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Galactin-8 DNA methylation
mediates macrophage autophagy
through the MAPK/mTOR pathway
to alleviate atherosclerosis
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Chang-wu Wan?, Cui-yun Le?, Jia-lin Dai', Jie-Wang?, Bing Guo?** & Jiang Huang***

DNA methylation modifications are an important mechanism affecting the process of atherosclerosis
(AS). Previous studies have shown that Galectin-8 (GAL8) DNA methylation level is associated with
sudden death of coronary heart disease or acute events of coronary heart disease. However, the
mechanism of GAL8 DNA methylation and gene expression in AS has not been elucidated, prompting
us to carry out further research on it. ApoE" mice were used to establish an atherosclerosis model,
and DNA methylation inhibitor DO05 and MAPK/mTOR inhibitor UO126 were used for intervention.
Pyrosequencing was used to detect changes in GAL8 DNA methylation levels of the mouse aorta
between groups. ROC curve analysis was performed to assess the relationship between GAL8 DNA
methylation and atherosclerosis. Aortic staining with hematoxylin and eosin (H&E) was used to
observe the aortic intima, plaque area, and characteristics of secondary lesions within the plaque. Oil
Red O staining was used to detect lipid deposition in mouse arterial plaques or macrophages. Movat
staining was used to detect the number of foam cells in the plaque. Immunohistochemistry (IHC) and
Western blot were used to quantify the localization and expression levels of DNA methyltransferasel
(DNMT1), GAL8, MAPK/mTOR pathway proteins, Light Chain3 (LC3), Beclinl, Sequestosomel (p62),
Tumor Necrosis Factor-a (TNF-a), and other proteins. Inmunofluorescence (IF) was used to detect

the fluorescence intensity of GALS8, LC3, Monocyte chemoattractant protein-1(MCP-1), and other
proteins. Detection of autophagosomes in macrophages by transmission electron microscopy was
also performed. The foam cell model was induced with human monocytes (THP-1) and co-cultured
with foam cells using siRNAs targeting GAL8, DOO05, and UO126. The level of DNMT1 was detected

by Western blot; Oil red O staining was used to detect lipid deposition in foam cells in each group,

and the localization and expression levels of GAL8, MAPK/mTOR pathway proteins, LC3, Beclinl,

p62, and TNF-a were quantitatively determined by Western blot. Immunofluorescence (IF) was used
to detect the fluorescence intensity of GAL8, MAPK/mTOR pathway protein, LC3, p62, TNF-«, and
other proteins. The GAL-8 promoter region harbors six CpG sites susceptible to DNA methylation.
Following DNMT1 inhibition, the DCO5 group displayed a significant decrease in methylation across all
six CpG sites compared to the C57 and AS groups. Conversely, the UO126 group exhibited increased
methylation at the first three CpG loci relative to the AS group. ROC curve analysis revealed GAL8 DNA
methylation as an independent risk factor for atherosclerosis: GAL8, along with inflammation-related
proteins MCP-1, MMP9, and TNF-a, were upregulated in the mouse lesion group, while expression of
autophagy-related proteins LC3 and Beclinl was downregulated. Additionally, phosphorylated MAPK/
mTOR pathway proteins were detected in the mouse model of atherosclerosis. After inhibiting the
methylation level of GAL-8 DNA, the expression of GAL-8 was up-regulated, macrophage autophagy
was inhibited, inflammation was increased, and atherosclerotic lesions in mice were aggravated. After
direct inhibition of the activity of the MAPK/mTOR pathway, macrophage autophagy was further
weakened, the inflammatory response was further aggravated, and the atherosclerotic lesions of
mice were further aggravated. After the specific knockdown of GAL-8 using siRNA GAL-8 using foam
cells, the above phenomenon was reversed, macrophage autophagy was promoted, the inflammatory
response was reduced, and the degree of atherosclerosis was alleviated. The degree of GAL8 DNA
methylation is related to the progression of atherosclerosis, and its hypomethylation can aggravate
atherosclerotic lesions. The mechanism may be through the regulation of MAPK/mTOR pathway to
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slow down the autophagy of macrophages, and then aggravate the inflammation in plaques. Targeting
GAL8 DNA methylation may be a new target for the diagnosis and treatment of atherosclerosis.

