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SUMMARY

Neuroinflammation often disrupts cerebral cholesterol homeostasis and leads to white matter damage and 

demyelination. However, the molecular mechanisms underlying these defects have remained enigmatic. In 

this study, we report that inflammation is associated with aberrant activation of Wnt signaling in astrocytes. 

While Wnt signaling increases astrocytic expression of SREBF2 protein and intracellular cholesterol level, it 

simultaneously inhibits the expression of APOE and reduces cholesterol efflux from astrocytes. The extracel

lular cholesterol supply is essential for the activation of the expression of MYRF transcription factor and 

myelin-associated genes in oligodendrocytes. Moreover, the defective oligodendrocyte differentiation and 

myelin gene expression caused by astrocytic Wnt activation in transgenic mice can partially be rescued 

by chemical-enhanced ApoE expression. Our findings suggest a regulatory pathway of ‘‘inflammation → 
Wnt signaling → cholesterol metabolism → myelin integrity’’ and provide important insights into the molec

ular mechanisms underlying inflammation-induced demyelinating diseases and future therapeutic strategies.

INTRODUCTION

Neuroinflammation is a common feature of brain injury, stroke, 

and various neurodegenerative disorders. Recent studies 

demonstrated that neuroinflammation often disrupts cerebral 

cholesterol homeostasis and leads to white matter damage 

and demyelination.1–3 Myelin formed by oligodendrocytes is 

highly enriched in cholesterol and phospholipids, providing elec

trical insulation for rapid conduction of nerve impulses along 

neuronal axons.4 Damage to myelin integrity can directly lead 

to impaired neuronal electrical transmission, contributing to a 

spectrum of neurological disorders such as multiple sclerosis 

and leukodystrophies.5 Despite the paramount importance of 

myelin structure in brain functioning, recent studies have demon

strated that myelin sheaths undergo constant turnover and new 

myelin is frequently added as a result of adaptive myelination.6

However, oligodendrocytes possess limited capacity for choles

terol synthesis and must acquire approximately 80% of the 

cholesterol needed for myelin maintenance through uptake 

from the extracellular environment, mainly produced by astro

cytes.7–9 Thus, precise regulation of cholesterol biosynthesis 

and efflux has emerged as one of the core functions through 

which astrocytes contribute to central nervous system (CNS) 

homeostasis. Astrocytes serve as a major site of cholesterol 

synthesis in the brain, primarily via the Bloch pathway.10 Mean

while, astrocytes also express apolipoproteins, such as apolipo

protein E (APOE), to form lipoprotein complexes that supply 

cholesterol to neurons, oligodendrocytes, and other cell types.11

This cholesterol transfer process involves precise coordination 

of cholesterol synthesis and efflux in astrocytes and uptake in 

oligodendrocytes.8,9

At this stage, little is known about the molecular mechanisms 

by which neuroinflammation impedes cholesterol synthesis and 

export in astrocytes and the associated myelin damage. Earlier 

studies identified Wnt/β-CATENIN signaling as a key regulator 

of lipid and cholesterol metabolism in peripheral tissues such 

as the liver and the endothelium.12–14 Given that the Wnt/ 

β-CATENIN pathway is often abnormally activated in inflamma

tory microenvironments,15,16 it is plausible that neuroinflamma

tion could induce Wnt activation, which impedes cholesterol 

synthesis in astrocytes and its supply to oligodendrocytes for 

myelin maintenance. Elucidating the functional link between 

Wnt signaling and cholesterol metabolism in astrocytes under in

flammatory conditions is crucial for understanding the patholog

ical mechanisms of inflammation-associated myelin injury.

Here, we report that lipopolysaccharide (LPS)-induced neuro

inflammation triggered Wnt/β-CATENIN signaling, leading to 

increased cholesterol synthesis in astrocytes but repressed the 
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Figure 1. Inflammatory responses activate Wnt signaling pathway in astrocytes, leading to cholesterol accumulation and downregulation of 

myelin gene expression 

(A and B) Immunofluorescent staining of microglial marker IBA1 (red) and astrocyte marker GFAP (white) was performed in the motor cortex of control and LPS- 

treated mice. The number of GFAP+ cells was quantified. n = 3 mice. Scale bars, 50 μm. 

(legend continued on next page) 
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expression of ApoE, which mediates cholesterol efflux. The 

diminished cholesterol supply decreases the expression of 

MYRF transcription factor and myelin-associated genes in oligo

dendrocytes, compromising myelin maintenance and integrity. 

This study identifies Wnt signaling as a key driver of a regulatory 

pathway of ‘‘neuroinflammation → Wnt signaling → astrocyte 

cholesterol metabolism → myelin integrity,’’ providing a molecu

lar target for therapeutic treatment of inflammation-related 

neurological disorders.

RESULTS

Inflammation induces Wnt signaling activation and 

cholesterol accumulation in astrocytes but impairs 

myelin gene expression in oligodendrocytes

To investigate the effects of inflammation on glial functions, we 

injected LPS into the lateral ventricle of adult mouse brain. LPS 

has been widely used to induce neuroinflammation in brain tis

sues.17,18 Three days after LPS treatment, brain tissues were 

processed for immunohistochemical staining, which showed a 

marked increase in the number of activated GFAP-positive as

trocytes and IBA1-positive microglia with an amoeboid activated 

morphology, confirming the effective induction of inflammation 

(Figures 1A and 1B). In line with the previous observations that 

Wnt/β-CATENIN pathway is frequently activated in inflammatory 

microenvironments,15,16 cortical level of phospho-β-CATENIN 

(S675), a marker for Wnt pathway activation, was indeed 

elevated significantly (Figures 1C and 1D). In addition, we exam

ined the effects of LPS-induced neuroinflammation on choles

terol synthesis and export and discovered that expression of ste

rol regulatory element-binding transcription factor 2 (SREBF2), a 

key transcriptional regulator of cholesterol biosynthesis, was 

also upregulated substantially (Figures 1C and 1D). Unexpect

edly, expression of APOE, a major lipid- and cholesterol-trans

porting apolipoprotein, in cortical astrocytes declined dramati

cally at both the protein and transcriptional levels following 

LPS injection (Figures 1C–1F). Together, these results strongly 

suggest that inflammation suppresses the transcription of 

ApoE gene in astrocytes (Figures 1E and 1F). Consistent with 

this finding, PERILIPIN3 immunostaining revealed a large accu

mulation of lipid droplets in LPS-treated cortical astrocytes 

compared with the control cells (Figures 1G and 1H).

Considering that astrocytes are the primary source of choles

terol in the adult brain19 and myelinating oligodendrocytes 

largely depend on the uptake of astrocyte-secreted cholesterol 

to maintain myelin turnover,7 we next assessed the impact of 

neuroinflammation on myelin gene expression and structural 

integrity under inflammatory conditions. RNA in situ hybridiza

tion and qPCR analysis showed a dramatic reduction in the 

transcription of myelin genes Mbp and Plp1 in the cortical tis

sue of the treatment group (Figures 1I and 1J). However, the to

tal number of positive cells and protein levels did not change 

significantly (Figures 1L and 1M), possibly due to the slow turn

over of mature Oligodendrocytes (OLs) and myelin structures 

during the 3-day LPS treatment period. The inhibition of myelin 

gene transcription suggests that cholesterol supplied by astro

cytes plays a critical role in myelin growth and maintenance. To 

exclude the possibility that the observed myelin changes are 

secondary to neuronal or axonal loss, we performed NEUN 

and NEFL immunostaining in the cortex of LPS-treated mice. 

The results showed no significant differences in the number 

and distribution of NEUN-positive neurons or in the density 

and morphology of NEFL-labeled axons between the LPS- 

treated and the control groups (Figures 1N–1P), indicating 

that LPS treatment did not cause overt loss of neurons and 

axons within the 3-day time window.

To directly verify that LPS activates the Wnt signaling cascade 

and reduces APOE gene expression in astrocytes, we purified 

and cultured astrocytes from the brain tissues of neonatal mice 

in the presence or absence of LPS compound. Consistent with 

the in vivo findings, we observed a marked upregulation of down

stream target genes of the Wnt signaling pathway in astrocytes 

within the initial 6 h post-LPS treatment (Figure 2A), along with 

a gradual increase in the level of phosphorylated β-CATENIN 

(p-β-CATENIN) in a time-dependent manner (Figures 2B and 

2C) and the induced nuclear translocation of β-CATENIN 

(Figure 2H). Notably, LPS treatment also significantly upregu

lated the expression of SREBF2 (Figures 2D and 2E) and 

markedly elevated intracellular cholesterol levels (Figure 2F). 

However, APOE expression in astrocytes was downregulated 

(Figures 2D and 2E) in association with increased levels of intra

cellular cholesterol as revealed by both Filipin and BODIPY- 

cholesterol staining (Figures 2G–2J). Collectively, these results 

demonstrate that inflammation-induced activation of the Wnt 

(C and D) Western blot assay to detect the levels of phospho-β-CATENIN, SREBF2, and APOE in the cortical tissue of mice from the PBS control group and the 

LPS-treated group, with ACTB serving as the loading control. Quantitative analysis of protein expression levels was presented as fold changes, n = 3 mice. 

