for coordinat-
ng the connection of neuronal components and the association
f functional brain centers for complex information processing
 28 ]. Even small changes in myelin thickness or nodal structure,
ould have profound effects on neuronal network function [ 29 ].
herefore, ensuring the integrity and normal function of myelin
heaths is crucial for maintaining the accuracy and efficiency of
ignal transmission between neurons, as well as maintaining the
ormal function of neural networks. 

he function of myelin in learning and memory was driven by
xperience induced oligodendrocytes generation in adulthood
 30 ] (Figure 2 ). In vivo animal experiments have shown that
nhibition of oligodendrocyte progenitor cell (OPC) differentia-
ion into new myelinating oligodendrocytes can impact memory
cross a variety of behavioral tasks [ 31 ], while promoting adaptive
yelin formation could rescue chemotherapy-related cognitive
mpairment [ 32 ]. And also, the decline of learning and memory
s the most important and typical clinical phenotype in various
tage of AD [ 31 ]. Thus, it can be inferred that in AD, insufficient or
ailed adaptive myelination caused by various factors could result
n learning and memory disabilities because of the synaptic and
eural circuit damage [ 33–35 ]. A comprehensive understanding
f the dynamics of oligodendrocyte generation and adaptive
yelination is crucial for elucidating the potential role of myelin
n AD [ 30 ]. 

.3 Biomarkers of Myelin in Central Nervous 
ystem 

ince this review mainly emphasized the role of demyelination in
D, we only summarize the change of the biomarkers of myelin
n AD. 

he role of myelin in brain function encompasses a range of
iological processes that are intricately linked to the alterations
n myelin lipid synthesis and composition. Consequently, the uti-
ization of specific molecular biomarkers and imaging biomarkers
o assess the integrity of the myelin sheath is valuable for the
edComm, 2026
clinical evaluation of AD [ 37 ]. In this section, we evaluate the
myelin-associated molecular and imaging biomarkers in AD.
The onset and progression of AD is linked to myelin damage.
Biomarkers of myelin damage may serve as valuable indicators
for assessing the progression of AD. Notably, reduction in myelin-
specif ic lipid types, such as GSL, glycerophospholipids, and
cholesterol, are frequently observed in the cerebrospinal fluid
(CSF) and other body fluids of AD patients [ 38, 39 ]. Also, change
of lipids components was observed in various brain regions
in both gray and white matter [ 40, 41 ]. These observations
collectively suggest that the metabolic dysregulation of key
lipid components of the myelin sheath is both stage-specific
and region-specific in AD. Functionally, the reduction in these
myelin-specific lipids is associated with myelin degeneration and
the loss of white matter integrity in the AD brain. Consequently,
these specific lipid alterations may serve as biomarkers for AD-
related demyelination. Lipidomics analysis data have predicted
with 90% accuracy the transition from normal cognition to
amnestic MCI or mild AD within 2–3 years [ 42 ]. Moreover,
MBP, PLP, and myelin oligodendrocyte glycoprotein (MOG),
along with their associated antibodies, are found in serum
and CSF. These components have been previously identified
in certain demyelinating and neurodegenerative diseases [ 43 ].
These findings suggest the potential use of antimyelin antibodies
as biomarkers for AD. As various myelin components undergo
changes with aging, examining alterations in component propor-
tions of lipid and protein profiles offers a more comprehensive
approach than detection of one single component. 

In comparison to the molecular biomarkers, brain magnetic
resonance imaging (MRI) is regarded as a noninvasive and
intuitive method for observing the microstructures of the central
myelin sheath. Myelin is primarily assessed through quantitative
MRI [ 44 ], which offers the measurements of white matter myelin
content [ 45 ]. MRI T1 and T2 relaxation times are closely corre-
lated with myelin content. However, the T1 signal (as observed
on T1-weighted images) is also influenced by water content and
variations in white matter microstructure that are independent of
myelin volume fraction [ 45 ]. Similarly, the T2 signal is affected
by myelin composition or the spacing of myelin lamellae [ 45 ].
Consequently, T1w/T2w ratio images provide a proxy estimate
of myelin content and are utilized as a practical approach for
studying myelin content [ 46 ]. Lee et al. [ 47 ] identified significant
positive correlations between the white matter T1w/T2w ratio
and executive function in regions such as the fornix, sagittal
stratum, anterior internal capsule, and the body of the corpus
callosum. This finding suggests an association between the white
matter T1w/T2w ratio and both executive function and disease
progression. Recently, a novel neuroimaging technique, known
as multicomponent-driven equilibrium single pulse observation
of T1 and T2 relaxation times (mcDESPOT), has been developed
based on MRI T1 and T2 measurements [ 48 ]. This method
offers enhanced specificity for noninvasive MRI myelin mapping.
Nonetheless, mcDESPOT is also subject to certain limitations,
including potential inaccuracies in assessing myelin composition
and lamellar spacing, as well as the resolution of only two
components [ 49 ]. 

In addition, it has also been reported that quantitative MRI
techniques including myelin water imaging, diffusion tensor
imaging (DTI), and neurite orientation dispersion and density
3 of 30



FIGURE 2 (A) represents the differentiation of OPC into oligodendrocyte to generate myelin sheath, which is mainly composed of lipids 
(cholesterol, GSLs and phospholipids) and proteins (PLP and MBP). (B) represents function of myelin. Stylized diagram of myelinating oligodendrocytes 
connecting different types of long-term memory, including spatial memory, Pavlovian fear memory, and motor skills, assessed in specific behavioral 
paradigms (clockwise from top left: single-pellet forelimb reach, complex wheel, contextual fear, Morris water maze) and underpinned by distinct neural 
systems [ 36 ], representing how oligodendrocyte and myelin changes in the brain are involved in the modification of circuit functions underlying learning 
and behavior. 
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maging (NODDI) are often used to qualify myelin [ 50, 51 ].
ouhrara et al. have demonstrated that individuals with MCI
xhibited a reduced MWF, and such demyelination is more
ronounced in AD [ 7 ]. Furthermore, a lower myelin content has
een linked to a more rapid cognitive decline in a long-term
ollow-up cohort study [ 52 ], suggesting that MWF may serve
s an imaging biomarker for predicting cognitive changes. DTI
arameters include fractional anisotropy (FA), mean diffusivity
MD), axial diffusivity (AxD), and radial diffusivity (RD) [ 51 ]. In
 recent longitudinal MRI study, Shafer et al. revealed that the
ate of decline in white matter microstructure assessed by DTI,
s correlated with the rate of cognitive decline [ 53 ]. Morrissey
t al. also observed a reduction of FA, an indicator of white
atter integrity, across the hippocampus, anterior commissure
AC), neocortex, and hypothalamus in an APPKI mouse model
f AD [ 54 ]. Diffusion of DTI is regulated by a variety of tissue
roperties, such as axon diameter and density, myelin content,
iber orientation coherence, extracellular water, and other glial
ells [ 55 ]. To compensate for this limitation, Burzynska et al.
 56 ] employed a more sophisticated model of white matter
issue diffusion, namely, NODDI to analyze two quantitative
etrics: the neurite density index (NDI) and the orientation
ispersion index (ODI). Previous clinical research utilizing the
ODDI model to examine cortical microstructural changes has
evealed a reduction of NDI and ODI across extensive cortical
egions in both young-onset and sporadic AD participants [ 57,
8 ]. Furthermore, individuals with higher amyloid and phospho-
ylated tau burden exhibit lower cortical NDI [ 57, 58 ]. A recent
of 30
advancement in this field is the in vivo measurement of g-ratio
defined as the ratio of the inner to the outer diameter of the
myelin sheath of a myelinated axon [ 59 ]. Computing a g-ratio
metric is an effective way to interpret any combination of myelin-
weighted and axon/fiber-weighted MR data [ 59 ]. In patients with
hypomyelinating disorders, this technique could offer valuable
insights into myelin sheath thickness and may be employed to
monitor spatiotemporal changes as therapies become available
[ 50 ]. 

These findings highlight the importance of myelin loss and
related white matter signal assessment in cognitive function of
AD patients, and can be served as an imaging biomarker to
predict cognitive decline (Table 1 ). However, due to the low spatial
resolution of standard MRI sequences [ 60 ] and the MRI methods
indirectly used to assess myelin integrity [ 61 ], the understanding
of the dynamics of OPC recruitment, oligodendrocyte generation,
and remyelination within specific neural circuits is still limited.
Therefore, more sensitive and intuitive imaging techniques and
biomarkers should be further explored. 

3 Pathological Mechanisms of Myelin 

Impairment in Central Nervous System 

Myelin-Related Diseases 

Myelin is generated by oligodendrocytes and its lifelong remodel-
ing demands high metabolic activity, rendering oligodendrocytes
MedComm, 2026



TABLE 1 Image biomarkers of myelin in AD and cognitive recognition. 

Image biomarker Application Limitation 

T1w/T2w ratio T1w/T2w ratio is positively correlated with 
executive function in regions of the fornix, 
sagittal stratum, anterior internal capsule, 

and the corpus callosum [ 47 ]. 

T1 signal is influenced by water content and 
variations in white matter microstructure. T2 
signal is affected by myelin composition or the 

spacing of myelin lamellae [ 45 ]. 
mcDESPOT mcDESPOT enhances specificity for 

noninvasive MRI myelin mapping [ 48 ]. 
mcDESPOT has inaccuracies in assessing myelin 
composition and lamellar spacing, as well as the 

resolution of only two components [ 49 ]. 
Myelin water 
imaging 

MCI and AD show decreased MWF [ 7 ]; low 

MWF predicts cognitive decline [ 52 ]. 
The whole-brain coverage of MWF request for the 
high-energy deposition and long scan times, 
which limited its wider dissemination [ 62 ]. 

DTI Decreased FA (hippocampus, AC) indicates 
white matter integrity [ 54 ]; declined DTI is 
correlated with the rate of cognitive decline 

[ 53 ]. 

DTI is affected by axon diameter and density, 
myelin content, fiber orientation coherence, 
extracellular water, and other glial cells [ 55 ]. 

NODDI Reduced NDI and ODI in cortical regions 
are in AD compared to CN, and lower 
cortical NDI is correlated with higher 
amyloid and phosphorylated tau burden 

[ 57, 58 ]. 

NODDI is influenced by imperfect suppression of 
CSF signal or by the diffusion signal arising from 

underlying white matter, especially in thinner 
areas of the cortex [ 58 ]. 

g-ratio A smaller g-ratio indicates a thicker myelin 
[ 59 ]. Increased g-ratio is exacerbated with 
ageing in the 5xFAD mouse model [ 63 ]. 

g-ratio is influenced by MR artifacts, lack of 
specificity, low spatial resolution, and long 

acquisition times [ 59 ]. 
Abbreviations: AC, anterior commissure; CN, cognitively normal; CSF, cerebrospinal fluid; DTI, diffusion tensor imaging; FA, fractional anisotropy; mcDESPOT, 
multicomponent-driven equilibrium single pulse observation of T1 and T2 relaxation times; MR, magnetic resonance; MWF, myelin water fraction; NDI, neurite 
density index; NODDI, neurite orientation dispersion and density imaging; ODI, the orientation dispersion index. 
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nd myelin susceptible to aging-related stressors and pathological
nsults. Myelin impairment has been shown to be widely involved
n the pathological processes of various neurological diseases,
ncluding MS, leukodystrophies, vascular dementia and cSVD,
sychiatric disorders, secondary myelin loss following traumatic
NS injury, and so forth. Recently, myelin impairment is consid-
red as an early pathological feature in AD, preceding amyloid
laque and NFT formation. Therefore, we update the evidence of
yelin impairment in a range of CNS demyelinating diseases and
ts possible pathological mechanism, specifically in AD. 