Keywords Coronary heart disease, GAL-8 promoter methylation, MAPK/mTOR signaling Pathway,
Atherosclerosis
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Coronary heart disease (CHD) is the most prevalent cardiovascular disease (CVD) globally and the primary
cause of death. Epidemiological data indicates that 8.88 million people succumbed to CHD in 2019, solidifying
its position as the leading cause of sudden cardiac death (SCD)!. Studies have documented a 50% incidence of
SCD, with coronary artery disease accounting for up to 80% of SCD cases in patients aged 50 years or older®*.
Atherosclerosis arises from a complex interplay of factors, with established risk factors for CHD including
smoking, hypertension, type 2 diabetes, hyperlipidemia, elevated triglyceride (TG) and low-density lipoprotein
cholesterol (LDL) levels, and low high-density lipoprotein cholesterol (HDL) levels>®. Despite this knowledge,
a complete understanding of CHD pathogenesis and its underlying atherosclerotic process remains elusive.
The burgeoning field of omics has yielded a growing body of evidence implicating epigenetics, encompassing
DNA methylation, histone modification, and non-coding RNA in atherogenesis7. DNA methylation, in
particular, plays a critical role in stem cell maintenance and differentiation, individual aging, developmental
anomalies, and the onset and progression of complex diseases such as tumors, diabetes, psychiatric disorders,
and neurological diseases®!%. DNA methylation (DNAm) is an epigenetic mechanism essential for cell and
tissue differentiation. This process involves the enzymatic addition of a methyl group to cytosine (C) residues,
converting them to 5-methylcytosine (5-mC), by DNA methyltransferase (DNMT) using S-adenosylmethionine
(SAM) as a methyl donor. A growing body of research suggests a link between DNA methylation and the risk of
developing coronary heart disease across diverse populations, making it a valuable tool for understanding CHD
development. For instance, Jiang et al.'>!. Employed peripheral blood mononuclear cell studies to demonstrate
that both 5-mC and 5hm function as risk factors for CHD. Additionally, Agha et al.'”. Conducted an 11-year
follow-up study of over 11,000 individuals free of CHD at baseline. Their findings revealed a strong correlation
between methylation levels at 52 CpG island loci and the subsequent development of CHD or myocardial
infarction. Furthermore, several studies have investigated the relationship between blood DNA methylation and
various CHD risk factors, including smoking, lipid metabolism, and inflammation'®!°. Based on the current
study, the analysis only considered the overall level of methylated cytosine in the genome at CpG loci and its
correlation with coronary heart disease. It did not examine differential methylation of specific loci or its impact
on the disease. To explore the mechanism of differential methylation genes acting on CHD. The research group
collected human coronary artery tissue and used 850 k methylation chip experiments to construct a dataset of
susceptibility differential methylation genes for sudden death of human CHD, and found that the significantly
different hypomethylated genes included GAL-8, LTE RFPL3, etc., while the hypermethylated genes included
TMEMO9B, ANK3, C60rF48, etc. This suggests that these genes DNA methylation was closely related to sudden
death of CHD. In addition, we have confirmed that the level of GAL-8DNA methylation is closely related to
the level of coronary plaque inflammation and risk factors for coronary heart disease. We found that MAPK
was closely related to sudden coronary death through Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment of differential methylation sites0. In addition, we also confirmed that blockade of CXCR4 promotes
macrophage autophagy through the PI3BKAKT/mTOR pathway to alleviate coronary heart disease?!. Building
on these findings, Zhou H et al. demonstrated that mTOR inhibition can participate in regulating autophagy
in atherosclerosis?2. Additionally, Seeger et al. confirmed the MAPK signaling pathway as a key regulator of
the inflammatory response and showed that its inhibition can slow atherosclerotic progression?-2>. However,
current studies on GAL8 mainly focus on tumor and bone diseases?*?’, and no relevant studies on the etiology
and mechanism of coronary heart disease involving GAL8 have been found. Therefore, to investigate whether
the degree of GAL8 DNA methylation can be involved in altering atherosclerotic lesions through the MAPK/
mTOR pathway, we employed ApoE”~ mice to establish models of atherosclerosis with GAL8 DNA methylation
and MAPK/mTOR inhibition. We further used THP-1 cells to induce foam cells and established models with
GALS inhibition, GAL8 DNA methylation inhibition, and MAPK/mTOR inhibition. These models were used
to detect the localization and expression of proteins associated with the MAPK/mTOR pathway, inflammatory
responses, and autophagy in macrophages. Additionally, we investigated changes in autophagosomes to explore
how GAL8 DNA methylation affects macrophage autophagy and inflammation through the MAPK/mTOR
pathway, ultimately influencing the degree of atherosclerosis.