(E and F) In situ hybridization (ISH) to detect the mRNA expression levels of ApoE in the mouse motor cortex from the control and LPS-treated groups at 2 days 

post-injection (2 dpi) and 3 dpi, and the number of ApoE + cells was quantified. Scale bars, 50 μm, n = 3 mice. 

(G and H) Immunofluorescent staining was performed to detect the co-expression of the astrocyte marker GFAP (white) and lipid droplet marker PERILIPIN3 

(green) in the motor cortex of PBS- and LPS-treated mice. Nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI) (blue). The fluorescence intensity of 

intracellular lipid droplet signals was quantified. n = 6 mice. Scale bars, 20 μm. 

(I and L) Detection of Mbp and Plp1 mRNA levels by ISH in the motor cortex from the PBS- and LPS-treated groups. The number of Mbp+ and Plp1+ cells was 

counted and quantified per mm2. n = 3 mice. Scale bars, 100 μm. 

(J) qPCR analysis of Mbp and Plp1 expression in the cortex at 3 days after stereotaxic injection of LPS into the brain, n = 3 mice. 

(K–M) Western blot assay to detect the myelin proteins MBP and PLP1 in the mouse cortex from the control and the LPS-treated groups, with ACTB serving as the 

loading control. Quantitative analysis of protein expression levels was presented as fold changes, n = 3 mice. 

(N‑P) Immunofluorescence of mouse motor cortex at 3 days post LPS induction. Quantification of NEUN+ (neuronal nuclei, green) cell counting per mm2 (O) and 

NEFL (neurofilament light chain, red) signal density (P). n = 3 mice; scale bars, 50 μm. 

Error bars indicate SEM. p values are labeled on the bar charts. Assays (B), (D), (G), (J), (L), (M), (O), and (P) were analyzed using two-tailed unpaired Student’s 

t test. Assay (F) was analyzed using one-way ANOVA followed by Dunnett’s multiple comparisons test.
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signaling pathway in astrocytes leads to aberrant intracellular 

cholesterol accumulation.

Activation of Wnt signaling in astrocytes downregulates 

myelin gene expression in transgenic mice

To test the hypothesis that Wnt activation in astrocytes accounts 

for the diminished myelin gene expression in oligodendrocytes, 

we generated the Aldh1l1-ERcre/+; Ctnnb1-3Δexfx/+ inducible 

transgenic mouse model (hereinafter referred to as Ctnnb1 

GOF mice20) to delete exon 3 of the Ctnnb1 gene (coding 

β-CATENIN) in astrocytes (Figure S1A). The removal of exon 3 

prevents β-CATENIN protein from AXIN2 complex-mediated 

degradation and consequently increases its nuclear transloca

tion and activation of the Wnt signaling pathway (Figure S1B).

To achieve the effective activation of the Wnt signaling 

pathway in astrocytes, we administered tamoxifen to 2-month- 

old adult mice for five consecutive days and then collected brain 

tissues two weeks later for histochemical analysis (Figure S1C). 

Figure 2. LPS activates the Wnt signaling and induces cholesterol accumulation in astrocytes 

(A) qPCR analyses of the expression of Wnt signaling downstream genes after 6 h of LPS 1 μg/mL treatment. n = 3 independent experiments. 

(B and C) Western blot assay to detect the phospho-β-CATENIN Ser675 levels in primary astrocytes treated with LPS 1 μg/mL for various time periods (0, 3, 6, 9, 

12, and 24 h), with ACTB serving as the loading control. Quantitative analysis of protein expression levels was presented as fold changes, n = 3 independent 

experiments. 

(D and E) Western blot assay to detect the SREBF2 and APOE protein expression in primary astrocytes after 12 h of LPS treatment, with ACTB serving as the 

loading control. Quantitative analysis of protein expression levels was presented as fold changes, n = 3 independent experiments. 

(F) Determination of intracellular cholesterol content in primary astrocytes following 12 h of LPS treatment, n = 3 independent experiments. 

(G and H) Immunofluorescent staining of primary astrocytes with phospho-β-CATENIN (Ser675) (red), BODIPY-cholesterol (green), and nuclei stained with DAPI 

(blue). Quantitative assessment of BODIPY-cholesterol is conducted around the periphery of the cell nucleus. n = 3 independent experiments, scale bars, 20 μm. 

(I and J) Intracellular free cholesterol in primary astrocytes was stained with Filipin (green), and nuclei were counterstained with BeyoAIE (blue). Cells were divided 

into control and 12 h LPS-treated groups, and Filipin fluorescence intensity was quantified (n = 30 per group). Scale bars, 20 μm. 

Error bars indicate SEM. p values are labeled on the bar charts. Assays (A), (E), (F), (G), and (J) were analyzed using two-tailed unpaired Student’s t test. For assay 

(C), one-way ANOVA combined with Dunnett’s multiple comparisons test was applied to compare each time point with the 0 h control group.
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As anticipated, qPCR analysis revealed a substantial upregula

tion of the expression of three well-known Wnt downstream 

target genes Axin2, Lef1, and c-Myc in the cortex (Figure S1D). 

Western blotting demonstrated a significantly elevated level of 

phosphorylated (activated) β-CATENIN (Figures S1E and S1F). 

Immunofluorescent staining showed the pronounced accumula

tion of β-CATENIN protein in the nuclei of GFAP-positive astro

cytes (Figure S1G). Together, these results confirmed the suc

cessful establishment of the mouse model and the effective 

activation of the Wnt signaling cascade in cortical astrocytes.

Next, we investigated whether astrocytic activation of Wnt 

signaling can mimic the effects of LPS-induced inflammatory re

sponses in transgenic tissues. Immunolabeling showed a 

remarkable surge in GFAP-positive cells in both the cortex and 

the striatum (Figures S2A–S2D), indicating the occurrence of 

reactive astrogliosis following Wnt pathway activation. However, 

we detected neither significant molecular and morphological al

terations for microglia (Figures S2E and S2F) nor changes of c- 

Fos signal for neuronal activation (Figures S3A and S3B). 

Furthermore, NEUN and NEFL co-immunostaining revealed no 

significant differences between GOF and control mice in the 

number and distribution of NEUN-positive neurons or the density 

of NEFL-labeled axons (Figures S2G–S2I), arguing against the 

possibility that the observed myelin changes in GOF mice are 

secondary to neuronal damages. Thus, activation of the Wnt 

pathway in astrocytes had no apparent effects on the functioning 

of microglia and neurons during this two-week time window.

To analyze the effects of astrocytic Wnt activation on oligo

dendrocyte precursor cell (OPC) population dynamics, we as

sessed the proliferation and density of OPCs in GOF mice. The 

number of Pdgfra-positive OPCs was comparable between 

GOF and control mice (Figures S3C and S3D). Double immuno

staining demonstrated that the proportion of KI67+SOX10+ 

proliferating OPCs did not differ significantly between groups 

(Figure S3E), indicating that OPC proliferation was not altered.

However, immunostaining for MYRF, a master transcription 

factor that marks newly formed oligodendrocytes (NFOs) and 

drives myelin gene expression, showed a dramatic reduction in 

the number of MYRF+ cells in GOF cortical tissue (Figures 3A– 

3C). Immunolabeling showed that ASPA+ mature oligodendro

cytes were distributed normally in GOF mice, but the proportion 

of these cells that co-expressed MYRF was significantly dimin

ished (Figures 3A–3C). Cell death assays showed no significant 

difference in the number of TUNEL-positive cells between GOF 

and control mice (Figure S3F), ruling out enhanced apoptosis 

as a cause of the diminished MYRF-expressing cell population.

Consistent with the reduced MYRF expression in OLs, the 

mRNA levels of Plp1 and Mbp myelin genes declined substan

tially in GOF cortical tissue, indicating that myelin gene transcrip

tion in mature OLs was severely impaired in GOF brain tissue 

(Figures 3D–3H). However, expression of PLP1 and MOG were 

not significantly altered at the protein level in GOF mice 

(Figures S3G–S3I), indicating that myelinating oligodendrocytes 

and the pre-existing myelin sheaths were preserved during the 

two-week observation window. Consistently, TrueGold myelin 

staining showed that myelin fibers in GOF mice appeared 

moderately sparser than in controls (Figures 3I and 3J). Myelin ul

trastructure, assessed by transmission electron microscopy 

(TEM), appeared to be normal and intact as myelin sheaths in 

GOF mice exhibited compact, regularly arranged lamellae, with 

no apparent signs of lamellar separation, vacuolization, or myelin 

ball formation. Quantitative g-ratio analysis revealed no signifi

cant difference between GOF and control mice (Figures 3K 

and 3L). Collectively, these findings suggest that the primary 

defect lies in the maintenance of myelin gene transcription in 

pre-existing differentiated oligodendrocytes, instead of the gen

eration of new oligodendrocytes.