.1 Pathological Mechanisms of Myelin 

mpairment in Alzheimer’s Disease 

he pathological mechanisms of AD developed over decades,
esulting in a multitheoretical framework including the A β
ypothesis, the neuroinflammation hypothesis and the cell
enescence hypothesis [ 64 ]. Among these, the amyloid cascade
ypothesis stands out as a key model for understanding AD
athogenesis and guiding the development of current treatments.
owever, a novel working model for AD proposed that myelin
amage might be as an upstream risk factor for A β deposition
 4 ]. Therefore, we have summarized the pathological mechanism
f myelin injury in AD for providing relevant theoretical basis
or the treatment strategy of AD, especially for its early stage.
yelin loss in AD encompasses a range of alterations, such as

nadequate myelin regeneration, excessive myelin degradation,
nd demyelination. This deterioration can be triggered by a com-
edComm, 2026
bination of aging, genetic, and environmental factors, potentially
resulting in damage of myelin or even myelin loss in AD. Aging is
strongly associated with demyelination, and AD is considered as
homeostatic dysfunction to age-related myelin impairment [ 14 ].
Genetic factors contributing to this process include mutations in
genes such as APP, presenilin (PSEN), Apolipoprotein (APOE),
and others. Environmental factors such as ischemia and hypoxia,
immunization and inflammation, alterations of gut microbiota,
metabolic disorders, alterations of cell microenvironment are
involved in the pathogenesis of AD-related demyelination (see
Figure 3 ). 

3.1.1 Genetic Factors 

At present, genetic factors closely related to the pathogenesis
of AD include mutations in genes such as APP, PSEN, APOE,
and triggering receptor expressed on myeloid cells 2 (TREM2).
APP gene and PSEN gene mutations are commonly found
in fAD, which will directly lead to the abnormal accumu-
lation of A β protein, and the formation of amyloid plaques
triggers neuronal damage and myelin degeneration. Morrissey
et al. found that APPKI mice display myelin microstructural
changes and increased oligodendrocytes and oligodendrocyte-
related proteins, suggesting an impaired homeostasis or regu-
lation of oligodendrocytes and myelin [ 54 ]. Minguillón Pereiro
et al. found that PSEN2 mutations cause striking WMH,
arguably related to myelin disruption induced by amyloid
accumulation [ 65 ]. 
5 of 30



FIGURE 3 Pathological mechanism of AD demyelination. Pathological mechanism of AD demyelination included genetic factors and 
environmental factors. Genetic factors included APP, PSEN, APOE, and others. Environmental factors included ischemia and hypoxia, immune 
response/inflammation, gut microbiota, metabolic disorders, cell microenvironment are involved in the pathogenesis of AD-related demyelination. 
OL, oligodendrocyte. 
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he APOE ε4 allele is recognized as one of the most significant
enetic risk factors for sporadic AD. Myelin alterations in AD
re more pronounced especially in individuals carrying the
POE ε4 allele [ 66 ]. The underlying mechanism may involve
he association of the ApoE ε4 polymorphism with reduced
holesterol bioamyloid-beta synthesis in myelinating oligoden-
rocytes [ 67 ] and accelerated demyelination with advancing age
 66, 68 ]. Furthermore, demyelination in the white matter of AD
atients can diminish the efficiency of microglia in A β and tau
athology [ 4 ], thereby contributing to the hallmark pathological
hanges and cognitive decline of AD [ 69, 70 ]. Additionally, other
enes that increase the risk of AD including triggering receptor
xpressed on TREM2, clusterin (CLU), and phosphatidylinositol-
inding clathrin assembly protein (PICALM), all of which also
ffect the integrity of the myelin sheath [ 71–73 ]. However, the
nteraction between these genetic factors and myelin dysfunction
nd its contribution to AD pathology progression and cognitive
ecline needs further exploration. 

.1.2 Ischemia and Hypoxia 

xidative stress can be directly induced by ischemia and hypoxia,
nd myelinating oligodendrocytes are particularly vulnerable
of 30
to oxidative stress due to their highly metabolic demands and
enriched iron and lipid content [ 12, 74 ]. Consequently, ischemia
and hypoxia are significant contributors to demyelination [ 75 ].
Various stages of oligodendrocytes have been reported to undergo
different mechanisms of cell death [ 76 ], thereby contributing to
the complexity of subcell-type populations of oligodendrocytes
and their susceptibility to diverse pathological insults. It has
shown that excessive oxidative stress has a negative impact
on myelin homeostasis, in decreasing OPC proliferation and
maturation, oligodendrocyte numbers, and myelin-related genes
and proteins both in vitro and in vivo [ 77 ]. And its underlying
mechanisms are complex. One is that cerebral ischemia and
hypoxia will directly cause abnormal oxygen metabolism and
affects DNA stability, induces oxidative stress, and increases iron
levels [ 78 ]. Furthermore, the energy crisis caused by ischemia and
hypoxia can lead to lactic acidosis, which increases the concentra-
tion of free Fe2 + in the cytoplasm, leading to Fenton reaction and
inducing oxidative stress [ 79 ]. Moreover, oligodendrocytes exhibit
the highest rate of oxidative metabolism by volume in all cell types
of CNS [ 80 ] and possess a limited capacity to clear peroxides [ 81 ].
The limited compensatory ability ultimately leads to excessive
production of peroxides, resulting in lipid peroxidation, loss
of protein function, DNA damage, mitochondrial dysfunction,
cell apoptosis, inflammatory response, and cell proliferation and
MedComm, 2026
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M

ifferentiation defects [ 82, 83 ], ultimately leading to functional
mpairment of myelin [ 84 ]. 

dditionally, oligodendrocyte is extremely sensitive to the disrup-
ion of intracellular calcium homeostasis [ 85 ]. Under ischemic
nd hypoxic conditions, the resultant energy crisis and metabolic
tress precipitate prolonged overstimulation of neurotransmitter
eceptors. This overstimulation leads to a substantial elevation in
ytoplasmic Ca2 + levels and mitochondrial bioenergetic dysfunc-
ion [ 86 ]. Its associated characteristics include impaired oxidative
hosphorylation, generation of reactive oxygen species (ROS),
elease of apoptotic proteins such as cytochrome C, and cell
eath [ 87, 88 ]. And apoptosis of oligodendrocyte directly results in
njury to myelin and myelin loss. Furthermore, hypoxia can inflict
amage on vascular endothelial cells, compromising the integrity
f the blood–brain barrier (BBB) and exacerbating myelin damage
 89 ]. This process is linked to the intrinsic hypoxia-inducible
actor (HIF) signaling within OPCs [ 90 ]. The interplay of these
echanisms collectively leads to myelin sheath damage under
ypoxic conditions. Chronic hypoxia triggers compensatory neu-
oprotection via insulin-like growth factor-1 (IGF-1) and HIF-1 α
 91, 92 ]. However, severe bouts of acute hypoxia and subse-
uent restoration of blood flow (hypoxia/reoxygenation, H/R)
verwhelm compensatory mechanisms and cause neuroaxonal
amage in the brain [ 93 ] and H/R could lead to impaired
yelination by upregulating HIF-1/2 which inhibits the OPC
aturation [ 94 ]. The above studies indicate that the activity of
IF signaling molecule in an appropriate oxygen environment
re crucial for correct myelin formation [ 90 ]. Recently, it has
een updated that ischemia and hypoxia are important factors
ausing abnormal oxygen metabolism in the pathogenesis of AD
 95 ]. However, it is still unclear whether ischemia and hypoxia
mpair directly on myelin in AD brain, which deserves further
xploration. 

.1.3 Immune Response and Inflammation 

he pathological framework of AD encompasses not only
he traditional amyloidosis hypothesis but also the inflam-
ation hypothesis [ 96 ]. Myelin loss was initially reported as
he most important pathological feature of MS, and it has
een found in several neurological diseases related to central
nflammatory response [ 97 ]. In AD, this central inflammatory
esponse is intricately linked to autoimmune processes and
eripheral infections [ 98 ]. Numerous studies have indicated
hat specific peripheral bacteria, such as oral bacteria [ 99 ]
nd mycobacterium tuberculosis [ 100 ], as well as viral infec-
ions, including SARS-CoV-2 [ 101 ], COVID-19 viruses [ 102 ],
pstein–Barr virus (EBV) [ 103 ], herpes simplex virus 1 (HSV-
) [ 104 ], and herpes viruses [ 105 ], may serve as risk factors for
D. 

eripheral bacterial and viral infections exert both direct and
ndirect influences on the brain through various mechanisms
mplicated in the pathogenesis of AD [ 106 ]. Once the virus infil-
rates the CNS, it begins to replicate and triggers an inflammatory
esponse, leading to the production of inflammatory cytokines
 107 ], such as interleukin-6 (IL-6), interleukin-1 β (IL-1 β), and
umor necrosis factor-alpha (TNF- α) [ 108 ]. These cytokines con-
edComm, 2026
tribute to the upregulation of β- and γ-secretases responsible
for cleaving APP into A β peptides [ 109 ], and promote increased
kinase activity associated with tau hyperphosphorylation [ 110 ].
Also, A β oligomers have potent, broad-spectrum antimicro-
bial properties by forming fibrils that entrap pathogens and
disrupt cell membranes [ 89 ]. A β fibrillization drives neuroin-
flammatory pathways that help fight the infection and clear
β-amyloid/pathogen deposits. In AD, chronic activation of this
pathway leads to sustained inflammation and neurodegeneration
[ 111 ]. It is likely that increased brain microbial burden may
directly exacerbate β-amyloid deposition, inflammation, and AD
progression [ 111 ]. Furthermore, virus-induced peripheral inflam-
mation indirectly impacts AD pathogenesis [ 107 ]. Infections such
as SARS-CoV-2 and COVID-19 may exacerbate neurodegenera-
tion in AD by enhancing neuroinflammatory, oxidative stress,
and apoptosis [ 112 ]. It was recently reported that vaccination
for herpes viruses reduces risk for AD dementia [ 105 ]. Thus,
inflammatory and immune response play important role in the
progression of AD. 

There is an immune response against myelin sheaths in AD, with
the emergence of autoantibodies potentially leading to damage
of myelin components such as MBP [ 113, 114 ]. Furthermore,
LINGO-1 is important in myelination and LINGO 1 protein acts
primarily as a negative regulator of myelination in AD [ 115 ],
and intervention with the LINGO-1 antibody has been shown to
ameliorate spatial memory deficits through remyelination [ 115 ].
In the context of inflammation and demyelination in AD, inflam-
matory mechanisms and their products, including antibodies and
macrophages, can contribute to demyelination. EBV infection has
been implicated in the demyelination of the CNS [ 116 ], primarily
through the activation of the NLR family pyrin domain contain-
ing protein 3 (NLRP3) inflammasome pathway [ 117 ], a critical
neuroinflammatory pathway in AD [ 118 ]. Conversely, demyeli-
nation may be initiated by oligodendrocyte and myelin damage,
which precedes inflammation [ 119 ], subsequently triggering local
inflammatory responses such as microglial activation [ 120 ]. As
oligodendrocytes express high levels of APP [ 9 ] and MAPT (tau)
[ 121 ], it is possible that the accumulation of such proteins if
not efficiently cleared by microglia could detrimentally affect
oligodendrocytes [ 122, 123 ]. This indicates that inflammation and
immune processes mediated by microglia play an important role
in regulating myelin homeostasis and A β homeostasis in AD.
Thus, there exists an intricate relationship between autoimmu-
nity, inflammation, and demyelination in AD, and the causal
processes and precise mechanisms underlying these interactions
require further investigation. 