Materials and methods

Experimental animals and groups

Thirty 7-week-old male ApoE”" mice (SPF, 20-24 g) were purchased from Beijing Huafukang Biotechnology
Co., Ltd. (Certificate No.: SCXK (Beijing) 2019-0010) along with 10 C57 male mice. All procedures involving
animals were preapproved by the Institutional Animal Care and Use Committee of Guizhou Medical University
(N0.202304465). And all mice treated in this study were performed in accordance with the relevant guidelines
and regulations, and all methods used were reported in accordance with the ARRIVE guidelines, In accordance
with the Animal Ethics Committee of Guizhou Medical University. After one week of feeding with a standard
diet, the 30 ApoE”" mice were randomly divided into three groups: the atherosclerosis group, the GALSDNA
methylation inhibition group (DCO05), the MAPK/mTOR pathway inhibition group (UO126), and the negative
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control group (C57, consisting of the 10 C57 mice). Subsequently, all mice were fed a high-fat diet (3% cholesterol,
0.2% propylthiouracil, 0.5% sodium cholate, 10% lard, 5% sugar, and 81.3% basal diet. The mice were fed in a
standardized environment with light and dark cycles where they had free access to food and water)*'until they
reached 13 weeks of age. For the following three weeks, the tail vein of each mouse (including those in the
C57 group) received continuous injections of normal saline, DNA methylation inhibitor DC05 (10 pM), or
MAPK/mTOR pathway activity inhibitor UO126 (5 ug/10 ul)*twice a weekand all mice were humanely killed
with an overdose of sodium pentobarbital (80 mg/kg, i.p.)*. At 16 weeks of age, all mice were anesthetized
and euthanized. To minimize blood interference in subsequent experiments, the following procedures were
performed: whole body perfusion, followed by fixation of the aortic root with 4% paraformaldehyde fixative
solution for freezing and paraffin sectioning. To remove residual blood, a PBS buffer wash was performed before
quick fixation with liquid nitrogen for 3 min. Finally, the tissues were cryopreserved at —80 °C for protein
extraction.

HE, Oil Red O, and Movat stains for assessment of aortic plaque burden, intima thickness,
lipid content, and foam cell presence in mice

Mouse aortic tissue was paraffin-embedded, and 2-3 um thick sections were prepared using standard methods.
These sections were then stained with HE to observe changes in aortic structure under a microscope. We
measured coronary intima-media thickness and plaque area to assess atherosclerotic burden. For Oil Red
O staining, the mouse aorta was placed flat in a special box, covered with an appropriate amount of OCT
embedding medium, and then rapidly frozen in liquid nitrogen. Frozen tissue Sects. (3 um) were obtained using
a constant cooling chamber microtome. Lipid deposition in the aorta and foam cells were then observed under
light microscopy following Oil Red O staining. Movat staining was used to visualize changes in coronary artery
structural components. Image J software was employed to quantify the number of foam cells and the extent of
lipid deposition within plaques.

Pyrosequencing to detect the DNA methylation level of GAL8 in the mouse aorta

We retrieved the GAL8 gene sequence from the NCBI GenBank database and used MethPrimer software to
predict methylation within its promoter region. Primers were designed based on the predicted methylation sites.
Following DNA extraction and bisulfite conversion, the methylated region was amplified by PCR using primers
with 5’-biotin labels. Pyrosequencing was then performed to identify the methylation status of each CpG site.
The methylation percentage of each CpG site was calculated using QCpG software, which treats methylated
cytosines as artificial C/T single nucleotide polymorphisms (SNPs). Pyrophosphate primers are shown in Table
1.