Activation of Wnt signaling induces cholesterol 

accumulation in astrocytes

The downregulation of ApoE expression in cortical astrocytes of 

GOF mice strongly suggests that the cholesterol efflux from as

trocytes to the extracellular space is obstructed, potentially lead

ing to intracellular cholesterol accumulation. To test this idea, we 

biochemically measured intracellular total cholesterol levels in 

freshly isolated astrocytes via magnetic bead sorting and pri

mary culture astrocytes and found that astrocytes from GOF 

mice exhibited significantly elevated levels of total cholesterol 

(Figure 4A). In parallel, we also found higher levels of free choles

terol staining by Filipin and lipid droplet staining by LipidSpot 

(Figures 4B–4E). More importantly, we discovered that choles

terol synthesis genes (Srebf2 and Hmgcr) were upregulated, 

while efflux genes (ApoE and Abca1) were downregulated in 

freshly isolated astrocytes from GOF brain (Figure 4F). Mean

while, expression of cholesterol uptake receptor gene Ldlr 

showed no significant difference from controls (Figure 4F). 

Together, these observations demonstrate that the cholesterol 

accumulation in GOF astrocytes primarily results from enhanced 

endogenous synthesis coupled with impaired efflux rather than 

increased uptake from the extracellular environment.

Based on these and other observations, we hypothesize that 

in GOF mice, cholesterol cannot be exported to the extracellular 

space, thereby preventing oligodendrocytes from acquiring suf

ficient exogenous cholesterol, which may enhance the transcrip

tion of myelin genes. To test this hypothesis, we purified OPCs 

and astrocytes from GOF mice and their control littermates. As

trocytes were first labeled with the BODIPY-cholesterol probe 

for 24 h, then co-cultured with OPCs for another 12 h before 

the transfer of cholesterol between these two cell types was as

sessed (Figure 4G). As hypothesized, the signal intensity of the 

BODIPY-cholesterol staining in oligodendrocytes co-cultured 

with GOF astrocytes was substantially lower than that with 

wild-type astrocytes (Figure 4H). Strikingly, the expression levels 

of the MYRF transcription factor and myelin genes MBP and 

PLP1 were markedly reduced (Figures 4I–4K), indicating that 

cholesterol transfer is essential for the differentiation of OPCs 

in the co-culture system lacking PDGF-AA mitogen.

Wnt signaling regulates the transcription of genes 

controlling cholesterol synthesis and efflux

The cholesterol accumulation in astrocytes observed in the LPS- 

induced model is associated with abnormal expression of regu

latory genes involved in cholesterol synthesis and transport 

(Figure 1). To investigate whether this aberrant gene expression 

is directly attributed to Wnt signaling activation, we examined the 

expression of Srebf2 and Hmgcr, two regulatory genes that 
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encode rate limiting enzymes in cholesterol biosynthesis 

pathway in GOF mouse model. As expected, the expression 

levels of these two genes increased substantially in both the 

cortical tissue and primary astrocytes derived from the GOF 

mice (Figures 5A–5C). Concurrently, the expression of Acat1, a 

gene regulating cholesterol esterification and promoting lipid 

droplet formation, also elevated significantly in GOF astrocytes 

(Figure 5A), coupled with the formation of numerous intracellular 

lipid droplets (Figure 4E). In contrast, expression of ApoE was 

downregulated profoundly at both the mRNA and protein levels 

Figure 3. Activation of Wnt signaling in astrocytes downregulates myelin gene expression 

(A–C) Immunofluorescence of MYRF (white) and ASPA (red) in mouse cortex. Statistics of ASPA+ cells per mm2 (B) and the ratio of MYRF+/ASPA+ double-positive 

cells to ASPA+ cells (C) n = 3. Scale bars, 100 μm. 

(D) O4+ oligodendrocytes sorted via Magnetically Activated Cell Sorting (MACS) from tamoxifen-treated adult mice were subjected to qPCR to quantify the mRNA 

levels of Myrf, Mbp, and Plp1. n = 3 mice. 

(E and F) RNA in situ hybridization (ISH) with Plp1 probe in the motor cortex and corpus callosum of control and Ctnnb1 GOF mice. Statistical analysis of Plp1+ cell 

numbers per mm2. Scale bars, 100 μm; n = 3 mice. 

(G and H) ISH staining with Mbp probe in the motor cortex and corpus callosum of control and Ctnnb1 GOF mice. Statistical analysis of Mbp+ cell numbers per 

mm2. Scale bars, 100 μm; n = 3 mice. 

(I and J) TrueGold staining of brain tissues from control and Ctnnb1 GOF mice. Quantitative analysis of myelin fiber density. Scale bars, 100 μm. The scale bars of 

the zoomed-in image represent 20 μm; n = 3 mice. 

(K and L) TEM images and g ratio analysis of myelinated axons in the corpus callosum. Scale bars, 0.2 μm. 

Error bars indicate SEM. p values are labeled on the bar charts. a.u., arbitrary units. n = 3 mice. Assays (B), (C), (D), (F), (H), (J), and (K) were analyzed using two- 

tailed unpaired Student’s t test.
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Figure 4. Accumulation of cholesterol in astrocytes reduces cholesterol acquisition and myelin gene expression by oligodendrocytes 

(A) Intracellular cholesterol was detected in primary cortical astrocytes from P0 Control and Ctnnb1 GOF mice after 7-day 4-OHT induction. ACSA2+ astrocytes 

from tamoxifen-treated adult Control and Ctnnb1 GOF mice were sorted by MACS for cholesterol analysis. n = 3 independent experiments. 

(B–D) Immunofluorescence labeling of intracellular Filipin (green) and p-β-CATENIN Ser675(red) in primary astrocytes from control and Ctnnb1 GOF mice. 

Quantitative analysis of Filipin signals. n = 30 per group. Scale bars, 20 μm. 

(C–E) Immunofluorescent co-staining of lipid droplets (LipidSpot staining, green) and astrocyte marker ALDH1L1 (red) in primary astrocytes from control and 

Ctnnb1 GOF mice. Quantitative assessment of LipidSpot is conducted around the periphery of the ALDH1L1+ cell nucleus. Nuclei were stained with DAPI (blue). 

n = 3 independent experiments. Scale bars, 20 μm. 

(F) ACSA2+ astrocytes sorted by MACS from tamoxifen-treated adult mice were subjected to qPCR to analyze mRNA expression of Ldlr, Hmgcr, Srebf2, ApoE, 

and Abca1. n = 3 independent experiments. 

(G) Experimental design for co-culture of primary astrocytes and oligodendrocytes from control and Ctnnb1 GOF mice. 

(legend continued on next page) 
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(Figures 5A–5C, 6A, and 6B), in parallel with the declined expres

sion of another lipid transporter protein Abca1 (Figure 5A). These 

results strongly suggest that activation of the Wnt signaling 

pathway in astrocytes differentially affects the expression of 

genes involved in cholesterol synthesis and transport.

Given that nuclear β-CATENIN can bind to transcription fac

tors LEF1 and TCF721 and that Srebf2 mRNA expression is 

increased in GOF astrocytes, we postulated that β-CATENIN is 

directly involved in Srebf2 transcriptional regulation via LEF1/ 

TCF7. Using JASPAR prediction, we identified one potential 

LEF1/TCF7 binding site in the mouse Srebf2 promoter region, 

located between − 664 and − 814 bp upstream of the translation 

start site (Figure 5D), and in accordance, constructed a pGL3- 

basic-Srebf2 expression vector for the dual-luciferase reporter 

assay. Co-transfection of this construct together with Ctnnb1 

and Lef1 expression vectors in HEK293T cells demonstrated 

that overexpression of Lef1 or Ctnnb1 alone was able to raise 

Srebf2 transcriptional activity (Figure 5E), but simultaneous 

expression of both further augmented this activity. When the 

LEF1 binding sites in the Srebf2 promoter were point mutated, 

co-expression of Ctnnb1 and Lef1 failed to enhance the lucif

erase activity (Figure 5E). To further interrogate the regulatory 

relationship between β-CATENIN and Srebf2, we performed 

chromatin immunoprecipitation-PCR (ChIP-PCR) assays with 

anti-β-CATENIN, which confirmed the binding of β-CATENIN to 

the Srebf2 promoter region (Figure 5F). Together, these findings 

demonstrate that β-CATENIN acts together with LEF1/TCF7 on 

the Srebf2 promoter to stimulate its gene transcription in 

astrocytes.

To test the hypothesis that the lessened expression of ApoE in 

astrocytes impairs cholesterol efflux, we administered TBTC 

(methyl 2-amino-6-(tert-butyl)-4,5,6,7-tetrahydrobenzo(b)thio

phene-3-carboxylate), a small molecule known to upregulate 

APOE expression,22 to mutant mice via intraperitoneal injection. 