3.1.4 Gut Microbiota 

The bidirectional regulation between the gut microbiota and the
brain, commonly referred to gut–brain axis, has garnered sub-
stantial interest. A multitude of studies have established a robust
correlation between gut microbiota and AD. Notable alterations
in microbiota composition and diversity have been documented
in 5xFAD [ 124 ], APP/PS1 [ 125 ], and APOE mouse models [ 126 ],
suggesting that AD pathology may not only directly impact brain
function but also exacerbate cognitive impairment through mod-
ifications in gut microbiota and associated metabolites induced
7 of 30
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y amyloid deposition. Conversely, oligodendrocyte generation
nd myelination may also be influenced by the gut microbiota
nd its metabolites [ 127 ]. Changes in myelination contributed
o neurodevelopmental disorders [ 128 ]. It has demonstrated that
educed levels of hydrogen peroxide (H2 O2 ) in milk can disrupt
he gut microbiome, leading to abnormal metabolite production,
ncluding D-glucaric acid. This metabolite has been shown to
nhibit hippocampal myelin formation during infancy, potentially
ontributing to behavioral abnormalities observed in adulthood
 129 ]. Furthermore, microorganisms are capable of synthesizing
 diverse array of metabolites, such as short-chain fatty acids
SCFAs), which play crucial roles in immune regulation. SCFAs
ave the capacity to directly influence T-cell differentiation,
romoting the development of T cells that produce proinflamma-
ory cytokines, contingent upon the prevailing cytokine milieu,
hereby eliciting an anti-inflammatory response [ 130 ]. Addition-
lly, SCFAs are able to traverse the BBB via transport proteins
ocated in endothelial cells, consequently impacting neuroin-
lammation. This observation has led to the hypothesis [ 130 ] that
elf-reactive T cells may become activated within gut-associated
ymphoid tissue as a result of molecular mimicry reactions
o microbial components that resemble self-antigens, such as
BP, PLP, and MOG, which are implicated in demyelinating
iseases [ 131, 132 ]. Consequently, the microbiota–oligodendrocyte
xis, particularly in relation to microbiota and MS-associated
yelin damage, has been extensively investigated [ 133 ]. How-
ver, research concerning the microbiota–oligodendrocyte axis
n AD remains limited. Related research reports consistently
ndicate that the formation of myelin sheaths in the prefrontal
ortex (PFC) occurs later in early neonatal life, making it more
usceptible to gut microbiota dysbiosis [ 134, 135 ]. And the PFC
egion is associated with various neurological and psychiatric
isorders, including cognitive impairment and autism spectrum
isorder (ASD), both of which exhibit dysbiosis of the gut
icrobiota [ 136 ]. Therefore, treatments targeting microbiota–
ligodendrocyte axis include probiotics, prebiotics, microbial
etabolites, herbal bioactive compounds, and specific dietary
anagement, could be a promising pathway for modulating
ligodendrocyte homeostasis and AD-associated demyelination
 133 ]. 

.1.5 Metabolism Dysfunction 

ipids constitute a primary component of myelin, and alteration
n lipid metabolism may directly cause demyelination, thereby
ontributing to the progression of AD [ 137 ]. A focal defect of
everal myelin-associated lipid species has been identified in the
ippocampus, cortex, and peripheries of the corpus callosum.
his depletion is indicative of A β plaque-associated disruption
f the myelin sheath, attributed to the loss of myelin lipids
 138 ]. Additionally, aberrant cholesterol metabolic pathways were
bserved in AD patients. Compared to controls, AD patients
xhibited higher ratios of plasma 24S-hydroxycholesterol to 27-
ydroxycholesterol, increased level of free cholesterol, and a
educed proportion of desmosterol in the brain tissue and
erum [ 139–142 ]. Blanchard et al. reported a disruption in lipid
nd cholesterol homeostasis in APOE4/4-carrier patients and
POE4/4-TR mice, and altered cholesterol localization in the
POE4 brain correlating with diminished myelination [ 67 ]. The
of 30
expression of APOE4 in oligodendrocytes was found to pro-
mote cholesterol accumulation and impaired myelination, while
treatment with cyclodextrin to enhances cholesterol transport,
showed potential for the improvement of learning and executive
function in aged APOE4/4-TR mice [ 67 ]. Abnormal metabolism
of monogalactosyl diglyceride (MGDG) glycerides is a significant
feature of AD pathophysiology [ 143, 144 ]. 

It was reported that the catabolism of myelin lipids to produce
ketone bodies can be utilized to meet the brain’s energy and
fuel requirements via pathways involving mitochondrial deficits,
H2 O2 production, and cPLA2 activation [ 145 ]. Furthermore,
Asadollahi et al. [ 146 ] revealed that lipid turnover within the
myelin sheath generates a fatty acid pool in oligodendrocytes,
which may contribute to the energy balance of white matter
tracts. Their findings also demonstrate that under conditions of
limited glucose availability, fatty acid metabolism can support
the survival of glial cells and maintain the functional integrity
of myelinated axons [ 146 ]. It seems that lipid metabolism abnor-
mality is involved in the progression of AD through various
mechanisms, including promoting the aggregation and formation
of A β, leading to abnormal cholesterol transport, and activating
microglia and astrocytes, thereby triggering chronic inflamma-
tion [ 147 ]. Dynamic changes in lipid levels within specific brain
regions, such as the PFC, are closely associated with cognitive
deficits observed in AD. The alteration of white matter myelin-
associated lipid receptors suggests a crucial role in the pathogen-
esis of the disease [ 147 ]. Also, it has shown that mice with glucose
metabolism disorders exhibit decreased cognitive and memory
abilities, probably related to myelin damage [ 148 ]. Individuals
with Type 2 diabetes (T2 D) have a significantly higher likelihood
of developing cognitive impairment, possibly due to glucose
toxicity [ 149 ]. Glycotoxicity activates Cdk5, enhances cPLA2
activity and PGE2 synthesis, leading to neuroinflammation and
myelin damage in the model of T2 D mice, suggesting the potential
relationship between T2 D diabetes-mediated demyelination and
AD [ 149 ]. Therefore, abnormal glycolipid metabolism may be an
important factor leading to demyelination in AD. 

3.1.6 Metal Ions Metabolism 

Redox-active metals such as iron, copper, and zinc, known for
their capacity to generate ROS, have been identified in associ-
ation with amyloid plaques and NFT, which are pathological
hallmarks of AD [ 150, 151 ]. Iron, in particular, serves as a catalytic
center for a variety of enzymes and is integral to numerous
critical biological processes, including oxygen transport, oxida-
tive phosphorylation, myelin production, and the synthesis and
metabolism of neurotransmitters [ 152 ]. It has been reported that
cortical iron levels reflect the severity of AD, with the extent
of altered iron accumulation correlating with the quantity of
A β plaques, tau pathology, and Braak stage [ 152 ]. Furthermore,
Merenstein et al. employed curvature-based analyses using quan-
titative susceptibility mapping (QSM) to reveal increased global
magnetic susceptibility in AD compared to controls, with notable
differences between the right and left hemispheres and between
gyri and sulci, particularly in the temporo-parietal regions [ 153 ].
These alterations appear to manifest subsequent to the emergence
of AD pathological hallmarks, suggesting that disruptions in iron
MedComm, 2026
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omeostasis within the brain are a significant characteristic of
D [ 154 ]. Additionally, oligodendrocytes and its myelin contain
he highest iron in the brain [ 155 ], implying an inseparable rela-
ionship between iron, myelin and AD. Based on this, Bartzokis
t al. [ 14 ] propose a hypothesis in AD research that the break-
own of myelin sheaths and degeneration of oligodendrocyte
elease a large amount of iron, further damaging to myelin and
rain tissues and ultimately resulting in neurodegeneration and
ognitive behavioral disorders. Therefore, precise regulation of
ron homeostasis of OPC is essential for maintaining myelin and
romoting remyelination. 

he involvement of copper in AD has been extensively doc-
mented. In the brain tissues of both AD patients and mice
odels, copper deficiency has been shown to directly enhance
he amyloidogenic processing of APP within cholesterol-rich lipid
afts, thereby facilitating the formation of toxic A β oligomers
nd their aggregation into plaques in AD brain [ 156 ]. Further-
ore, copper deficiency associated with demyelination indirectly
ccelerates the pathological progression of AD. The cuprizone
odel, which involves feeding mice a diet containing the toxin
is-(cyclohexanone) oxaldehydrozone, serves as a classic model
or demyelinating diseases [ 157 ]. This model induces targeted
amage to oligodendrocytes, resulting in repairable demyeli-
ating lesions across multiple brain regions [ 157 ]. Conversely,
levated copper concentration has been detected in insoluble
 β plaques and NFT [ 150 ]. Additionally, there is an inverse
elationship between total cellular copper and lipid raft cop-
er levels, suggesting that under conditions of intracellular
opper deficiency, A β–copper complexes are more likely to
orm [ 158 ]. These findings propose a novel mechanism by
hich cellular copper deficiency in AD may create an envi-
onment conducive to potentially harmful interactions among
 β, copper, and cholesterol within lipid rafts, suggesting an
mbalance and misdistribution of copper in the context of AD
 158 ]. 

ther metal ions, including Zn [ 159 ], Se [ 160 ], and Pb [ 161 ],
ay affect oligodendrocyte differentiation and myelination. Zinc
s one of the most abundant transition metals in the brain,
econd only to iron [ 162 ]. ZFP488 expression was particularly
nriched in differentiated oligodendrocytes. ZFP488 can promote
ligodendrocyte differentiation, and ZFP488 deficiency leads to
elayed myelin formation in the developing CNS and impaired
emyelination after brain demyelination injury [ 159 ]. However,
heir role in AD-related demyelination remains unclear. The dys-
egulation of metal ions homeostasis, especially copper and iron,
lays an important role in the progression of AD disease, which
ay be closely related to the dysfunction of oligodendrocytes and
yelin. Therefore, detection of the expression of related metal
ons based on metal–organic frameworks could be a promising
ption for the diagnosis and treatment of AD [ 163 ]. 