Protein localization and mean absorbance of GALS, p62, LC3, MMP9, TNF-a and MCP-1in
the aorta of IHC mice

THC staining was performed using an THC kit (PV-9000, Zhongshan Jinqiao Biotechnology Co., Ltd., China).
Following deparaffinization and hydration, tissue sections were incubated dropwise with 3% H202 for 10 min at
37 °C. Antigen retrieval was then performed by heating for 4 min, followed by blocking with 10% goat serum for
40 min at room temperature. Arterial paraffin sections were incubated overnight at 4 °C with primary antibodies
against GAL-8 (1:100 dilution, 100 pL, Abcam, UAS, cat# EPR48), LC3 (Proteintech, China, Cat: No. 18725-1-
AP), p62 (Proteintech, China, Cat: No. 18420-1-AP), TNF-a (1:100 dilution, 100 uL, Immunoway, China, Cat#
YM3478), MMP-9 (1:100 dilution, 100 uL, Proteintech, China, Cat# 10,375-2-AP), and MCP-1 (1:100 dilution,
100 pL, Santa Cruz Biotechnology, USA, Cat # Sc-365870). Sections containing the primary antibody were then
incubated with a biotinylated secondary antibody, and finally chromogenic using diaminobenzidine (DAB). The
results were analyzed using Image-ProPlus 6.0 software.

Western blot to detect the changes in key proteins in GAL8 and MAPK/mTOR pathways

Frozen arterial samples were ground into a powder with liquid nitrogen and lysed with RIPA buffer containing a
protease inhibitor cocktail to extract total coronary tissue proteins. Protein concentration was then determined.
Equal amounts of protein samples were loaded onto an SDS-PAGE gel for electrophoresis, followed by transfer
to a PVDF membrane. After blocking, the membrane was incubated with primary antibodies overnight at 4 °C.
These primary antibodies included GAL-8, TNF-a, MCP-1, MMP-9, Beclinl (Proteintech, China, CatNo11-1-
AP), IL-1p (1:1000 dilution, 100 pL, Immunoway, China, Cat#YT2322), P62, LC3, P-MAPK (1:1000 dilution,
100 pL, Affinity, USA, Cat#AF4001), MAPK (1:100 dilution, 100 uL, Proteintech, China, Cat#14,064-1-AP),
P-mTOR (1:1000 dilution, 100 pL, Proteintech, China, Cat#67,778-1-1g), mTOR (1:1000 dilution, 100 pL,
Proteintech, China, Cat#: 67,778-1-1g), and DNMT1 (Biotechne, USA, Cat#NB100-56,519) at a standard dilution

Amplification locus | Primer sequence Length(bp)
GAL-8(6CpGs) F:5’-GTTTTGAGAAGTYGGGTATTTAAGA-3’

R:5-TAAACTATACCCAACCCAAACTCC-3’

Seq:5-TTTAATTTGGAGAAAATATTTATA-3

Destination seq:
CGCAGGATAACTGGCGAGTGACGCGGAGTGGCTGCGAGTCCAAGTTATCACTAACGGA

188

Table 1.. PCR and pyrophosphate primer design.
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of 1:1000. Following washes, the PVDF membrane was incubated with horseradish peroxidase-conjugated
secondary antibodies, either goat anti-mouse (1:5000 dilution, 100 pL, Absin, China, Cat#66,009-1-Ig) or anti-
rabbit (1:6000 dilution, 100 pL, China, Cat#2594-1-AP) for 1 h at room temperature. Finally, the membrane
was developed using ECL exposure solution (Liquid A:Liquid B=1:1) in a chemiluminescence instrument. The
resulting protein bands were analyzed using Image J software.

Immunofluorescence for the localization of key proteins in GAL8 and MAPK/mTOR pathways
in mouse aorta and cell models

Tissue sections were routinely deparaffinized and processed as previously described. Cells were then removed,
rinsed three times with cold PBS, fixed with 4% paraformaldehyde for 15 min, rinsed again with PBS, and
permeabilized with 0.5% Triton-X 100 for 15 min. After another rinse, the sections were blocked with goat
serum for 30 min. Subsequently, the sections were incubated with primary antibodies for GAL-8, DNMT1, LC3,
P62, and TNF-a (all at a dilution of 1:200) overnight at 4 °C. Following the overnight incubation, the sections
were incubated with an anti-rabbit fluorescent secondary antibody for 1 h at room temperature. Nuclei were then
counterstained with DAPI for 10 min and sealed with an antifluorescence quencher. Finally, the sections were
observed and photographed under a microscope. Interpretation of Results: In successful immunofluorescence
staining, where autofluorescence did not significantly interfere with the signal, DAPI-stained nuclei appeared
blue, while GAL-8, TNF-qa, and LC3 displayed red fluorescence. P62, on the other hand, exhibited green
fluorescence.