Immunostaining confirmed that TBTC treatment significantly 

increased APOE expression in the brains of GOF mice 

(Figures 6C and 6D) and restored the expression of ApoE in the 

inflammatory mouse model injected with LPS (Figures S4A– 

S4C). Meanwhile, RNA in situ hybridization and immunofluores

cence demonstrated the restored expression of myelin-related 

genes Plp1 and MYRF transcription factor in the GOF brain tissue 

(Figures 6E–6I). However, given that TBTC is a potential activator 

of retinoid X receptor α (RXRα), which has an important role in 

myelin development,22–24 we also tested the effects of TBTC on 

OPC differentiation and maturation. We did not observe a signif

icant change in myelin gene expression at the concentrations 

used in this experiment, supporting the direct role of TBTC in 

affecting astrocytic APOE expression (Figures S4D and S4E). 

These findings were further validated at the cellular level by the 

finding that overexpression of ApoE in primary astrocytes atten

uated BODIPY staining in mutant astrocytes to the level compa

rable to that in control cells (Figures 6J and 6K). Collectively, 

these results demonstrate that APOE deficiency is likely to be 

the direct cause of impaired cholesterol efflux in mutant mice.

Cholesterol regulates myelin gene expression through 

MYRF transcription factor

To elucidate the mechanism by which cholesterol regulates the 

expression of myelin genes in oligodendrocytes, we added 

exogenous cholesterol to primary OPCs cultures. Cholesterol 

was delivered as a water-soluble methyl-β-cyclodextrin 

(MβCD)-cholesterol complex to overcome its inherent insolubility 

in aqueous culture medium.25,26 This method has been widely 

used for efficient delivery of cholesterol to the plasma mem

brane, followed by non-vesicular transport into intracellular 

compartments.27,28 Strikingly, cholesterol treatment markedly 

increased the percentages of MYRF+ NFOs and MBP+ mature 

OLs in parallel with a significant decrease in PDGFRA+ OPCs 

(Figure S5). qPCR analyses also manifested the gradual upregu

lation of myelin-related genes (Myrf, Mbp, and Plp1) with treat

ment time (Figure 7A). This result was verified by the RNA-seq 

analysis of 12 h treatment sample (Figure 7B) and further sub

stantiated at the protein level by western blot and MYRF immu

nostaining (Figures 7C–7F). In contrast, expression of early 

differentiation genes at COP (committed oligodendrocyte pro

genitors) stage, such as Bcas1, Fyn, and Gpr17, was attenuated 

(Figure 7B). Altogether, this ‘‘shift from early to late stages’’ 

directly demonstrates that cholesterol promotes OPC differenti

ation along the oligodendrocyte lineage rather than simply upre

gulating myelin transcripts in already-differentiated cells.

Gene Ontology (GO) enrichment analysis also unveiled a sig

nificant enrichment of molecular pathways related to myelin 

structure and cholesterol synthesis, among others (Figure 7G). 

Concurrently, cholesterol treatment potently repressed the 

expression of Hmgcr and Sqle (two key genes for de novo 

cholesterol synthesis) and the cholesterol uptake receptor 

gene Ldlr in oligodendrocytes (Figure 7H), possibly owing to a 

feedback inhibition of intrinsic cholesterol synthesis by exoge

nous cholesterol.

Previous studies demonstrated that MYRF transcription factor 

functions as a master regulatory gene for myelin formation and 

maintenance.29 It is plausible that MYRF may be directly 

involved in the cholesterol-induced expression of myelin gene 

expression. In agreement with this concept, cholesterol-treat

ment significantly enhanced the number of MYRF+ cells 

(Figure 7E). In further support, when Myrf expression was 

knocked down in OPC culture, cholesterol-induced myelin 

gene expression was substantially attenuated (Figure 7I), 

demonstrating the crucial role of Myrf in the cholesterol-medi

ated regulation of myelin genes. Notably, when Myrf and 

(H) Double staining of intracellular BODIPY (green) and oligodendrocyte marker SOX10 (red) in oligodendrocytes after co-culture. Fluorescent images were 

converted to grayscale using ImageJ to clearly visualize the diffuse distribution of lipids in oligodendrocytes (OLs). Nuclei were stained with DAPI (blue). Scale 

bars, 20 μm; n = 3 independent experiments. 

(I) qPCR analysis of Myrf, Plp1, and Mbp mRNA levels in oligodendrocytes from the co-culture system. n = 3 independent experiments. 

(J and K) Western blot assay to detect the N-MYRF, PLP1, and MBP protein levels in oligodendrocytes from the co-culture system, with ACTB serving as the 

loading control. Quantitative analysis of protein expression levels was presented as fold changes, n = 3 independent experiments. 

Error bars indicate SEM. p values are labeled on the bar charts. Assays (A, D, E, F, I, and K) were analyzed using two-tailed unpaired Student’s t test.
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Sox10 were knocked down simultaneously, cholesterol stimula

tion of myelin gene expression was further reduced to the level 

comparable to the untreated control cells (Figure 7I). One 

possible explanation for this result is that SOX10 is required for 

MYRF expression, and the induction of myelin genes by choles

terol relies on the synergistic action of MYRF and SOX10.

DISCUSSION

A novel signaling axis linking neuroinflammation to 

myelin integrity via astrocyte cholesterol metabolism

As a central hub for cholesterol metabolism in the CNS, the func

tional homeostasis of astrocytes is crucial for the development 

and maintenance of myelin.8,30,31 This study reveals that under 

neuroinflammatory conditions, abnormal activation of the Wnt/ 

β-CATENIN signaling pathway in astrocytes reshapes their 

cholesterol metabolism. While this metabolic reprogramming 

promotes cholesterol synthesis, it inhibits its efflux and causes 

aberrant intracellular cholesterol accumulation. This ultimately 

attenuates cholesterol supply to oligodendrocytes and impairs 

the expression of myelin genes. The present study identifies a 

signaling axis: ‘‘inflammation → Wnt/β-CATENIN signaling → 
astrocyte cholesterol anabolism → myelin integrity’’ (Figure 7J), 

providing a theoretical framework for understanding the patho

logical mechanisms of inflammation-related white matter injury 

and demyelinating diseases.

It should be emphasized that in this study, LPS was used to 

induce a complex neuroinflammatory environment, while the 

Ctnnb1 GOF genetic model was specifically designed to isolate 

the astrocyte-autonomous effects of Wnt pathway activation in 

the absence of confounding inflammatory stimuli. The core phe

notypes—SREBF2 upregulation, APOE downregulation, lipid 

droplet accumulation, and myelin gene suppression—are 

consistently reproduced across both models, strongly support

ing that astrocytic Wnt signaling is a major contributor to the 

observed myelin pathology. Importantly, in the GOF model, mi

croglial activation and neuronal c-Fos changes were not de

tected, and NEUN/NEFL immunostaining confirmed preserved 

neuronal and axonal integrity, demonstrating that these myelin- 

related changes are not secondary to broader neuroaxonal dam

age or microglia-mediated inflammation. The successful TBTC 

rescue in both GOF and LPS models further validates the 

Figure 5. Molecular mechanisms of Wnt signaling pathway in regulating cholesterol synthesis and transport 

(A) qPCR was performed to detect the mRNA levels of Hmgcr, Srebf2, ApoE, Abca1, and Acat1 in primary astrocytes from control and Ctnnb1 GOF mice following 

4-OHT induction; n = 3 independent experiments. 

(B and C) Western blot assay to detect the SREBF2 and APOE in primary mouse astrocytes, with ACTB serving as the loading control. Quantitative analysis of 

protein expression levels was presented as fold changes, n = 3 independent experiments. 

(D) Schematic of the dual luciferase reporter construct placed under the Srebf2 promoter region (upstream − 1,300 to − 1,920), depicting the LEF1/TCF binding 

sequence and the point mutation sites (red) in the mutant form (Mut). 

(E) Double luciferase assays with various expression constructs as shown. The Fluc/Rluc ratio was calculated for each group, with the pRL-TK plasmid serving as 

the internal control, n = 3 independent experiments. 

(F) ChIP-PCR analysis of the enrichment of the Srebf2 promoter sequence in input and precipitated chromatin with IgG or anti-CTNNB1 antibody from mouse p7 

brain. 

Error bars indicate SEM. p values are labeled on the bar charts. Assays (A) and (C) were analyzed using two-tailed unpaired Student’s t test. Assay (E) was 

analyzed using one-way ANOVA followed by Bonferroni’s multiple comparisons test for pre-planned pairwise comparisons.
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Figure 6. Molecular mechanisms of Wnt signaling pathway in regulating cholesterol synthesis and transport 

(A and B) In situ hybridization with ApoE probe and immunofluorescent staining of APOE in cortical tissue from control and Ctnnb1 GOF mice. Statistical 

assessment of ApoE+ cells per mm2; n = 3 mice; scale bars, 50 μm. 

(legend continued on next page) 
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therapeutic relevance of the proposed mechanism under 

inflammatory conditions and completes the logical chain from 

phenotype discovery to mechanism validation and therapeutic 

verification.