.1.7 Cell Microenvironment 

ell microenvironment can be defined as the extracellular
atrix (ECM), neighboring cells, and other bioactive agents
nd mechanical forces that collectively influence the function
f individual cells [ 164 ]. OPCs are involved in the processes of
emyelination and demyelination through interactions with other
edComm, 2026
cell types, such as neurons and glial cells [ 165, 166 ]. The ECM
constitutes a significant portion of CNS and is integral to its
normal physiological functions. ECM induces complex biological
effects at various stages of myelin formation and regeneration
[ 167 ]. Alterations in the ECM following AD can have profound
consequences [ 168 ], and it plays a crucial role in regulating the
myelin regeneration process [ 167 ]. The accumulation of A β in
plaques may cause focal demyelination as A β plaques areas do
not permit myelinated fibers to pass through [ 169 ]. In AD, myelin
loss may be attributed to persistent toxic neuroinflammation and
an inhibitory microenvironment that impedes OPC recruitment
and/or differentiation [ 170 ]. The ECM and immune responses are
intricately interconnected. In the context of an inflamed CNS,
cytokines such as transforming growth factor-beta (TGF- β), TNF-
α, and interferon-gamma (IFN- γ) can enhance ECM synthesis,
turnover, and protease secretion [ 171 ]. ECM components can
function as damage-associated molecular patterns that directly
interact with specific pattern recognition receptors, such as toll-
like receptors (TLRs). Additionally, they may serve as chemotactic
agents, modifying the properties and activities of immune cells,
which ultimately influences myelination [ 167, 172 ]. Recent find-
ings suggest an inhibitory role for fibulin-2 in the experimental
autoimmune encephalomyelitis model. In this model, genetic
deficiency of fibulin-2 was associated with improved behavioral
recovery, facilitated by the enhanced oligodendrocyte matura-
tion and remyelination [ 173 ]. These findings indicate that ECM
component may have therapeutic potential in addressing myelin
damage in AD. Future advancements are expected to yield
significant insights into how ECM modifications can enhance
the proliferation and differentiation of OPCs, thereby promoting
myelin sheath formation and regeneration and restoring normal
neural function. Furthermore, myelination is a highly regulated
process involving complex interactions between oligodendrocytes
and axons [ 174 ], astrocytes [ 175 ], microglia [ 176 ], respectively.
This also underscores the potential of targeting the interactions
between oligodendrocytes and neighboring cells as a promising
strategy for repairing myelin damage in AD. 

3.2 Pathological Mechanisms of Myelin 

Impairment in Other Central Nervous System 

Demyelinating Diseases 

3.2.1 Multiple Sclerosis 

MS is a chronic immune-mediated disorder of the CNS charac-
terized by demyelination, axonal loss, and neuroinflammation,
culminating in progressive neurological disability [ 177 ]. MS
development requires both an appropriate genetic background
and sufficient environmental triggers. Numerous genome-wide
association studies (GWASs) analysis has identified multiple
genetic variations associated with the risk of developing MS [ 178 ].
And three main epigenetic modifications, including DNA methy-
lation, histone modification, and miRNA regulation, interact and
jointly participate in the pathogenesis of MS [ 179 ]. 

Two predominant paradigms, the “outside-in” and “inside-
out” hypotheses, have shaped the discussion of MS origins for
years [ 180 ]. The outside-in model proposes that an aberrant
autoimmune response initiated in the periphery leads to CNS
damage, whereas the inside-out model posits that a primary
9 of 30
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eurodegenerative process within the CNS triggers a secondary
mmune response against myelin debris. Demyelination caused
y multiple pathological reasons is a key pathological process of
S. 

n the development and progression of the MS, the demyelination
s mainly related to the weakened regenerative ability of oligo-
endrocytes, which is led by its increased vulnerability to inflam-
atory cytokines and increased susceptibility to oxidative stress

 181 ]. The most fundamental pathological mechanism of MS is
mmune-mediated myelin damage, which is generally believed
o be primarily driven by T cells and B cells [ 182 ]. The activation
f CD4+ autoreactive T cells and their differentiation into a Th1
r Th17 phenotype are crucial events in the initial steps of MS,
hough many studies have shown that monocytes and monocyte-
erived macrophages are also the primary cell types responsible
or cellular pathology and tissue damage. Self-reactive T cells
Th1/Th17) are activated to attack myelin antigens (such as MBP,
OG, PLP), directly leading to myelin damage [ 183 ]. B cells
roduce autoantibodies (such as anti-MOG), promoting comple-
ent activation and myelin destruction. Macrophages (M1 type)
nd microglia are overactivated, secreting ROS and proteases,
irectly damaging myelin [ 184 ]. Oxidative stress and endoplasmic
eticulum (ER) stress are key factors in MS pathology. When
ntioxidant defense fails to neutralize excessive ROS, oxidative
amage occurs, damaging lipids, proteins, and DNA within nerve
ells, exacerbating mitochondrial dysfunction and maintaining
hronic inflammation, accelerating disease progression. ER stress
ccurs when misfolded proteins overload the folding ability
f organelles, triggering unfolded protein response to alleviate
he crisis. Long-term ER stress can redirect cellular signals to
poptosis, especially damaging oligodendrocytes and axons in MS
 184 ]. And there is a bidirectional relationship between the two,
here oxidative disorders disrupt ER protein folding and calcium
alance, while unresolved ER stress generates more oxidative free
adicals, collectively amplifying neuroinflammation, damaging
lial function, and driving myelin damage [ 184 ]. 

.2.2 Leukodystrophies 

eukodystrophies comprise a heterogeneous group of inherited
etabolic disorders caused by pathogenic mutations in genes
ssential for myelin homeostasis. Mutations in genes such as
BCD1 , PLP1 , ARSA , GALC , and GJC2 disrupt oligodendrocyte
unction through diverse molecular mechanisms, ultimately
eading to defective myelin formation, maintenance, or pro-
ressive degeneration of white matter [ 185 ]. Major leukodystro-
hy subtypes include X-linked adrenoleukodystrophy (X-ALD)
 186 ], metachromatic leukodystrophy (MLD) [ 187 ], Pelizaeus–
erzbacher disease (PMD) [ 188 ], and Krabbe disease (KD)

 189 ]. 

espite marked genetic heterogeneity, emerging evidence indi-
ates that these disorders converge on a limited number of
hared cellular stress pathways. PMD, caused by mutations in
LP1 , exemplifies disorders driven by protein misfolding [ 190 ].
uplication of PLP1 , the most common pathogenic variant,
eads to classic PMD, whereas missense mutations frequently
roduce more severe phenotypes [ 191 ]. Studies using induced
0 of 30
pluripotent stem cell-derived oligodendrocytes from patients
with PMD demonstrate that mutant PLP1 protein misfolding
triggers activation of the unfolded protein response and ER stress-
mediated apoptosis [ 192 ]. Similarly, mutations in GJC2 , which
encodes connexin 47 (Cx47), cause Pelizaeus–Merzbacher-like
disease 1 [ 191 ]. Cx47 is essential for oligodendrocyte–astrocyte
gap junction coupling, and its dysfunction results in ER protein
retention, unfolded protein response activation, and oligodendro-
cyte apoptosis [ 193, 194 ]. Consistent with these findings, Cx47
knockout mice exhibit disruption of the blood–spinal cord barrier
and progressive myelin loss, further highlighting the vulnerability
of interglial communication networks in leukodystrophies [ 195 ]. 

In contrast, MLD and KD illustrate leukodystrophies driven
primarily by lysosomal lipid metabolism defects. MLD results
from deficiency of arylsulfatase A encoded by ARSA [ 196 ],
leading to sulfatide accumulation and demyelination mediated
through poly(ADP-ribose) polymerase-1 (PARP-1) activation and
neuroinflammatory signaling [ 197 ]. Patient-derived iPSC models
further demonstrate that sulfatide accumulation is associated
with lysosomal enlargement and oxidative stress during oligo-
dendrocyte differentiation [ 198 ]. KD, also known as globoid cell
leukodystrophy, is caused by mutations in the GALC gene, which
encodes the lysosomal enzyme galactosylceramidase (GALC)
[ 199 ]. In GALC -deficient models, transcription of myelin-related
genes remains relatively preserved; however, developmental
switching of myelin-associated glycoproteins is disrupted, and
brain organoids display shortened myelin segments, indicat-
ing impaired oligodendrocyte maturation rather than complete
differentiation failure [ 200, 201 ]. 

X-ALD represents a leukodystrophy driven by peroxisomal
metabolic dysfunction [ 202 ]. Mutations in ABCD1 , encoding a
peroxisomal ATP-binding cassette transporter, impair the import
and degradation of very-long-chain fatty acids (VLCFAs), which
are cytotoxic to glial cells [ 203 ]. Although ABCD1 -mutant-
induced pluripotent stem cells can differentiate normally, mature
oligodendrocytes accumulate excessive VLCFAs, particularly in
severe cerebral phenotypes, suggesting stage-specific metabolic
vulnerability [ 204 ]. Furthermore, aberrant production of 25-
hydroxycholesterol in these cells activates the NLRP3 inflamma-
some through mitochondrial ROS and liver X receptor signaling
pathways, thereby amplifying neuroinflammation [ 205 ]. 

Mitochondrial leukodystrophies further expand this pathogenic
spectrum. Leigh syndrome, frequently caused by mutations in
NDUFS4 leading to Complex I deficiency, exemplifies disorders
in which impaired oxidative phosphorylation results in ATP
depletion, region-specific gliosis, and combined neuronal and
oligodendroglial degeneration [ 206 ]. 

3.2.3 Vascular Dementia/Cerebral Small Vessel Disease

Vascular dementia is the second most common cause of dementia
after AD, with cSVD representing its principal vascular substrate.
Increasing evidence demonstrates that white matter lesions and
myelin injury are central pathological features that critically drive
the onset and progression of vascular cognitive impairment [ 207 ].
cSVD comprises a heterogeneous group of disorders with diverse
MedComm, 2026
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tiologies, including atherosclerotic small vessel disease, cerebral
myloid angiopathy (CAA), hereditary cSVD, inflammatory and
mmune-mediated cSVD, and venous collagen vascular disease
 208 ]. Despite their etiological diversity, these conditions share
ommon pathogenic drivers, most notably chronic hyperten-
ion, aging-related vascular degeneration, and disease-associated
enetic mutations [ 208 ]. 

ypertension represents the most significant modifiable risk
actor for both cSVD and vascular dementia [ 209 ]. WMH burden
orrelates linearly with blood pressure levels [ 210 ], while midlife
ystolic blood pressure variability strongly predicts late-life
MH progression and ventricular enlargement [ 211 ]. Sustained
ypertension induces small vessel remodeling, chronic cere-
ral hypoperfusion, BBB disruption, and neuroinflammation,
ltimately triggering caspase-3-mediated apoptosis of mature
ligodendrocytes and subsequent myelin degeneration [ 212 ]. 

ging represents the dominant and irreversible risk factor for
SVD [ 213 ], accompanied by progressive white matter degener-
tion and increasing WMH burden, particularly after 50 years
f age [ 214 ]. Age-related comorbidities, including hypertension,
besity, and diabetes, further accelerate white matter injury
 215 ]. In aged experimental models, white matter integrity
emonstrates heightened susceptibility to chronic hypoperfu-
ion and hypoxia, partly due to age-associated reductions in
REB-dependent oligodendrogenesis [ 216 ]. Additional poten-
ially modifiable risk factors include diabetes, obstructive sleep
pnea, dyslipidemia, unhealthy lifestyle patterns, socioeconomic
isparities, and COVID-19 infection [ 213 ]. 

eyond environmental and systemic risk factors, adult-onset
onogenic cSVD forms provide critical mechanistic insight
nto disease pathogenesis. Most hereditary cases arise from
utations in NOTCH3 , HTRA1 , COL4A1 , or COL4A2 . Among
hese, mutations in NOTCH3 cause cerebral autosomal dominant
rteriopathy with subcortical infarcts and leukoencephalopathy
CADASIL), the most prevalent hereditary cSVD [ 217, 218 ].
OTCH3 is predominantly expressed in vascular smooth muscle
ells and pericytes. Pathogenic missense mutations alter cys-
eine residues in the extracellular domain, leading to abnormal
ccumulation of NOTCH3 protein and ECM components around
ascular cells, likely through a toxic gain-of-function mechanism
 219, 220 ]. 

imilarly, pathogenic variants in HTRA1 reduce serine protease
ctivity and cause both autosomal recessive CARASIL and more
ommon autosomal dominant cSVD phenotypes [ 221 ]. Mutations
n COL4A1 and COL4A2, which encode the α1 and α2 chains
f Type IV collagen, respectively, disrupt basement membrane
tructure through glycine substitutions within the collagen triple-
elical domain, impairing protein folding and secretion [ 222 ].
hese abnormalities result in autosomal dominant cerebrovas-
ular disease characterized predominantly by deep intracerebral
emorrhage with marked intrafamilial phenotypic variability
 223 ]. More recently, mutations in the 3 ′ UTR of COL4A1 have
een shown to upregulate gene expression and cause an ischemia-
redominant cSVD phenotype [ 224 ]. 