Electron microscopy detection of autophagosomes
Tissues were pre-fixed with 3% glutaraldehyde, followed by post-fixation with 1% osmium tetroxide.
Dehydration through an acetone series, infiltration with Epox 812 for an extended period, and embedding were
performed. Semi-thin sections were then stained with methylene blue for light microscopy. Ultrathin sections
were subsequently cut using a diamond knife and stained with uranyl acetate and lead citrate for observation
under a JEM-1400-FLASH transmission electron microscope.

Cell model objects and grouping

The human monocyte line (THP-1) was purchased from Shanghai Fuhuasheng Biotechnology Co., Ltd.
(Shanghai, China). The cells were cultured in RPMI-1640 medium supplemented with 12% fetal bovine serum
under 5% CO2 at 37 °C. After 7 passages, cells were used for subsequent experiments. Cells were then treated with
either PMA (160 nmol/mL) or ox-LDL (80 ng/L) and designated as the PMA and ox-LDL groups, respectively.
The siRNA (1 uL/mL) negative control group was labeled as the si-NC group, the siRNA (1 uL/mL) silencing
group was labeled as the si-GALS8 group, the GAL8 DNA methylation inhibition group was labeled as the DC05
group, and the MAPK/mTOR pathway inhibition group was labeled as the UO126 group. Finally, the cells were
collected and used for oil red O staining, immunofluorescence staining, and western blotting.

Statistical analysis

Data were analyzed using SPSS 25.0 statistical software. Measurement data are expressed as mean + standard
error of the mean (X + SEM). For comparisons of mean differences between two groups, a t-test was employed.
One-way ANOVA was used for comparisons among multiple groups. We applied the LSD method for post hoc
comparisons to control the error from multiple comparisons. Pearson correlation analysis assessed correlations
between variables. ROC curve was used to analyze the predictive ability of GAL8 methylation for coronary heart
disease. p <0.05 was considered statistically significant. For each experiment, the average of at least 3 replicates
was used.

Results

Changes in GAL8 gene methylation, GAL8 expression level after MAPK/mTOR inhibition,

and atherosclerotic structure in mice

Histological analysis confirmed successful establishment of the mouse atherosclerosis model. The C57 group
displayed normal aortic vascular morphology, with a continuous endothelial cell layer, no subendothelial lipid
deposition, and tightly arranged smooth muscle cells (Fig. 1A). In contrast, the other three groups (AS, DCO05,
and UO126) exhibited significant atherosclerotic changes, including atheromatous plaque deposition, intimal
hyperplasia, increased numbers of foam cells within plaques, and enhanced lipid deposition (P <0.05) (Fig. 1A-
G). Interestingly, GAL8 expression was up-regulated in the DCO05 group compared to the AS group (P <0.05)
(Fig. 1H-K), despite DCO5 treatment inhibiting GAL8 DNA methylation. Furthermore, this upregulation
coincided with a worsening of the arterial lesions in the DCO05 group compared to the AS group (P<0.05)
(Fig. 1A-G). Similarly, the UO126 group showed even higher GALS8 expression (P <0.05) (Fig. 1H-K) and more
severe arterial lesions (P <0.05) (Fig. 1A-G) compared to the DC05 group.

Changes in DNA methylation levels of GAL-8 promoter in each group in mouse arterial
tissues

Pyrophosphate sequencing analysis revealed methylation of 6 CpG sites within the GAL-8 promoter region.
Inhibiting DNMT1 resulted in significantly increased methylation levels (P < 0.05) at all 6 CpG sites in the DC05
group compared to both the C57 and AS groups. In the UO126 group, only the methylation levels of the first 3
CpG sites were significantly increased (P <0.05) compared to the C57 and AS groups. Additionally, the DCO05
group displayed significantly higher methylation levels (P < 0.05) at all 6 CpG sites compared to both the AS and
UO126 groups. These findings are detailed in Table 2.
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Fig. 1.. 100 x/400 x magnification of human coronary arteries with different degrees of lesions (A-
C) HE, Movat staining, Oil red O staining at 100 X magnification, Bar =200 um; (E-G) Quantification of
atherosclerotic area of mice, atherosclerotic lipid deposit area in mice and number of foam cells within the

plaque. (D, H-K) Immunohistochemical staining at 400 X magnification, Bar =50 um and Western blot

detection of GALS localization and expression. *P <0.05, **P < 0.01, **P < 0.001. Each group n=10.