It should be noted, however, that the LPS-induced inflamma

tory milieu is complex and may activate multiple signaling 

pathways (e.g., NF-κB, STAT3, and MAPK) that could influence 

astrocytic cholesterol metabolism either synergistically or inde

pendently of Wnt signaling. While the GOF model shows that 

Wnt activation is sufficient to drive the observed metabolic and 

myelin phenotypes, it does not necessarily prove that Wnt 

signaling is necessary for these effects in the LPS model. Thus, 

our data suggest that Wnt signaling is a key driver, but not the 

sole mediator, of inflammation-induced remodeling of astrocyte 

cholesterol metabolism and myelin gene suppression.

Bidirectional regulation of astrocyte cholesterol 

metabolism by Wnt signaling

One of the major findings in this study is that neuroinflammation 

specifically activates the canonical Wnt/β-CATENIN signaling 

pathway in astrocytes. Although Wnt signaling was suggested 

to be a key regulator of lipid metabolism in peripheral tissues 

(e.g., liver and adipose tissue),12,13 its role in cholesterol meta

bolism within mature astrocytes has not been reported. Our 

data show that both LPS stimulation and conditional activation 

of β-CATENIN in astrocytes significantly upregulate the expres

sion of the key cholesterol synthesis transcription factor Srebf2 

and its downstream genes (e.g., Hmgcr). Mechanistically, we 

found that the β-CATENIN/LEF/TCF7 transcriptional complex 

can directly bind to the Srebf2 promoter region and drive its 

transcription. This finding suggests that Wnt signaling contrib

utes to cellular metabolic regulation in the CNS and may act as 

a molecular switch connecting inflammation and metabolic 

reprogramming.

On the other hand, we found that activated Wnt/β-CATENIN 

signaling strongly suppresses the expression of ApoE, the major 

cholesterol-transporting apolipoprotein in astrocytes.32–34 As a 

result, ApoE downregulation is associated with reduced delivery 

of cholesterol from astrocytes to oligodendrocytes. Conversely, 

in rescue experiments, TBTC compound induced APOE expres

sion in astrocytes and effectively restored myelin gene expres

sion both in GOF mice and in the LPS-induced inflammation 

model, confirming the central role of APOE in this pathway. How

ever, several potential caveats should be considered for this 

rescue experiment. Firstly, given that TBTC is also a selective 

agonist of RXRα, which has been implicated in CNS myelination 

and lipid metabolism,22–24 it remains plausible that certain 

rescue effects on myelin gene expression may involve 

RXRα-mediated pathways beyond ApoE upregulation. Sec

ondly, as APOE is produced by multiple cell types in the CNS, 

including microglia, under inflammatory conditions, the TBTC- 

mediated APOE increase may not be exclusively astrocytic in 

origin. Thirdly, the reduced myelin gene expression in LPS model 

might not be caused by cholesterol deficiency per se; TBTC may 

also exert direct anti-inflammatory or pro-differentiation effects 

on oligodendrocytes. Therefore, additional experiments, such 

as astrocyte-specific ApoE overexpression or conditional 

knockout, are required to further prove that enhancing APOE- 

mediated cholesterol efflux in astrocytes is responsible for 

rescuing myelin gene expression.

The upregulation of SREBF2 and downregulation of APOE in 

activated astrocytes may be mediated through divergent mech

anisms. While β-CATENIN/LEF1 directly activates Srebf2 tran

scription, APOE suppression may involve inhibition of nuclear 

receptors such as LXR or the action of transcriptional repres

sors.35 This bidirectional regulation, promoting synthesis while 

inhibiting efflux, results in intracellular cholesterol sequestration 

and lipid droplet formation. As this metabolic phenotype is 

observed in both LPS-induced inflammation and non-inflamma

tory GOF models, it may represent Wnt-driven metabolic reprog

ramming rather than non-specific astrocyte reactivity.

Previous work by Liddelow and colleagues demonstrated that 

reactive astrocytes activated by microglia-derived cytokines can 

secrete APOE-containing lipoparticles carrying long-chain satu

rated fatty acids, thereby driving neuronal and oligodendrocyte 

death.36 In the context of Wnt-driven ‘‘pro-synthesis, anti-efflux’’ 

metabolic state, APOE downregulation in astrocytes may serve a 

protective function by limiting the secretion of lipoprotein parti

cles that could potentially carry toxic saturated lipid species, 

while diverting excess cholesterol toward safe esterified storage 

in lipid droplets. Thus, our findings do not contradict but rather 

complement the Liddelow model, collectively highlighting the 

multidimensional metabolic plasticity of astrocytes under 

different inflammatory contexts.

As the primary supplier of cholesterol in the brain, the concur

rent increase in synthesis and decrease in efflux may seem par

adoxical. However, during early astrocyte development (e.g., 

E13.5 brain), Wnt signaling levels in precursor cells are signifi

cantly higher than in mature cells,37 and the main tasks of astro

cyte precursor cells are proliferation and migration,38 requiring 

substantial lipids for membrane expansion. Cholesterol synthe

sized during this period is primarily for their own use, consistent 

(C and D) APOE immunostaining (green) in control, Ctnnb1 GOF, control + TBTC, and Ctnnb1 GOF + TBTC groups. Statistical assessment of APOE+ cells per 

mm2; n = 3 mice, scale bars, 50 μm. 

(E–G) In situ hybridization with Plp1 probe in the motor cortex and corpus callosum of control group, Ctnnb1 GOF group, control group injected with TBTC, and 

Ctnnb1 GOF group injected with TBTC, with counting of positive cells per mm2; n = 3 mice; scale bars, 100 μm. 

(H and I) Immunofluorescence of MYRF (red) in the motor cortex of the control and Ctnnb1 GOF groups in the absence or presence of TBTC treatment. Statistical 

assessment of MYRF+ cells, n = 3 mice, scale bars, 100 μm. 

(J and K) Primary astrocytes from control mice, Ctnnb1 GOF mice, or from Ctnnb1 GOF mice overexpressing exogenous ApoE. Cells were stained with 

immunofluorescent APOE (red), BODIPY (green), and nuclei with DAPI (blue). Quantitative assessment of BODIPY-cholesterol is conducted around the periphery 

of the APOE+ cell nucleus. n = 3 independent experiments; scale bars, 20 μm. 

Error bars indicate SEM. p values are labeled on the bar charts. Assay (B) was analyzed using two-tailed unpaired Student’s t test. For assays (D), (F), (G), and (I), 

two-way ANOVA was applied to evaluate main effects and interaction, followed by Bonferroni’s multiple comparisons test for pairwise comparisons. Assay 

(L) was analyzed using one-way ANOVA with Bonferroni’s multiple comparisons for pairwise comparisons.
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Figure 7. Cholesterol regulates myelin gene expression through MYRF transcription factor 

(A) qPCR assays to detect the mRNA levels of Myrf, Mbp, and Plp1 in primary oligodendrocytes after cholesterol treatment at 12 h; n = 3 independent exper

iments. 

(B) RNA-seq heatmap shows altered mRNA expression of oligodendrocyte differentiation-related genes upon cholesterol treatment (n = 3 independent repli

cates). Red denotes upregulated gene expression; blue indicates downregulated transcription. 

(C and D) Western blot assay to detect the protein level of MYRF in primary oligodendrocytes after cholesterol treatment. Quantitative analysis of protein 

expression levels was presented as fold changes, n = 3 independent experiments. 

(E and F) Immunofluorescent staining of MYRF (green) in primary oligodendrocytes at 12 h after cholesterol addition, with statistical analysis of the nuclear 

translocation efficiency of MYRF; n = 3 independent experiments; scale bars, 20 μm. 

(G) Peak plot of differentially expressed genes in primary oligodendrocytes after cholesterol addition. Red dot denotes upregulated gene; blue dot indicates 

downregulated gene. 

(H) Gene Ontology (GO) enrichment analysis of primary oligodendrocytes after cholesterol addition, based on RNA-seq results. 

(I) qPCR assay to detect the effect of cholesterol on Plp1 expression after Sox10 knockdown, Myrf knockdown, and simultaneous knockdown of both Sox10 and 

Myrf, n = 3 independent experiments. 

(J) A working model for neuroinflammation regulation of cholesterol homeostasis and myelin gene expression. Under inflammatory conditions, the Wnt signaling 

pathway is activated in astrocytes, leading to the nuclear translocation of the β-CATENIN/LEF/TCF complex. This complex binds to the promoter region of Srebf2 

and upregulates its expression, thereby enhancing the intracellular cholesterol synthesis pathway. In parallel, Wnt signaling represses the expression of ApoE and 

Abca1 and consequently impedes cholesterol export out of astrocytes. Excess cholesterol accumulates intracellularly and forms lipid droplets. Oligodendrocytes 

fail to receive sufficient amount of cholesterol supplied by astrocytes, resulting in diminished expression of the transcription factor MYRF and its downstream 

target genes such as Mbp and Plp1, ultimately compromising myelin stability. 