WAS have identified more than 50 susceptibility loci associated
ith sporadic cSVD and WMH volume, highlighting molecular
edComm, 2026
pathways involved in vascular development, ECM organization,
and BBB regulation [ 225 ]. APOE ε4 is the strongest genetic
risk factor for sporadic CAA, whereas ε2 is associated with
more severe vascular pathology and increased hemorrhagic
risk [ 226 ]. Individuals carrying both ε2 and ε4 alleles exhibit
an additive risk profile, with the ε2/ ε4 genotype representing
one of the most deleterious genetic combinations in sporadic
CAA [ 226 ]. Mechanistically, amyloid deposition within vessel
walls disrupts BBB integrity, promotes perivascular inflamma-
tion, impairs vasoreactivity, and compromises microcirculation,
leading to chronic ischemic, hypoxic, and inflammatory stress
in white matter [ 227, 228 ]. These processes ultimately impair
oligodendrocyte survival and function, resulting in myelin
breakdown [ 229 ]. 

Additional susceptibility genes further reinforce the central role
of BBB and oligodendroglial dysfunction in cSVD pathogene-
sis. Genes such as SLC25A and SLC39A13 , which are highly
expressed in the human BBB [ 230 ], further underscore the
importance of BBB dysfunction in cSVD pathogenesis [ 231 ].
Moreover, ULK4 , encoding a serine/threonine kinase involved
in neurodevelopment, plays an essential role in oligodendrocyte
maturation and myelin formation [ 232 ]. Ulk4 deficiency mice
demonstrate reduced expression of oligodendrocyte lineage tran-
scription factors and approximately 50% reductions in myelin
production, further linking genetic susceptibility to white matter
degeneration [ 232 ]. 

3.2.4 Psychiatric Disorders 

Increasing evidence indicates that myelin dysfunction represents
a shared pathological substrate across multiple psychiatric dis-
orders, including anxiety disorders, major depressive disorder
(MDD), schizophrenia (SCZ), and ASD [ 233 ]. These conditions
arise from complex interactions among genetic susceptibility,
environmental stressors, immune dysregulation, microbiome-
derived signals, and metabolic disturbances, which converge
on oligodendrocyte lineage dysfunction and impaired myelin
homeostasis. 

GWAS studies have identified numerous psychiatric suscepti-
bility genes that directly regulate oligodendrocyte development
and myelination [ 234, 235 ]. The SCZ risk gene DISC1 , a down-
stream effector of ERBB2/ERBB3 signaling, exhibits increased
expression of splice variants, including DISC1- Δ3 , DISC1- Δ7 Δ8 ,
and DISC1 Esv1, in affected individuals [ 236 ]. OPC-specific
overexpression of DISC1- Δ3 in transgenic mice induces cellular
hypertrophy, increased branching complexity, synaptic deficits,
and SCZ-like behaviors [ 237 ]. Another SCZ-associated gene,
TMEM108 , suppresses OPC proliferation and delays myelination,
whereas gene deletion results in corpus callosum hypermyelina-
tion [ 238 ]. In ASD, haploinsufficiency of the chromatin remodeler
CHD8 represents one of the strongest genetic risk factors [ 239–
241 ]. CHD8 deficiency directly impairs OPC differentiation and
induces social and repetitive behavioral abnormalities in mice
[ 242 ]. Similarly, loss of the ASD-associated synaptic scaffold gene
SHANK3 produces enhanced OPC proliferation but impaired
oligodendrocyte maturation and functional myelination [ 243 ].
Collectively, these findings support the concept that psychi-
11 of 30
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tric risk genes frequently converge on oligodendroglial lineage
egulation and myelin integrity. 

nvironmental and developmental stressors further amplify
ligodendrocyte vulnerability. Early-life adversity, including
arental deprivation, disrupts myelin development and impairs
FC-dependent cognitive function [ 244 ]. Prenatal insults such
s infection, malnutrition, and maternal stress activate mater-
al immune signaling and alter placental endocrine regula-
ion, thereby interfering with fetal oligodendrocyte develop-
ent and increasing psychiatric susceptibility in offspring [ 245,
46 ]. Chronic psychosocial stress and childhood trauma dis-
upt hypothalamic–pituitary–adrenal axis signaling and cortisol
egulation [ 247 ], resulting in oligodendrocyte structural abnor-
alities, neural circuit dysfunction, and affective behavioral
isturbances in rodent models, with parallels observed in human
sychiatric conditions [ 248–250 ]. Epigenetic regulation repre-
ents a key mechanistic interface linking environmental exposure
o myelin dysfunction. In social isolation models, reduced levels
f the repressive histone modification H3K9me3 in prefrontal
ligodendrocytes lead to dysregulated myelin gene expression,
hereas the atypical antipsychotic quetiapine restores H3K9me3
evels, promotes remyelination, and improves behavioral abnor-
alities [ 251 ]. 

euroimmune activation constitutes a central pathogenic hub
ntegrating genetic and environmental risk factors. Neuroin-
lammation is increasingly recognized as a shared pathological
eature across MDD, anxiety disorders, ASD, and SCZ [ 252,
53 ]. Microglial activation with rapid phenotypic and functional
eprogramming is frequently observed [ 254 ] accompanied by
strocytic reactivity [ 255 ]. In SCZ, approximately 70% of patients
xhibit reactive astrogliosis with heterogeneous elevation of
strocytic markers [ 256 ]. In ASD, total astrocyte numbers are
educed, yet the proportion of activated astrocytes is increased
 257 ]. Accumulating evidence further indicates that oligodendro-
yte lineage cells actively participate in neuroimmune signaling
ather than functioning as passive targets [ 258 ]. Oligodendrocyte
ineage cells can function as antigen-presenting cells and produce
HC I/II molecules, cytokines, chemokines, and complement
egulators during CNS inflammation [ 259 ]. Oligodendrocytes
nd OPCs can express MHC Class I and II molecules and pro-
uce cytokines, chemokines, and complement regulators during
nflammatory responses [ 259, 260 ]. OPCs recruit T cells through
ecretion of CCL2, CCL5, and CXCL10 and modulate T-cell
esponses through MHC expression, PD-L1-mediated inhibition,
r Fas ligand-induced apoptosis [ 261, 262 ]. Expression of TNFR1
nd TNFR2 on OPCs further suggests context-dependent pro-
nd anti-inflammatory functions [ 263 ]. Single-cell transcriptomic
nalyses have identified a population of immune-activated oligo-
endrocytes in MDD characterized by immune gene expression
nd impaired myelin regulatory programs [ 264 ]. These cells are
lso observed in chronic social defeat stress models and express
arkers including MHC II, C3, and P2RY12 directly linking
ligodendrocyte immune phenotypes to psychiatric pathology
 264 ]. 

he gut microbiota is a critical regulator of myelin home-
stasis, coordinating metabolic signaling, immune responses,
nd neuroinflammation [ 265 ]. Accordingly, the gut–brain axis
rovides a mechanistic framework for understanding psychiatric
2 of 30
disorders [ 266, 267 ]. SCFAs, produced by microbial fermentation
of dietary fiber, are critical regulators of myelin formation.
Altered SCFA levels are increasingly recognized as a mechanistic
link connecting gut dysbiosis to CNS myelin dysfunction in
psychiatric disorders [ 268 ]. The PFC, a key region in psychiatric
pathology, undergoes extended myelination into early adulthood
(25–30 years). This prolonged developmental window makes the
PFC especially susceptible to microbiome-mediated metabolic
and immune modulation [ 269 ]. Microbiome dysregulation con-
tributes to white matter demyelination via toxic metabolites [ 270 ].
Dysbiosis-related endotoxins further induce systemic inflamma-
tion, activate central glial cells, compromise BBB integrity, and
culminate in white matter demyelination [ 271 ]. 

3.2.5 Traumatic Brain Injury 

Traumatic brain injury (TBI) and spinal cord injury (SCI) initiate
overlapping secondary pathological cascades following primary
mechanical damage, including oxidative stress, excitotoxicity,
neuroinflammation, and metabolic dysfunction [ 272, 273 ]. These
processes progress over days to weeks, resulting in widespread
oligodendrocyte loss, demyelination, impaired OPC differentia-
tion, and remyelination failure [ 274 ]. Mature oligodendrocytes
are particularly susceptible to oxidative stress, excitotoxicity, ER
stress, and mitochondrial dysfunction. Sequential or synergistic
activation of these mechanisms compromises oligodendrocyte
function and triggers cell death. Oxidative stress, mediated by
reactive oxygen and nitrogen species, damages DNA, proteins,
and lipids, rendering both newly generated and mature oligo-
dendrocytes prone to apoptosis [ 275 ]. Excitotoxicity via excessive
glutamate activation of AMPA/kainate receptors induces intra-
cellular calcium overload, further activating caspase-dependent
apoptotic pathways [ 276 ]. ER stress and mitochondrial dysfunc-
tion contribute additionally, as calcium release from the ER and
mitochondrial accumulation reduce membrane potential, trigger
cytochrome c release, and activate downstream apoptosis [ 276,
277 ]. 

CNS trauma rapidly activates microglia and astrocytes and facili-
tates infiltration of peripheral immune cells, which release proin-
flammatory cytokines, ROS, and proteases that directly damage
myelin [ 278–280 ]. Following SCI, proinflammatory microglia are
rapidly activated and exert a dual role in remyelination: initially,
they phagocytose myelin debris, creating a favorable environment
for OPC recruitment and differentiation [ 281 ], and secrete TNF-
α, stimulating the generation of premyelinating oligodendrocytes
[ 282 ]. However, excessive or sustained proinflammatory sig-
naling is cytotoxic to mature oligodendrocytes, and OPCs are
particularly vulnerable, ultimately impairing remyelination [ 283–
285 ]. A complex network forms among microglia, astrocytes,
and oligodendrocytes postinjury, collectively regulating myelin
preservation and damage, thereby influencing repair outcomes
[ 286, 287 ]. 

Oligodendrocyte loss after CNS injury precipitates demyelina-
tion. Although OPCs exhibit rapid and sustained proliferation
postinjury, especially at lesion borders, and migrate toward sites
of damage, their reparative potential is often constrained by
the glial scar [ 288, 289 ]. This scar, composed of reactive astro-
MedComm, 2026
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ytes, activated microglia, and ECM enriched with inhibitory
olecules, creates a microenvironment that impedes regener-
tion [ 290 ]. OPC differentiation into mature oligodendrocytes
s suppressed within this environment through multiple mech-
nisms, including aberrant Wnt pathway activation, myelin
egeneration inhibitors (e.g., Nogo-A, LINGO-1), and deposition
f inhibitory ECM components [ 291, 292 ]. 