Item C57 AS DCo5 U0126 F Pvalue
(n=8) (n=8) (n=8) (n=8)
CpG1(%) | 57.12+1.43 | 58.14+0.73 | 48.24+1.31*# | 62.38+0.44* | 93.729 | 0.000
CpG2(%) | 55.94+1.80 | 59.74+58.57 | 47.16+2.34*# | 58.20+2.61* | 21.396 | 0.001
CpG3(%) | 57.76+0.96 | 58.57+1.14 | 48.19+1.52*# | 60.46+1.37* | 56.543 | 0.000
CpG4(%) | 73.64+1.48 | 75.89+1.59 | 62.95+1.73*# | 75.53+1.32 | 47.30 | 0.000
CpG5(%) | 46.52+2.49 | 47.85+0.480 | 35.92+0.49*# | 48.25+1.85 | 40.79 | 0.000
CpG6(%) | 42.74+1.96 | 42.45+1.35 | 32.55+2.22*# | 42.43+3.17 | 14.86 | 0.001

Table 2. Differences in DNA methylation levels of the six CpG sites within the GAL-8 locus in Mouse artery. *:
P <0.05vs C57/AS #: P<0.05vs AS/UO126. Each group n=38.

ROC curve analysis for assessment of the methylation degree of GAL 8 gene on

atherosclerosis
The ROC curve analysis of GAL8 promoter region methylation demonstrated that GAL8 DNA methylation is an
independent risk factor for atherosclerosis (AUC=0.735, P<0.01), as shown in Fig. 2.

Effect of GAL8 DNA methylation degree on GAL8 expression level and MAPK/mTOR
pathway in atherosclerotic plaques of silent mice

To investigate the impact of GAL8 DNA methylation on the MAPK/mTOR pathway, we first silenced GAL8
DNA methylation and analyzed changes in key pathway proteins. Subsequently, the MAPK/mTOR pathway
was inhibited for further verification. Immunohistochemistry and western blotting revealed that compared to
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Fig. 2. ROC of GAL-8 DNA methylation levels.

the C57 group, the protein levels of MAPK, mTOR, p-MAPK, and p-mTOR were elevated in the AS, DCO05,
and UO126 groups (P < 0.05) (Fig. 3N, Q, R). Notably, DC05 displayed higher expression compared to AS, and
UO0126 showed the strongest upregulation after MAPK/mTOR pathway inhibition (P<0.05) (Fig. 3N, Q, R).
We further examined the expression of inflammatory factors (MCP-1, MMP9, TNF-a) and autophagy-related
proteins (Beclinl, P62, LC3). Inhibiting GAL8 DNA methylation led to increased expression of inflammatory
factors (P<0.05) (Fig. 3A, G, D-M), decreased Beclinl and LC3 (autophagy markers), and increased P62
expression (P<0.05) (Fig. 3A-C, K-O), suggesting impaired autophagy. Additionally, this change was
exacerbated by MAPK/mTOR pathway inhibition (Fig. 3). In conclusion, reduced GAL8 DNA methylation
resulted in upregulated GALS8 expression, weakened autophagy, and enhanced inflammation. However, the
effect was less pronounced compared to direct MAPK/mTOR pathway inhibition.

GALS8 DNA effect of methylation degree on autophagy and inflammation

Immunofluorescence and electron microscopy corroborated the findings. Compared to the AS group, the DCO05
and UO126 groups displayed increased fluorescence intensity of GAL8, MMP9, and MCP-1 (Fig. 4B), suggesting
enhanced inflammation. Conversely, LC3 fluorescence in macrophages was reduced (Fig. 4B), indicating
impaired autophagy. Electron microscopy confirmed a decrease in autophagosome numbers in the DC05 group
compared to AS, with a further reduction observed in the UO126 group (Fig. 4A). These findings collectively
support the hypothesis that reduced GAL8 DNA methylation leads to upregulated GALS8 expression, weakened
autophagy, and a stronger inflammatory response. However, the overall effect was less pronounced compared to
direct MAPK/mTOR pathway inhibition.