Error bars indicate SEM. p values are labeled on the bar charts. Assay (A) was analyzed using one-way ANOVA with Dunnett’s multiple comparisons to compare 

each group with the control. Assays (D) and (F) were analyzed using two-tailed unpaired Student’s t test. Two-way ANOVA combined with Bonferroni’s multiple 

comparisons test was adopted for statistical analysis of assay (I).
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with the relatively low level of ApoE expression. It is only during 

postnatal development that astrocytes in the mouse brain begin 

to upregulate ApoE expression, coinciding with their morpholog

ical and functional maturation.39,40 Intriguingly, although Wnt 

signaling is activated in astrocyte precursor cells, it does not 

lead to cholesterol accumulation and lipid droplet formation. 

One possible explanation is that the level of Wnt signaling inten

sity is only moderate in astrocyte precursors, as compared with 

the significantly heightened activity under inflammatory or ge

netic mutation conditions.

Cholesterol supply from astrocytes controls myelin 

gene expression through MYRF

A direct consequence of disrupted cholesterol metabolism in as

trocytes is ‘‘cholesterol starvation’’ in oligodendrocytes. Using a 

co-culture system, we demonstrated that when Wnt pathway is 

activated, astrocytes transfer significantly less cholesterol to 

oligodendrocytes.

Mechanistic studies indicate that the cholesterol supply from 

astrocytes does not affect OPC proliferation or survival in GOF 

mice (Figures S3C–S3F) but exerts a profound effect on the func

tion of core transcriptional network within oligodendrocytes for 

myelin production.7 Exogenous cholesterol treatment signifi

cantly enhanced MYRF nuclear localization and the expression 

of a large number of downstream myelin genes. The pro-myeli

nating effect of cholesterol can be blocked by Myrf knockdown, 

in keeping with the previous studies establishing MYRF as the 

‘‘master switch’’ for myelin gene expression.29 However, given 

that MYRF protein accumulates during OPC differentiation, it re

mains plausible that cholesterol promotes oligodendrocyte dif

ferentiation through a distinct mechanism that, in turn, elevates 

MYRF levels. Nevertheless, the synergistic requirement of 

MYRF and SOX10 for cholesterol-stimulated myelin gene tran

scription establishes MYRF as a critical node in this regulatory 

axis. Moreover, SOX10 and MYRF exhibit a synergistic role in 

the cholesterol-enhanced myelin gene expression, which aligns 

with earlier findings indicating that Sox10 regulates the expres

sion of Myrf.41,42 Quantitative analysis of stage-specific gene 

expression demonstrated that cholesterol promotes the NFO- 

associated gene expression. Considering that both Myrf mRNA 

and full-length MYRF protein are upregulated after cholesterol 

treatment, the most parsimonious explanation is that cholesterol 

promotes Myrf gene transcription or mRNA stability either 

directly or indirectly. Whether cholesterol also modulates 

MYRF cleavage or nuclear translocation at the posttranslational 

level remains an open and interesting question for future studies. 

Intriguingly, we also discovered that exogenous cholesterol 

strongly suppressed the expression of genes involved in intrinsic 

cholesterol synthesis (e.g., Hmgcr and Sqle) and cholesterol up

take (e.g., Ldlr) within oligodendrocytes, suggesting a feedback 

inhibition mechanism triggered by neighboring cells to maintain 

intracellular cholesterol homeostasis,43 highlighting the highly 

coordinated nature of cholesterol supply from astrocytes to 

oligodendrocytes.

It is worth mentioning that in GOF mouse model, cholesterol 

primarily acts on differentiated oligodendrocytes to maintain 

myelin gene transcription and local myelin renewal. In culture 

system, OPCs possess strong differentiation potential and 

cholesterol functions to drive their differentiation and initiate 

myelin gene expression. Despite this discrepancy, the core 

molecular mechanism is consistent across both systems: 

cholesterol converges on MYRF to upregulate myelin-associ

ated gene expression, as evidenced by the bidirectional 

validation of ‘‘reduced cholesterol supply → MYRF downregula

tion → myelin gene suppression’’ in vivo and ‘‘increased choles

terol supply → MYRF upregulation → myelin gene activation’’ 

in vitro.

Pathophysiological relevance and pharmacological 

considerations

The ‘‘inflammation-Wnt-cholesterol-myelin’’ axis unveiled by this 

study holds significant pathophysiological relevance. Neuroin

flammation is a common feature of various neurological disor

ders (e.g., multiple sclerosis, Alzheimer’s disease, stroke, and 

brain injury) and is often accompanied by white matter dam

age.44–46 Previous research has largely focused on the direct 

toxicity of inflammatory cytokines to oligodendrocytes or their in

hibition of precursor cell differentiation.47,48 Our work delineates 

a mechanistic pathway initiated by the metabolic dysfunction of 

supporting astrocytes. The inflammatory microenvironment first 

‘‘hijacks’’ Wnt signaling in astrocytes, altering their metabolic 

phenotype. This may chronically impair myelin maintenance 

and repair by disrupting the long-term supportive function of 

cholesterol supply, which could explain why progressive white 

matter rarefaction and functional decline occurs in some chronic 

inflammatory or aging processes even in the absence of obvious 

acute demyelination.49 Simultaneously, this study provides a 

perspective on the role of Wnt signaling in neurological diseases. 

While previous research primarily focused on its roles in develop

ment, tumorigenesis, or the blood-brain barrier,21,50,51 our 

findings suggest that in the mature brain, neuroinflammation is 

associated with abnormal activation of the Wnt pathway in astro

cytes, which may disrupt metabolic homeostasis and contribute 

to pathological processes.

Limitations of the study

Several limitations of this study should be acknowledged. First, 

the present work primarily employed an acute LPS-induced 

inflammation model rather than disease-relevant chronic models 

such as Experimental Autoimmune Encephalomyelitis (EAE) or 

aging-related white matter injury. Whether the same molecular 

mechanisms operate under chronic inflammatory conditions 

and whether sustained transcriptional suppression eventually 

leads to myelin deterioration and functional deficits, requires 

further validation. Second, while our gain-of-function genetic 

approach demonstrates that Wnt activation in astrocytes is suf

ficient to recapitulate the core phenotypes, it does not establish 

that Wnt signaling is necessary for these effects in the LPS 

model. Complementary loss-of-function experiments would be 

required to firmly address causality. Third, our assessments of 

microglial and neuronal status were limited to morphological 

markers (IBA1, CD68, NEUN, and NEFL) and immediate-early 

gene expression (c-Fos); more comprehensive functional ana

lyses, such as cytokine profiling or synaptic physiology, were 

not performed. Finally, although APOE is clearly implicated in 

cholesterol efflux, we cannot rule out the involvement of other 
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lipid transporters (e.g., ABC family members) or the integration of 

Wnt signaling with other inflammatory pathways (e.g., NF-κB and 

STAT3) in regulating this process.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

Animal husbandry and experiments were approved by the Animal Care and Use Committee of Hangzhou Normal University (approval 

number: HSD-20260729-01). Ctnnb1-3Δexfx/+,20 and Aldh1l1-ERcre/+ mouse (JAX, 031008) were purchased from Jackson Labora

tory (Bar Harbor, ME, USA). Aldh1l1-ERcre/+ mice were crossed with Ctnnb1-3Δexfx/+ mice to generate gain-of-function Aldh1l1-ER
cre/+; Ctnnb1-3Δexfx/+ mice (Ctnnb1 GOF). All mice were bred and maintained on a C57BL/6 background. Experimental analyses did 

not distinguish between male and female mice. All animals were group-housed at a 12 h light-dark cycle (light on from 8 a.m. to 8 p.m.) 

with food and water available ad libitum. Animals were randomly assigned to different experimental groups.

Cell culture

P0-P1 neonatal mice were decapitated after disinfection with 75% ethanol, and brains were placed in pre-chilled sterile 

PBS(Biosharp, BL302A). Under dissecting microscope, remove meninges and blood vessels to isolate the cerebral cortex, then 

shear into tissue chunks approximately 1 mm3. Discard PBS, add 0.25% trypsin-EDTA (Beyotime, GNM25200-1), and digest at 

37◦C water bath for 5 min, repeating digestion multiple times. Terminate digestion each time by adding serum-containing medium. 

Fetal bovine serum (FBS) was obtained from Excell (FSP500). Cell culture medium was DMEM/F12 (Gibco, C11330500BT). Repeat 

pipetting tissue chunks with a Pasteur pipette (BIOFIL, PP205050) until a single-cell suspension form. Centrifuge at 1000 rpm for 

5 min and discard the supernatant. Resuspend the cell pellet in complete medium, adjusting the cell density to 1 × 106–2×106 

cells/mL. Seed the cells onto PLL (Poly-L-Lysine, Merck, P7886)-coated culture dishes (BIOFIL, TCF011250) and incubate at 

37◦C in a 5% CO2 incubator. Change medium every 3 days. After 7 days of culture, when cell confluence exceeds 95%, perform 

purification by shaking: Place culture flasks on a 37◦C constant-temperature shaker at 200 rpm for 1 h to remove microglia. Then 

shake at 250 rpm for 18–24 h. The supernatant yields oligodendrocyte precursor cells (OPCs). After centrifuging the supernatant, 

it is placed in a PLL-free culture dish (Sangon, F611003) for 1 h to allow non-OPC cells to adhere. Following this, the medium con

taining OPCs is aspirated, centrifuged, resuspended, and plated to obtain purified OPCs. Primary OPC cells were plated onto PLL- 

coated glass coverslips at a density of 10,000 cells/cm2 using DMEM/F12 supplemented with N2 (Gibco, 17502048), B27 (Gibco, 

17504044), and PDGF-AA (20 ng/mL, Novoprotein, CH74).