 Treatment Strategies for Myelin Impairment 

.1 Treatment Strategies for Myelin Impairment 
n Alzheimer’s Disease 

t present, the treatment and prevention strategies of myelin
heath injury are generally focused on promoting the oligoden-
roglial functions and myelination, which include pharmaceutics
reatments and noninvasive physical or brain stimulation thera-
ies. Pharmaceutic treatment included Clemastine, Metformin,
onepezil, drugs on Nogo-A and LINGO-1 signal pathway,
rugs on nuclear receptor retinoid X receptor (RXR) signaling
athway, drugs on GABAergic and glutamine signaling pathway.
dditionally, the noninvasive therapies for AD-related demyeli-
ation, such as physical activity (PA) and transcranial magnetic
timulation (TMS), photobiomodulation therapy (PBMT) and
yperbaric oxygen therapy (HBOT) suggest the potential for
roader applications [ 293 ]. 

.1.1 Clemastine 

lemastine, a pharmacological agent known to enhance myelin
ormation, has demonstrated therapeutic potential in the treat-
ent of various neurological disorders [ 294–296 ]. Its mechanism
ay be mediated through the M1 muscarinic receptor on
PCs [ 297 ], and may also directly regulate Olig2 expression,
hereby facilitating OPC differentiation and myelination [ 298 ].
urthermore, it may be achieved by regulating the mitochondrial
ssociated fas–casp8–bid axis to increase the proportion of myeli-
ated oligodendrocytes in OPC, thereby inhibiting apoptosis
f premyelinated oligodendrocytes [ 299 ]. Recent research has
emonstrated that clemastine can enhance myelination and
mprove cognitive function in AD mouse models, and there are
everal clinical trials currently under investigation [ 300 ]. While it
as shown promise as a remyelinating agent in MS clinical trials,
ts application for white matter demyelination in AD requires
urther investigation. 

.1.2 Metformin 

t has been well-established that the dysfunction of insulin and
GF signaling network in brains is a mediator of dysregulated
nergy metabolism, and is probably a major driver of neurode-
enerative cascade in AD [ 301 ]. Recent studies have demonstrated
hat the diabetes medication metformin, a potent activator of the
ellular energy sensor AMPK complex, facilitates recovery from
emyelination. This is achieved by its pleiotropic effects including
he changes of metabolic reprogramming of oligodendrocytes,
ntioxidant and anti-inflammatory effects, enhancement of oligo-
endrogenesis, promotion of neural stem cells (NSCs) survival
edComm, 2026
and proliferation, and myelination augmentation [ 302–304 ]. Xie
et al. [ 305 ] reported that metformin increased the expression
of MBP, Olig2 and CC1, enhanced the thickness and density of
the myelin sheath, and reduced oxidative stress and microglial
infiltration following chronic hypoxia induction. These effects
may play a role in the improvement of learning and memory,
and motor abilities in mice with chronic hypoxia-induced white
matter injury [ 305 ]. 

4.1.3 Donepezil 

Donepezil, an acetylcholinesterase inhibitor approved by the
Food and Drug Administration (FDA) for the treatment of AD,
has also been investigated for its potential myelin-promoting
properties [ 306, 307 ]. Both in vitro and in vivo studies have
shown that donepezil facilitates the differentiation of OPCs into
oligodendrocytes, enhances myelin formation, and upregulates
myelin-specific proteins [ 308 ]. The PI3K/Akt/mTOR signaling
pathway is implicated as a significant contributor to its regulatory
mechanism. Furthermore, Imamura et al. have demonstrated
that donepezil-induced oligodendrogenesis is mediated through
both estrogen receptor subtypes, ER α and ER β [ 309 ]. These find-
ings suggest that donepezil promotes myelin formation through
multiple mechanisms; however, the precise mechanisms in AD
remain unclear, requiring further investigation. 

4.1.4 Drugs on Nogo-A and LINGO-1 Signal Pathway 

Two distinct negative regulators of myelination, Nogo-A and
LINGO-1 proteins, have been identified as promising targets
for promoting remyelination and regeneration. Consequently,
antagonists of Nogo-A or LINGO-1 have been proposed as poten-
tial therapeutic strategies for the treatment of demyelinating
diseases [ 292 ]. Dl-3-butylphthalide (dl-NBP) has demonstrated
the ability to enhance OPC proliferation through the Nogo-A
[ 310 ] and promote remyelination via modulation of AMPK/SIRT1
and STAT3/NF- κB signaling [ 311 ], and it has been shown to
alleviate neuropathology associated with AD [ 312 ]. Furthermore,
anti-LINGO-1 therapy has been reported to improve spatial
learning and partially restore MBP levels, while genetic dele-
tion of LINGO-1 in animal models has been found enhancing
remyelination [ 313 ]. 

4.1.5 Drugs on Nuclear Receptor Retinoid X Receptor 
Signaling Pathway 

The RXR signaling pathway enhances the expression of ATP-
binding cassette transporter A1 (ABCA1) and APOE, thereby
directly facilitating the maturation of oligodendrocytes, which in
turn accelerates myelin regeneration and ameliorates cognitive
functions associated with AD [ 314, 315 ]. Furthermore, activation
of RXR can stimulate monocytes, macrophages, and microglia
to clear myelin debris, thereby promoting myelin regeneration
[ 316 ]. Bexarotene, a synthetic RXR agonist, has been shown
to increase the expression of oligodendrocyte markers such as
Olig2, O4, and MBP in specific regions of the hippocampus
and cortex. This suggests that RXR agonists-induced remyeli-
13 of 30



TABLE 2 Pharmaceutic treatment for myelin damage in AD and other cognitive impairment disease. 

Drug Target pathway and mechanism Key effects Experimental model 

Clemastine Antagonizes Chrm1 receptor on OPCs→Olig2 ↑ 
→ OPC differentiation ↑ →myelin renewal ↑ 

Occurrence and peak 
frequency of 

hippocampal sharp wave 
ripples ↑ , cognitive 

function ↑ 

APP/PS1 mice model 
[ 17 ] 

Metformin Activation of NRF2/HO-1/NF- κB→ inhibiting 
oxidative stress and inflammation→MBP ↑ , 
Olig2 ↑ , CC1 ↑ , PDGFR α↑ , NG2 ↑ , MAG ↑ , and 
CNPase ↑ →Myelin density ↑ , differentiation, 

and maturation of oligodendrocytes ↑ 

Short-term learning and 
memory ↑ 

WMI mice [ 305 ] 

Dl-NBP AMPK/SIRT1 ↑ and STAT3/NF- κB ↓ → Olig2 ↑ , 
MBP ↑ → OPC differentiation ↑ and myelin 

integrity ↑ 

Spatial learning and 
memory performance ↑ 

CCH mice [ 311 ] 

LINGO-1 
antagonist 

LINGO-1 expression ↓ → CNPase+ cells ↑ , 
Olig2+ /PDGFR- α+ cells ↓, binary area of MBP ↑ 
→ OPC proliferation and maturation ↑ and 

myelination ↑ 

Learning and memory 
abilities ↑ 

12-month-old APP/PS1 
mice [ 321 ] 

Bexarotene Activation of RXR ↑ → Olig2+ cells and area ↑ , 
O4+ cells and area ↑ , MBP+ cells and area ↑ →
OPC proliferation and maturation ↑ and 

myelination ↑ 

Cognitive function ↑ 24-month-old 
3xTg-AD mice [ 314 ] 

GABAergic 
signaling pathway 

Activation of GABA(B) receptor→ CNPase ↑ , 
g-ratio ↑ , PDGFR- α+ cells ↑ and CC1+ cells ↑ →

OPC proliferation and differentiation ↑ 

Long-term memory ↑ Sevoflurane -induced 
impairment of 
myelination and 
cognition in young 

mice [ 322 ] 
Abbreviations: CCH, chronic cerebral hypoperfusion; Chrm1, muscarinic acetylcholine receptor 1; CNPase, 2 ′ ,3 ′ ­cyclic nucleotide 3 ′ ­phosphodiesterase; HO-1, 
heme oxygenase-1; MAG, myelin-associated glycoprotein; MBP, myelin basic protein; NG2, neuron-glia antigen-2; NRF2, nuclear factor erythroid 2-related factor 
2; Olig2, oligodendrocyte transcription factor 2; OPC, oligodendrocyte precursor cells; RXR, receptor retinoid X receptor; WMI, white mater injury. 
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ation through the proliferation and maturation of OPCs, may
ontribute to the observed cognitive improvements in 3xTg-AD
ice [ 314 ]. 

.1.6 Drugs on GABAergic and Glutamine Signaling 
athway 

ABAergic and glutamine signaling pathways play critical roles
n regulating oligodendrocyte development and myelin integrity,
ffering potential therapeutic targets for myelin repair in AD.
ABA signaling, particularly via the GABA(B) receptor, pro-
otes OPC differentiation and myelination, as evidenced by the
romyelinating effects of the agonist baclofen [ 317 ]. In AD, A β
nd tau toxicity disrupt glutamine signaling, leading to impaired
lutamate clearance, excitotoxic damage to oligodendrocytes, and
yelin injury [ 318, 319 ]. Restoring glial glutamate transporter
unction has been shown to ameliorate these deficits [ 320 ].
hese findings highlight that modulating GABAergic and glu-
amine pathways represents a promising strategy to promote
ligodendrocyte function and myelin regeneration in AD. 

he pharmaceutic treatment strategies for myelin damage
n AD are summarized (see Table 2 ), emphasizing the
romotion of myelin regeneration through various mechanisms
4 of 30
such as enhancing the differentiation of OPCs, maturation
of oligodendrocytes, and myelin formation to repair
white matter damage, which is expected to alleviate the
AD. Overall, these findings provide a scientific basis for
myelin-targeted therapies for AD, but further experiments
and clinical trials are needed to validate its efficacy and
safety. 

4.1.7 Physical Activity 

It has been reported that PA may help delay the progression
of dementia [ 323 ]. The underlying mechanisms may include
the antibrain aging effect and anti-AD effect, which has been
described [ 324 ]. Recent studies have explored the role of PA in
the recovery of myelin in AD. Constraint-induced movement
therapy has been shown to induce the maturation and differen-
tiation of oligodendrocytes and promote myelin remodeling by
inhibiting RhoA/ROCK2 signaling [ 325 ]. The activation of this
pathway is associated with various risk factors for AD, including
A β aggregation, tau phosphorylation, neuroinflammation, and
synaptic damage, all of which contribute to the pathogenesis
of AD [ 326 ]. Furthermore, voluntary running exercise has been
reported to mitigate the loss of myelinated fibers and the
demyelination of myelin sheaths in the dentate gyrus [ 327 ],
MedComm, 2026
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A1 [ 328 ], and medial PFC [ 329 ], thereby enhancing learning
nd memory abilities in APP/PS1 mice. Graham et al. [ 330 ]
ound the aerobic exercise ameliorated cognitive deterioration
nd appeared to keep components of myelin sheath and OPCs
tabilized, resulting in a decrease in the percentage of loose and
ranulated myelin sheath and MBP protein, and an increase
n NG2 mRNA and protein levels. Its underlying mechanism
ay include enhancing mitochondrial energy production and
ynaptic function [ 331 ], decreasing the inflammation caused
y astrocyte secretions (TNF- α, Cox-2, CXCL2) associated with
ownregulation of miR-34a and activation of TAN1/PI3K/CREB
ignaling pathway [ 148 ], and also reducing inflammation in the
ippocampus and improves axons and myelin crosstalk [ 332 ].
hese results showed that PA have an important role in remyeli-
ation of AD. However, as alternatives for people with limited
ctivity, some physical stimuli, including PBMT, TMS, and HBOT
s new technologies that may be suitable for remyelination and
riving neural activity in AD patients. 