GALS silencing reduces foam cell lipid deposition

Silencing GAL8 with siRNA significantly reduced its expression in foam cells compared to the ox-LDL and
si-NC groups, as confirmed by Western blotting (P<0.05) (Fig. 5B). This reduction in GAL8 expression was
accompanied by a significant decrease in intracellular lipid deposition (P < 0.05) (Fig. 5A). Conversely, the DCO05
and UO126 groups, where GAL8 methylation was inhibited, displayed significantly increased GAL8 expression
and lipid deposition compared to both the ox-LDL and si-NC groups (P<0.05) (Fig. 5A, C-E). Notably, the
UO126 group exhibited even higher levels of GAL8 expression and lipid deposition compared to the DCO05
group (P<0.05) (Fig. 5A, C, D). These findings suggest that reducing GAL8 expression is associated with
reduced intracellular lipid accumulation in foam cells.

GALS silencing inhibits autophagy and enhances inflammatory response

Following GALS silencing, we employed immunofluorescence with single and double labeling to detect the
fluorescence intensities of DNMT1 (red), GAL8 (red), MMP9 (red), TNF-a (red), p62 (green), and LC3 (red)
(Fig. 6K-0O). Additionally, Western blotting was used to assess the expression levels of GAL8 and its downstream
key proteins in the MAPK/mTOR pathway, Beclinl and p62-related autophagic proteins, and inflammatory
factors like TNF-a (Fig. 6A,]). The results revealed that compared to the ox-LDL and si-NC groups, silencing
GALS significantly reduced the protein expression levels of GALS, p62, Mapk, mTOR, TNF-q, IL-f, and MMP9
in foam cells (P <0.05) (Fig. 6B-I), with a corresponding decrease in the fluorescence intensity of GALS, p62,
TNF-a, and MMP9. Conversely, the DC05 and UO126 groups, where GAL8 methylation was inhibited, displayed
increased expression of these proteins and enhanced fluorescence intensities of GALS, p62, TNF-a, and MMP9
(P<0.05) (Fig. 6B, D-I, L-O). Interestingly, Beclinl protein expression increased in the si-GAL8 group, while
it decreased in the DC05 and UO126 groups. Additionally, LC3 fluorescence decreased in these latter groups
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Fig. 3. Expression and localization of Inflammatory cytokines and autophagy proteins among different
groups (A). IHC detection of Inflammatory cytokines and autophagy proteins localization in foam at

400 x magnification, Bar =50 um; (G, L). Average protein level of Inflammatory cytokines and autophagy
proteins; (B-F, H-K, M-0). Quantification of Inflammatory cytokines and autophagy proteins.*P < 0.05,
**P<0.01, **P<0.001. Each group n=10.

(Fig. 6C, M). These findings suggest that inhibiting GAL8 expression can suppress the activity of the MAPK/
mTOR signaling pathway, thereby dampening autophagy and exacerbating the inflammatory response. However,
the overall effect was less pronounced compared to directly inhibiting the MAPK/mTOR pathway.

Discussion

Epigenomics, transcriptomics, proteomics, metabolomics, genomics, and other methods have confirmed that
gene changes and protein changes are related to atherosclerotic lesions. However, these methods cannot fully
understand the complexity of their effects on coronary heart disease. Among these approaches, the role of
epigenetics in atherosclerosis is becoming increasingly significant!®*%3!. This study investigated the methylation
level of GAL-8 DNA during atherosclerotic development. ROC curve analysis was used to analyze the ability
of GAL8 DNA methylation to predict atherosclerosis in mice. The results showed that GALSDNA methylation
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50pm

Fig. 4. (A) Detection of macrophage autophagosomes in aortic by projection electron microscopy. (B)
Immunofluorescence localization of GAL8, LC3, MMP9, MCP-1 in mouse artery at 400 X magnification,
Bar=50 um. Each group n=6.