Primary astrocytes were routinely cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, C11995500BT) supplemented 

with 20% fetal bovine serum and penicillin-streptomycin (1000 U/mL; Cellmax, CPS101.02) in a humidified incubator with 5% CO2 at 

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pRL-TK Promega Cat# E2241

pGreenPuroTM shRNA SBI Cat# SI505A-1

psPax2 Addgene Cat# 12260

pMD2.G Addgene Cat# 12259

pCDH-CMV-MCS-Lef1-EF1-copGFP This paper N/A

pCDH-CMV-MCS-Ctnnb1-EF1-copGFP This paper N/A

pCDH-CMV-MCS-ApoE-EF1 This paper N/A

pGL3-Srebf2-Basic This paper N/A

pGL3-Srebf2(Mut)-Basic This paper N/A

GreenPuroTM shRNA-Myrf This paper N/A

GreenPuroTM shRNA-Sox10 This paper N/A

Software and algorithms

GraphPad Prism Ver. 8.4 GraphPad Software https://www.graphpad.com/features

ZEN 2 (blue edition) Zeiss https://www.zeiss.com/microscopy/us/ 

products/software/zeiss-zen.html

LAS X Leica https://cn.leica-microsystems.com.cn/ 

service/software-download

ImageJ ImageJ https://imagej.net/Downloads

Microsoft Excel Microsoft https://www.microsoft.com/en-us/microsoft- 

365/excel

Biorender Biorender https://www.biorender.com

PrimePCRTM Analysis Software Biorad https://www.bio-rad.com/zh-cn/product/ 

primepcr-pcr-primers-assays- 

arrays?ID=M0HROA15#fragment-6
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37◦C, while adherent cells represent high-purity astrocytes, for primary GOF mouse astrocytes, induction requires the addition of 

1 μM 4-OH TAM(Sangon, A420345-0010) to the culture medium for at least 5 days.

HEK293T cells (American Type Culture Collection (ATCC), RRID: CVCL_0045) were routinely cultured in Dulbecco’s modified 

Eagle’s medium (DMEM) (CellMax, CGM102.05) supplemented with 10% fetal bovine serum (FBS) (Biological Industries, 04-001- 

01 A) and penicillin-streptomycin (1000 U/mL; Gibco, 15140148) in a humidified incubator with 5% CO2 at 37◦C. The HEK293T 

cell line was authenticated via STR DNA profiling. Mycoplasma contamination was examined using a commercial Mycoplasma 

PCR Detection Kit, and the result confirmed the absence of mycoplasma.

METHOD DETAILS

Tamoxifen induction and tissue harvest of mouse

Genomic DNA was extracted from tails of embryonic or adult mice for subsequent genotyping via PCR. Genotyping PCR utilized 

primers described on the Jackson Laboratory website (https://www.jax.org/cn/). Tamoxifen (Sigma-Aldrich, T5648) was dissolved 

in corn oil at a concentration of 20 mg/mL and administered at a dose of 75 mg/kg for five consecutive days. Mice were anesthetized 

by intraperitoneal injection of pentobarbital sodium. After thoracotomy, perfusion was performed via left ventricular puncture: 

pre-perfuse with pre-cooled PBS to flush out circulating blood until the liver and limbs turned pale, followed by fixation with 4% 

paraformaldehyde (PFA). After whole-body stiffening, the brain was dissected rapidly and post-fixed in 4% PFA overnight at 4◦C. 

Subsequently, tissues were dehydrated in gradient sucrose solution for frozen section preparation.

Co-culture

Astrocytes and oligodendrocyte precursor cells (OPCs) were isolated from GOF mice via the above-described protocol. After induc

tion with 4-hydroxytamoxifen, astrocytes were labeled with BODIPY-cholesterol for 24 h and then co-cultured with purified OPCs for 

12 h. OPC culture medium depleted of PDGF-AA was applied during co-culture, and fluorescence signals were detected in the two 

cell types afterward.

Cholesterol treatment of primary oligodendrocytes

Prepare a stock solution of water-soluble cholesterol (methyl-β-cyclodextrin (MβCD)–cholesterol complex, Sigma, C4951) using ul

trapure water. Induce primary oligodendrocytes with a final concentration of 10 μM and collect cells at different time points. For 

shRNA-infected primary OPCs, cells were cultured for 2 days following lentiviral transduction, then treated with 10 μM water-soluble 

cholesterol for 12 h before sample collection for subsequent qPCR detection. For the OPC differentiation assay in Figure S5, primary 

rat OPCs were treated with 5 μM water-soluble cholesterol and continuously cultured for 3 days prior to immunofluorescence detec

tion. The 10 μM cholesterol concentration was not adopted here since prolonged incubation at this dosage for two days induced 

obvious OPCs death due to excessive cholesterol concentration.

Magnetic bead sorting

Remove whole brains from control and Ctnnb1 GOF mice into PBS (Biosharp)-filled culture dishes to remove blood and meninges. 

Using ophthalmic forceps, cut cortical tissue into 1mm3 microtissues in medium dishes. Add digestion buffer (3 mL), digest for 5 min 

at 37◦C in an incubator, decant supernatant, and terminate digestion by adding complete medium. Repeat digestion of tissue chunks 

5 times, collecting each supernatant. Centrifuge supernatants, resuspend in magnetic bead sorting buffer, and load onto the column 

(Miltenyi, 130-042-201, 130-096-670). Follow the manufacturer’s protocol for column loading (Miltenyi, Anti-ACSA-MB Kit, Anti-O4- 

MB Kit). Digestive buffer: Papain (0.1%) + DNase 25 (0.1%) + PBS. Magnetic bead sorting buffer: 2 mM EDTA +0.5% BSA + PBS 

pH 7.2.

TrueGold staining

TrueGold staining was performed according to a previous method.52 14 μm frozen sections were washed three times in ddH2O. 

TrueGold myelin staining solution (Oasis Biofarm, BK-AC001) was added to the tissue sections and incubated at 45◦C in the dark 

until signal development. After adding stop solution for 2 min, rinse with ddH2O, cover with Mowiol (Sigma, 81381) mounting medium, 

and photograph using a Leica microscope (DM6B).

Transmission electron microscopy

For transmission electron microscopy, corpus callosum tissues were initially fixed in 2.5% glutaraldehyde solution for 4 h, followed by 

post-fixation with 1% osmium tetroxide (prepared in 0.1 M phosphate buffer, pH 7.0) at room temperature for 2 h. Samples were 

subsequently dehydrated through a graded ethanol series (50%, 70%, 80%, 90%, 95% and 100%) and pure acetone, with each 

step incubated for 20 min at ambient temperature. Specimens were embedded in Epon 812 resin and polymerized at 60◦C to 

form solid resin blocks. Ultrathin sections with a thickness of 70 nm were cut using a diamond knife on a Leica UC 6 ultramicrotome. 

After double staining with uranyl acetate and lead citrate for 15 min, the sections were examined under an H-7650 transmission 

electron microscope.
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Cholesterol content assay in cells and cortex

Cholesterol content was measured using a kit (Sangon Biotech, D799800-0100) following the manufacturer’s protocol.

BODIPY-cholesterol, LipidSpot and filipin staining

BODIPY-cholesterol (Sigma, 878557-19-8) was added to the culture medium. Cells were incubated for 30 min in a cell culture incu

bator, washed three times with PBS, fixed with 4% PFA (Sigma, P6148), and proceeded to immunofluorescence experiments. 

LipidSpot (Biotium, 70065) staining was performed similarly. Filipin staining was conducted after secondary antibody incubation 

of immunofluorescence. Filipin working solution was prepared according to the manufacturer’s protocol (Beyotime, C2061). Cover

slips were incubated with the staining solution at room temperature in darkness for 90 min and washed three times with PBS, followed 

by incubation with BeyoAIE (Beyotime, C2105S). After additional PBS rinses, slides were mounted. Pseudocolors were adjusted dur

ing imaging, with filipin presented in green and BeyoAIE in blue. Images were captured using a Zeiss LSM710 confocal microscope, 

followed by z stack 3D reconstruction.