.1.8 Transcranial Magnetic Stimulation 

MS is known as an established modality of neuromodulation
 333 ]. Studies in vivo and in vitro have provided compelling
vidence that TMS is an effective tool for inducing myelination
n demyelinating diseases [ 333, 334 ]. Yang et al. [ 335 ] showed
hat deep rTMS effectively improved spatial working memory by
ampening microglia activation and rectifying cytokines levels
IL-1 β, IL-6, and IL-10) in the region of demyelination in the
erebral cortex. rTMS also can increase the number of newborn
ligodendrocytes in adult mouse cortex by enhancing their sur-
ival [ 336 ]. Recently, Da et al. [ 46 ] found that combined visual and
uditory gamma-sensory stimulation (1 h per day for 6 months)
ay modulate neuronal network function in AD in part by
educing white matter atrophy and myelin content loss, especially
n the hippocampus and entorhinal cortex. Also, there is evidence
hat TMS, extra virgin olive oil and S-allyl cysteine alone or
n combination, reduce oxidative stress, increasing antioxidant
efenses and also lowering the clinical score in demyelinating
iseases [ 337 ], which need further exploration in AD-related
emyelination. 

.1.9 Photobiomodulation Therapy 

BMT, previously referred to as low-level laser (light) therapy,
mploys laser or light as a noninvasive therapeutic modality.
he existing evidence suggests that various treatment paradigms,
ncluding transcranial and systemic PBM, as well as the recently
roposed remote PBM, may hold promise for the treatment
f AD. PBMT has been shown to reduce the formation and
ccumulation of A β protein [ 338, 339 ], and it has been reported to
xert additional beneficial effects in AD [ 340 ]. PBM exerts a range
f biological effects, such as enhancing mitochondrial function
 341 ], mitigating neuroinflammation induced by activated glial
ells [ 342, 343 ], improving glymphatic drainage [ 344 ], regulating
he gut microbiome [ 345 ], and directing the differentiation of
dult hippocampal NSCs toward neurons, among other effects
 346 ]. However, Sipion et al. [ 347 ] found it unable to demonstrate
ny therapeutic effect of PBM for AD in a randomized and
edComm, 2026
fully blinded long-term in vivo study, there was no significant
differences between the groups in behavioral tests. Similarly,
histological analyses showed no differences in amyloid load,
neuronal loss or microglial response underwent low or high
power 810 nm light, three times a week for 5 months from the first
to the sixth month of life, which corresponding to the prodromal
phase of the pathology [ 348 ]. The above paradoxical conclusion
indicated that when considering PBMT as a potential therapeutic
solution for treatment of AD pathology [ 348 ], multiple parame-
ters of PBMT should be considered including the light source and
wavelength(s), output power, irradiance, irradiation time, fluence
or total energy (dose), operation mode (continuous or pulsed)
irradiation, approach and site, number of treatment sessions and,
and so forth. However, there is currently no evidence indicating
that PBMT specifically targets OPCs and myelin repair in AD,
which need further explored. 

4.1.10 Hyperbaric Oxygen Therapy 

HBOT—the medical administration of 100% oxygen at environ-
mental pressure greater than one atmosphere absolute (ATA)—is
used clinically for a wide range of medical conditions. One of
main mechanisms of HBOT is elevation of the partial pressure
of oxygen in the blood and tissues as compared to simple oxygen
supplementation [ 349, 350 ]. This allows five to ten times more
oxygen to enter the blood plasma and to reach tissues suffering
from low oxygen supply (following, e.g., brain injury, stroke, or
vascular dysfunction). Recently, more and more evidence showed
that ischemia and hypoxia as a common trigger for demyeli-
nation in AD [ 351, 352 ], and HBOT could improve cognitive
functions and ameliorate the reduced brain glucose metabolism
in AD patients [ 353 ]. It has summarized that the role of oxygen
metabolism abnormality in AD and HBOT was a potential strat-
egy for treating AD by alleviating various pathological aspects,
including inhibition of apoptosis, improvement of mitochondrial
function, stem cell proliferation, enhancement of antioxidant
defense activity, reduction in neuroinflammation, and neuropro-
tection [ 95 ]. Additionally, we have well-explained that ischemia
and hypoxia was an important risk factors for demyelination
and that loss of myelin integrity could be an upstream risk
factor for neuronal A β deposition, the central neuropathological
hallmark of AD [ 4 ]. Therefore, improving oligodendrocyte health
and myelin integrity by HBOT could be a promising target to delay
development and slow progression of AD. Further studies with
more rigorous design will help to fully evaluate the clinical value
of hyperbaric oxygen on cognition function in people with AD,
especially in the early stage. Furthermore, when given HBOT,
we should consider the oxygen concentration, duration of oxygen
supply and oxygen pressure, and we should regularly evaluate the
treatment effect so as to help ensure the safety and effectiveness
of HBOT. 

As mentioned above, the noninvasive therapies may be able
to promote myelin regeneration. Among them, PA and TMS
have shown potent cognitive improvement and myelin protection
effects in AD models (Table 3 ). Current studies have shown
that HBOT mainly corrects upstream pathology by targeting
AD-related hypoxia, and PBMT promotes myelin regeneration
through diverse mechanisms. As a supplement to pharmaceutic
15 of 30



TABLE 3 Noninvasive physical or brain stimulation therapies for remyelination in AD and other cognitive impairment diseases. 

Noninvasive therapy Pathway and mechanism Key effects 
Experimental 

model 

Voluntary running 
exercise 

The volume of the myelin in the CA1 
region ↑ 

Spatial learning and 
memory ability ↑ 

APP/PS1 mice [ 328 ] 

Voluntary running 
exercise 

MBP+ area ↑ , CC1+ cells ↑ , MBP+ area 
surrounding A β↑ , cell density, branching 
complexity of PDGF α+ cells around A β↑ 
→ OPCs maturation and differentiation in 

the mPFC ↑ 

Spatial learning and 
cognitive memory ↑ 

APP/PS1 mice [ 329 ] 

Voluntary running 
exercise 

Myelin surface ↑ , number of 
myelin-microglial colocalization surfaces ↑ 

Spatial working memory ↑ Mice with 
obesity-induced 

cognitive decline and 
white matter damage 

[ 330 ] 
Treadmill exercise MBP ↑ , Olig2 ↑ , PDGFR- α↑ →myelin 

regeneration in the cortex ↑ 
Spatial Cognitive 
Performance ↑ 

D-gal aging model 
[ 148 ] 

TMS 4 weeks deep rTMS→MBP ↑ , GST- π↑ →
mature oligodendrocyte ↑ 

Spatial Working Memory ↑ CPZ model [ 335 ] 

Noninvasive, combined 
visual and auditory 
gamma-sensory 
stimulation 

Combined visual and auditory 40 Hz 
gamma-sensory stimulation→ total 

cerebral white matter volume ↑ , T1w/T2w 

ratio ↓ in the entorhinal region 

White matter atrophy ↓
and myelin content ↑ 

AD patients [ 46 ] 

Abbreviations: AD, Alzheimer’s disease; CPZ, cuprizone; GST- π, pi form of glutathione-S-transferase; MBP, myelin basic protein; mPFC, medial prefrontal cortex; 
Olig2, oligodendrocyte transcription factor 2; OPC, oligodendrocyte progenitor cells; TMS, transcranial magnetic stimulation. 

t  

m  

f  

l  

e

4
I
M

4

D  

i  

b  

r  

i  

(  

G  

r  

I  

c  

n  

f  

[  

c  

t  

e  

p  

H  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1

herapies, noninvasive therapies are suitable for personalized
edicine, but further optimization of parameters such as TMS
requency and HBOT oxygen pressure is needed for clinical trans-
ation, and strict clinical trials are required to verify long-term
fficacy and safety. 

.2 Therapeutic Strategies Targeting Myelin 

njury in Other Central Nervous System 

yelin-Related Diseases 

.2.1 Multiple Sclerosis 

isease-modifying therapies such as immunomodulators and
mmunosuppressants, primarily reduce inflammatory responses
y regulating the immune system, thereby controlling the
ecurrence and progression of MS. Currently, FDA-approved
mmunomodulatory drugs such as IFN- β, glatiramer acetate
GA), and mitoxantrone are available. Among these, IFN- β and
A, serving as first-line immunomodulatory agents for MS,
egulate the disease process through distinct mechanisms [ 354 ].
FN- β primarily alleviates CNS inflammation by modulating T-
ell function [ 355 ]. The mechanism of GA is more complex. It
ot only induces immune tolerance and also it regulates T-cell
unction to partially suppress inflammation at the lesion site
 356 ]. Additionally, GA can directly act on antigen-presenting
ells and B cells, enhancing the secretion of neurotrophic factors,
hereby exerting neuroprotective effects [ 356 ]. Mitoxantrone was
valuated in a double-blind Phase II study of mitoxantrone in
atients with SPMS with and without relapses (MIMS) [ 357 ].
owever, risk of serious side effects such as cardiomyopathy and
6 of 30
treatment-related acute leukemia has substantially limited indi-
cation in clinical practice [ 358 ]. Likewise, immunosuppressants
primarily target the core autoimmune pathology by suppressing
abnormal immune responses. Immunosuppressive drugs (e.g.,
methotrexate, cyclophosphamide, and azathioprine) have been
tested in progressive MS. Although on occasion some therapeutic
effects (in subgroups or as trends) have been observed, convincing
effects on disability progression have not been shown [ 359, 360 ]. 

Monoclonal antibodies (mAbs) in MS have precise targeting
role such as anti-CD20 mAbs (e.g., Rituximab, Ocrelizumab).
Rituximab rapidly suppresses new lesion formation in relapsing-
remitting MS (RRMS) [ 361 ], and Ocrelizumab stabilizes disability
progression and reduces serum neurofilament light chain levels
[ 362 ]. In a noninferiority comparative effectiveness observational
cohort study, results did not show noninferiority of treatment
with rituximab compared with ocrelizumab. And rituximab was
associated with a higher risk of relapses than ocrelizumab as
administered in everyday practice. And the efficacy of rituximab
and ocrelizumab administered at uniform doses and intervals
is being further evaluated in randomized noninferiority clinical
trials [ 363 ]. Also, Bruton’s tyrosine kinase inhibitors (BTKis)
targeting B-cell and myeloid cell activation is one of the most
promising drugs [ 364 ]. Several BTKi candidates are currently
in Phase II and III trials, including Evobrutinib [ 364 ], Tolebru-
tinib [ 365 ], Fenebrutinib [ 366 ], and so forth, and continuous
monitoring of trial outcomes will determine their future clinical
application. 

Therapies targeting oligodendrocytes promote myelin regen-
eration and repair. Current research has identified various
MedComm, 2026
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ubstances and targets that can enhance OPC differentiation
nd myelin regeneration. LINGO1, a CNS-specific membrane
lycoprotein that suppresses oligodendrocyte differentiation and
yelination and blockade of this protein may therefore be
ffective in promoting remyelination in a clinical setting [ 367 ].
linical trials, particularly those involving the anti-LINGO-1 mAb
IIB033, have demonstrated encouraging results in enhancing
emyelination and improving clinical outcomes [ 368 ]. G protein-
oupled receptor 17 (GPR17) is a potential drug targets for
romoting OPC differentiation. GPR17 antagonists by blocking
PR17 signaling, relieve this inhibition of the differentiation path-
ay, thereby promoting OPC differentiation and remyelination

 369 ]. 

.2.2 Leukodystrophies 

urrent therapeutic strategies aim to slow disease progression,
lleviate symptoms, and, where feasible, address the underlying
enetic or metabolic defects. These approaches include dietary
odulation, substrate reduction, cell replacement, and advanced
enetic interventions. 

urcumin, a polyphenol derived from turmeric, has demon-
trated potential to modulate pathological ER stress [ 370 ]. It
lleviates ER retention and apoptosis induced by truncated
yelin protein zero mutants [ 371 ] and corrects CFTR misfolding
n models of cystic fibrosis [ 372 ]. In PLP1 transgenic mice,
urcumin treatment increases oligodendrocyte density, enhances
yelination, and improves motor function, in part by attenuating
euroinflammation [ 373 ]. In X-ALD, Lorenzo’s oil competitively
nhibits synthesis of VLCFAs; it may reduce the risk of cerebral
isease in asymptomatic boys but is not effective once cerebral
isease is established [ 374, 375 ]. 

llogeneic hematopoietic stem cell transplantation (HSCT)
emains the standard of care for early-stage cerebral X-ALD, KD,
nd MLD [ 376, 377 ]. Therapeutic efficacy relies on donor-derived
yeloid cells migrating into the CNS to replace dysfunctional
icroglia, thereby clearing toxic metabolites and modulating the
nflammatory milieu [ 378 ]. However, success is strictly time-
ependent—outcomes are optimal only prior to irreversible
eurological damage—and matched sibling donors are preferred
ue to lower graft failure rates [ 379 ]. 

ene therapy represents a promising curative approach by cor-
ecting the genetic defect at its source. Hematopoietic stem cells
re harvested, transduced ex vivo with lentiviral vectors encoding
he functional gene, and reinfused. This autologous approach
ubstantially reduces the risk of graft-versus-host disease by using
he patient’s own cells. For X-ALD, lentiviral delivery of wild-type
BCD1 has demonstrated favorable safety and efficacy signals
n clinical trials [ 380, 381 ]. Recombinant adeno-associated viral
AAV) vectors enable direct gene delivery to CNS tissues; for
xample, SBT101 (AAV9-hABCD1) restores ABCD1 expression
nd corrects biochemical abnormalities in Abcd1-null mice and
eceived FDA Fast Track designation in 2022 [ 382 ]. CRISPR/Cas9
nd base editing offer potential for precision genome correction.
ystemic delivery of homology-independent targeted integration
HITI) systems or engineered base editors (e.g., NG-ABE8e) has
edComm, 2026
achieved efficient correction of pathogenic variants and reduction
of VLCFAs in humanized X-ALD mouse models [ 383, 384 ]. For
PMD caused by PLP1 duplication, attenuation of PLP1 overex-
pression is a critical therapeutic goal; RNA interference (RNAi)
and antisense oligonucleotides (ASOs) have shown efficacy in
preclinical models [ 385 ]. 

4.2.3 Vascular Dementia/Cerebral Small Vessel Disease

Currently, no approved therapies specifically target myelin regen-
eration in cSVD. Clinical management primarily emphasizes
the prevention and control of vascular risk factors, whereas
myelin-protective strategies remain an active area of research. 

Effective hypertension management represents the most impor-
tant intervention for slowing the progression of white matter
lesions in cSVD [ 386 ]. In contrast to large-vessel stroke, throm-
bosis is not considered a primary pathogenic driver of cSVD.
In addition, large-scale randomized controlled trials specifically
evaluating the effects of smoking cessation, diabetes manage-
ment, statin therapy, and lifestyle interventions in patients with
lacunar stroke remain lacking. Future therapeutic strategies
aim to disrupt the self-perpetuating cycle of chronic hypoxia
and neuroinflammation. Therapeutic strategies that modu-
late microglial polarization and promote OPC differentiation,
many of which were originally developed for MS, are being
repurposed for cSVD with the goal of restoring white matter
integrity. 

4.2.4 Psychiatric Disorders 

Therapeutic approaches for psychiatric disorders are evolving
from neurotransmitter modulation toward disease-modifying
strategies that aim to restore neural circuit integrity by promot-
ing myelination. Notably, several existing psychotropic agents
demonstrate promyelinating effects. 

The atypical antipsychotic quetiapine enhances OPC maturation
and attenuates myelin loss, effects that are partly mediated by the
restoration of epigenetic H3K9me3 levels [ 251, 387 ]. The antide-
pressant fluoxetine facilitates OPC differentiation through mod-
ulation of the Wnt signaling pathway [ 388 ], whereas the mood
stabilizer lithium upregulates myelin-related gene expression by
inhibiting GSK3 β [ 389 ]. The antihistamine clemastine, acting as a
muscarinic receptor antagonist, also promotes remyelination and
has also been shown to reverse social avoidance behaviors in ani-
mal models of social isolation [ 390 ]. Furthermore, the antioxidant
N-acetylcysteine (NAC) protects OPCs from oxidative stress and
demonstrates adjunctive therapeutic benefits in disorders such as
SCZ and ASD [ 391 ]. 

Emerging therapeutic interventions targeting the gut–brain axis
include probiotic supplementation (e.g., Lactobacillus strains)
and fecal microbiota transplantation (FMT), which may confer
therapeutic effects by modulating SCFA levels and attenuating
neuroinflammation [ 392, 393 ]. Nonpharmacological modalities
such as physical exercise and PBMT (typically delivered via
near-infrared light) enhance mitochondrial function and elevate
17 of 30
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rain-derived neurotrophic factor (BDNF) expression, thereby
roviding additional neuroprotective and promyelinating bene-
its [ 394, 395 ]. 

.2.5 Traumatic Brain Injury 

herapeutic strategies for TBI primarily target two objec-
ives: preventing secondary demyelination and overcoming the
nhibitory postinjury microenvironment to promote endogenous
epair. Promising investigational approaches encompass mul-
iple modalities, including small-molecule drugs, mAbs, cell
ransplantation, and surgical and rehabilitative interventions. 

harmacological modulation of specific receptors and intracel-
ular pathways represents a central therapeutic strategy. Antago-
ism of receptors, including the muscarinic M1 receptor (e.g., via
lemastine) or the histamine H3 receptor, as well as modulation
f GPR17, has been shown to stimulate OPC differentiation [ 272,
96 ]. Inhibition of the RhoA/ROCK pathway facilitates OPC
igration, whereas suppression of Notch signaling promotes
PC maturation, thereby contributing to enhanced remyelina-
ion [ 397 ]. Furthermore, the small-molecule epigenetic-silencing
nhibitor ESI1 promotes myelin formation and has demonstrated
fficacy even in aged animal models [ 398 ]. 

eutralizing antibodies offer high-specificity targeting capabil-
ties against key inhibitory factors. Antibodies against Nogo-A,
 potent myelin-associated inhibitor of regeneration, promote
xonal sprouting and neural plasticity [ 399 ]. Antibodies tar-
eting CD11d, HMGB1, or IL-20 reduce pathological leukocyte
nfiltration and mitigate glial scar formation [ 272, 400 ]. The
ecombinant IgM antibody rHIgM22 binds CNS myelin, stim-
lates microglial phagocytosis of myelin debris, and thereby
acilitates the clearance of inhibitory barriers to OPC-mediated
epair [ 401 ]. 

ransplantation of myelin-competent cells aims to directly
eplace oligodendrocytes lost after injury [ 402, 403 ]. Several cel-
ular sources are currently under investigation. Although derived
rom the peripheral nervous system, transplanted Schwann cells
an promote axonal regeneration and remyelination within the
NS. Autologous Schwann cell transplantation has demonstrated
easibility and safety in a Phase I trial for subacute SCI [ 404,
05 ]. Olfactory ensheathing cells share biological properties with
oth Schwann cells and astrocytes and support axonal regrowth
nd myelination [ 406 ]. NSCs/neural stem/progenitor cells are
ultipotent and can differentiate into oligodendrocytes, neu-
ons, and astrocytes, providing multimodal reparative support
 407, 408 ]. Although direct OPC transplantation exhibits strong
emyelination potential [ 409 ], it faces substantial challenges,
ncluding difficulties in obtaining high-purity populations [ 410 ],
otential glioma transformation risk [ 411 ], and suppression by the
nhibitory injury microenvironment [ 412 ]. 

urgical treatment and rehabilitation are receiving growing atten-
ion. Early decompression ( < 24 h) is critical for attenuating
econdary injury and improving neurological outcomes [ 413 ].
merging approaches in neuroregenerative surgery integrate
ydrogel scaffolds directly into lesion sites to support neural
8 of 30
regrowth [ 414 ]. Physical exercise represents a potent physiological
stimulus for remyelination [ 415 ]. Advanced neuroengineering
approaches, including brain–computer interfaces and virtual
reality, are reshaping rehabilitation by actively promoting neuro-
plasticity [ 416 ]. 

5 Conclusions and Future Perspectives 

Myelin dysfunction and related disorders in the CNS are
highly complex and involve multiple diseases and patholog-
ical mechanisms. Genetic factors and environmental factors
contribute to myelin impairment in AD and other CNS myelin-
related disorders. Myelin impairment in AD, MS, leukodys-
trophies, vascular dementia and cSVD, psychiatric disorders,
and traumatic CNS injuries has distinct characteristics but also
shares commonalities in terms of pathological mechanisms
related to oligodendrocyte injury, myelination or maintenance
impairment. 

This convergence reveals a compelling therapeutic opportunity
that transcends traditional disease classifications. Whether the
primary insult arises from aging in AD, autoimmune attack
in MS, specific genetic defects in leukodystrophies, chronic
hypoperfusion in cSVD, neurodevelopmental and inflammatory
perturbations in psychiatric conditions, or secondary injury
cascades following CNS trauma, the downstream pathology often
involves oligodendrocyte death, impaired differentiation of OPC,
and failed remyelination. Accordingly, strategies that protect and
regenerate myelin may have broad translational applicability. In
AD, we summarized both pharmaceutic and noninvasive thera-
pies. Pharmaceutic treatments act through various mechanisms
to promote myelin regeneration, such as enhancing OPC differ-
entiation, maturation of oligodendrocytes, and myelin formation.
Noninvasive therapies like PA, TMS, PBMT, and HBOT also show
potential in promoting myelin regeneration and improving cogni-
tive function. And current research in other diverse disease mod-
els is focused primarily on two complementary approaches: (1)
pharmacological interventions—including receptor modulators,
signaling pathway-targeted agents, and epigenetic regulators, as
well as mAbs; and (2) cell transplantation strategies designed to
directly supplement or replace damaged cells, such as OPC trans-
plantation, NSC therapies, and HSCT. Collectively, these strate-
gies aim to enhance myelin plasticity and facilitate functional
recovery. 

In conclusion, myelin dysfunction plays an important role in
a range of CNS demyelinating diseases. Advancing our under-
standing of myelin’s involvement has the potential to transform
our comprehension of the disease’s etiology and progression,
while also driving the development of novel diagnostic method-
ologies and therapeutic approaches. Especially in AD, myelin
impairment is an early pathological event. Focusing on myelin
protection and regeneration, particularly when integrated with
early diagnosis and precision interventions, is poised to become a
fundamental component of future comprehensive AD treatment
paradigms. 
MedComm, 2026
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