Dual-luciferase assay

Prior to detecting dual-luciferase activity, the translation initiation sequence from mouse Srebf2 was cloned into the pGL3-Basic 

vector (Promega, E1741) using T4 DNA polymerase (Beyotime, D7008). Lef1 (GenBank: NM_001276403.1) and Ctnnb1 

(GenBank: NM_001165902.2) were cloned into the pCDH-CMV-MCS-EF1-copGFP (pCDH) vector (System Biosciences, 

CD521A-1). Transfection of HEK293T cells was performed in groups according to experimental requirements using 1 μg of pGL3- 

basic/pGL3-Srebf2-WT/pGL3-Srebf2-Mut, 200 ng of pRL-TK (Promega, E2241) plasmid, and 200 ng of pCDH-vector, pCDH- 

Lef1, and pCDH-Ctnnb1. Luciferase activity was measured using a dual-luciferase reporter system (Promega, E1910).

TBTC injection and LPS treatment

TBTC was purchased from MCE (HY-121671). Injected at 30 mg/kg according to the manufacturer’s recommended concentration.22

For Ctnnb1 GOF mice, consecutive intraperitoneal TBTC administration was performed for 7 days starting at day 5 post-tamoxifen 

induction. In LPS-challenged mice, TBTC was injected daily for 3 successive days beginning on the day of LPS treatment. For in vitro 

culture, LPS (Solarbio, L8880) was used at 1 μg/mL for astrocytes, and primary oligodendrocyte precursor cells were treated with 

LPS at the identical concentration for 12 h. For in vivo stereotaxic injection, 2 μL LPS solution (2.5 μg/μL) was delivered into the 

unilateral lateral ventricle, and mice in the control group received an equivalent volume of PBS.

shRNA construction, virus production, and cell infection

The vector used is the pGreenPuro shRNA Cloning and Expression Lentivector (SBI, SI505A-1). The shRNA fragment sequences 

are listed in Table S1. The shRNA fragments were obtained using the method provided in the vector manual, then ligated into the 

vector using T4 ligase. The vector was transformed into E. coli, positive clones were screened, and plasmids were extracted. 

Efficiency was verified after cell transfection. For lentivirus preparation, co-transfected HEK293T cells with shRNA empty vector, 

shRNA expression vector, psPax2 (Addgene, 12260), and pMD2.G (Addgene, 12259) at a 4:3:1 mass ratio. Collect virus-contain

ing medium at 24, 48, and 72 h post-transfection, filter through a 0.45 μm membrane (Millipore, SLHV033RB) to produce high- 

titer lentivirus.53 Similarly, astrocyte infection with ApoE-overexpressing (ApoE-OE) plasmid was also achieved via the lentiviral 

system.

RNA sequencing

RNA extraction, cDNA synthesis, library preparation, and sequencing were performed by Lianchuan Bio. Transcriptome libraries 

were prepared from 1 μg of total RNA using the TruSeq RNA Sample Preparation Kit (Illumina, USA). Sequencing was performed 

on an Illumina NovaSeq 6000 sequencer. To identify differentially expressed genes (DEGs) in oligodendrocytes following cholesterol 

treatment, gene expression levels were calculated using the FPKM method, with Z score transformations applied during plotting 

based on FPKM expression values. Differential expression analysis was conducted using DESeq2. Differentially expressed genes 

with log2FC > 1 and p-adj <0.05 were considered significantly differentially expressed. Gene Ontology (GO) analysis was performed 

using Goatools (http://github.com/tanghaibao/Goatools) to identify differentially expressed genes significantly enriched in GO terms 

relative to the whole transcriptome background.

ChIP-PCR

Chromatin immunoprecipitation (ChIP) assays were performed with the SimpleChIP Enzymatic Chromatin IP Kit (Magnetic Beads) 

(Cell Signaling Technology, 9003) in accordance with the manufacturer’s instructions and with reference to the method described 

by Xu et al.54 Anti-β-CATENIN antibody was used for immunoprecipitation. Briefly, 50 mg of P7 brain tissue per group was cross- 

linked with 1% paraformaldehyde at room temperature, and chromatin was sonicated into fragments of 150–400 bp using an ultra

sonic processor. A 10% aliquot of the sheared chromatin was set aside as the input fraction. Rabbit anti-β-CATENIN antibody, 

normal rabbit immunoglobulin G (as a negative control), and Histone H3 (D2B12) XP Rabbit Monoclonal Antibody (as a positive con

trol) were added to the chromatin, followed by incubation at 4◦C overnight. Chromatin-protein complexes were immunoprecipitated 
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with protein G magnetic beads. Cross-linking was then reversed by incubation with proteinase K at 65◦C for 30 min, and DNA was 

purified using the DNA purification kit included in the ChIP kit. The eluted DNA was subsequently subjected to PCR, and the primers 

used for ChIP-PCR are listed in Table S1.

TUNEL assay

For apoptotic cell detection, TUNEL staining was conducted with Roche TUNEL assay kit (Roche, 11684795910). Briefly, fixed brain 

tissue was permeabilized, followed by incubation with TUNEL reaction mixture at 37◦C in dark. After nuclear counterstaining, 

apoptotic positive cells were observed and counted under fluorescence microscope.

Immunofluorescence and immunohistochemistry

Mouse brain tissue samples were fixed overnight in 4% paraformaldehyde at 4◦C, then transferred to 20% sucrose (Sangon, 

A610498-0005). After sedimentation, samples were placed in 30% sucrose and finally embedded in Tissue-Tek OCT Compound (Sa

kura Finetek) for cryoprotection. 14μm tissue sections were prepared for immunofluorescence and immunohistochemical staining. 

After sectioning, slides were washed three times with PBS, followed by antigen retrieval at 95◦C (Sangon, E673001) for 25 min. After 

cooling to room temperature, slides were washed three times with PBS. Tissue was blocked with 5% goat serum at room temper

ature for 1 h, then incubated with primary antibody overnight at 4◦C. The next day, wash three times with PBS, add fluorescently 

labeled secondary antibody and DAPI, incubate in the dark for 1 h, wash three times with PBS again, cover with Mowiol mounting 

medium, and observe and photograph under a fluorescence microscope. Antibodies used for immunofluorescence and immunohis

tochemistry are listed in key resources table. For immunohistochemistry, after antigen retrieval, incubate with 3% H2O2 solution at 

room temperature for 30 min before proceeding with blocking and primary antibody incubation. The next day, add HRP-labeled sec

ondary antibody and incubate at room temperature for 1 h. After washing with PBS, add DAB chromogen solution until a clear positive 

signal appears, then immediately terminate the reaction by washing with distilled water. Cellular immunofluorescence followed a 

similar protocol to tissue immunofluorescence but did not require antigen retrieval. Antibodies used in the experiment are listed in 

key resources table.

RNA in situ hybridization

14 μm frozen tissue sections were air-dried. Digoxigenin (DIG)-labeled RNA probes were synthesized by in vitro transcription using 

T3/T7 RNA polymerases, diluted with hybridization buffer, and denatured at 85◦C before use. The sections were hybridized with de

natured DIG-labeled specific probes overnight at 60◦C in a humidified and sealed chamber. After hybridization, the sections were 

thoroughly rinsed with wash buffer and blocked with 10% heat-inactivated sheep serum at room temperature for 1 h. Subsequently, 

the sections were incubated with anti-DIG-alkaline phosphatase antibody (Roche, 11093274910) overnight at 4◦C. The color reaction 

was developed using an NBT/BCIP detection kit (Roche, 11681451001). Finally, the sections were observed, and images were 

captured using a Leica DM6B microscope.

qPCR

Following PBS perfusion of mouse cerebral cortex, tissue was rapidly frozen in liquid nitrogen. RNA was extracted per manufacturer 

instructions (TAKARA, 9108) and reverse transcribed to cDNA (Vazyme, R312-02). PCR systems were prepared according to reagent 

supplier protocols (Vazyme, P222-02) and analyzed using a Biorad CFX 96 instrument. Primary astrocytes and oligodendrocytes 

were washed with PBS in culture dishes, directly treated with Trizol, and processed as described above. Primer sequences are 

detailed in Table S1. Relative expression was calculated using the 2 (̂-ΔΔCt) method with β-actin as the reference gene. Data are 

presented as mean ± SEM. Each group included 3 replicate wells, with 3 independent replicates (n = 3). Intergroup comparisons 

were performed using one-way ANOVA. P-values are labeled on the bar charts.

Western blot

Experimental methods were performed as previously described.52 Briefly, cells or cerebral cortex were lysed and total protein was 

extracted. Proteins were separated by SDS-PAGE electrophoresis, transferred to PVDF membranes, and non-specific binding sites 

were blocked with 5% milk or BSA. Primary and secondary antibodies were added for incubation, followed by ECL chemilumines

cence (Fdbio, FD8000) detection. Antibody information is provided in key resources table.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis in this study was performed using GraphPad Prism 8.4. Data were analyzed using one-way ANOVA with Tukey’s mul

tiple comparisons for multiple groups, and unpaired Student’s t test was used for two groups. The data are presented as mean ± 

SEM. The value of p < 0.05 was considered statistically significant. These statistical details of experiments can be found in the 

Figure legends.
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