was an independent risk factor for atherosclerosis, which aligns with the research group’s previous findings?.
However, Studies have shown its critical role in regulating capillary formation, endothelial cell migration, and
angiogenesis in vivo®>*3. Its specific mechanism in atherosclerosis remains largely unreported. Our previous
results performed functional enrichment analysis on the differentially methylated genes. This analysis identified
the MAPK signaling pathway and the mTOR signaling pathway as important enrichment pathways for these
genes. This suggests a potential close correlation between autophagy, inflammation, and differentially methylated
genes (DMGs)?. Additionally, previous research has shown that the MAPK/mTOR signaling pathway can alter
the severity of atherosclerotic lesions by modulating changes in inflammation and autophagy®*-3°. At the same
time, research has shown that DNA methylation can alter atherosclerotic lesions by modulating the expression
of genes related to oxidative stress and inflammation®’. However, the current understanding of the relationship
between DNA methylation and coronary heart disease is primarily based on evidence linking the overall level of
methylated cytosine in CpG loci across the genome to coronary heart disease. It does not consider the differential
methylation and mechanisms of specific loci'”18:38,

Therefore, to verify whether GAL8 DNA methylation regulates coronary atherosclerotic heart disease
lesions through the MAPK/mTOR pathway, we used ApoE-/- mice to establish an atherosclerosis model.
We investigated the relationship between methyltransferase 1 (DNMT1) and the MAPK/mTOR pathway by
inhibiting DNMT1 and the MAPK/mTOR pathway with DC05 and UO126, respectively, to further explore the
role of the MAPK/mTOR pathway in GAL8 DNA methylation activity. The results of arterial pyrophosphate
analysis in mice showed that after DNMT1 inhibition, the methylation levels of the six CpG sites in GAL8
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DNA decreased. This was accompanied by upregulation of protein expressions for GAL8, MAPK, mTOR,
phosphorylated-MAPK (p-MAPK) and phosphorylated-mTOR (p-mTOR). Notably, further upregulation
of these proteins was observed after inhibition of the MAPK/mTOR pathway. Furthermore, we found that
inhibiting the degree of GALS DNA methylation led to upregulation of inflammatory factors MCP-1, MMP9,
and TNF-a, while downregulating autophagy-related proteins Beclinl and LC3. Additionally, the expression of
P62, a protein associated with autophagy, was upregulated after inhibiting GAL8 DNA methylation. This effect
was further exacerbated after mTOR inhibition. Based on these findings, we hypothesized that a reduction in
the degree of GALSDNA methylation leads to upregulated GALS8 expression. This, in turn, weakens autophagy
and strengthens inflammatory effects, ultimately resulting in an aggravation of atherosclerotic lesions. However,
the magnitude of this effect appears to be less pronounced compared to directly inhibiting the MAPK/mTOR
pathway. To further solidify these conclusions, we performed electron microscopy analysis. Compared to
the control C57 group, the AS group exhibited an increase in autophagosomes. Conversely, the DC05 group
displayed a decrease in autophagosomes compared to the AS group. Notably, the UO126 group showed an even
greater decrease in autophagosomes compared to the DCO05 group. In addition, Qiao L, et al. has shown that
increasing the number of autophagosomes in the early stage of atherosclerosis may be a protective mechanism
for vascular endothelial cells and smooth muscle cells®. For example, autophagosomes can clear excessive
reactive oxygen species (ROS) and misfolded proteins in vascular endothelial cells, reduce oxidative stress
damage, and thus delay the development of atherosclerotic lesions to a certain extent?’. Research suggests that
excessive autophagy can lead to endothelial damage or promote the formation of small blood vessels, both of
which can worsen atherosclerosis and even compromise the stability of atherosclerotic plaques. This can lead
to myocardial fibrosis and ultimately impair the function of heart muscle cells**2. Conversely, insufficient
autophagy can lead to the accumulation of necrotic cells due to impaired clearance, which can exacerbate
atherosclerotic changes. However, appropriate autophagy can enhance angiogenesis and provide blood flow to
alleviate myocardial ischemia caused by atherosclerosis*®. Our findings demonstrate that inhibiting GALSDNA
methylation weakens autophagy compared to the atherosclerotic group, while concurrently strengthening the
inflammatory effect. However, this effect is less pronounced than directly inhibiting the MAPK/mTOR pathway.
Therefore, we speculated that MAPK/mTOR activity was inhibited after inhibition of GAL8 DNA methylation,
which might regulate downstream events by affecting the expression of MAPK and mTOR in this pathway,
resulting in the reduction of autophagosomes and damage to vascular endothelial cells. The direct use of MAPK/
mTOR pathway inhibitors further aggravates this phenomenon, resulting in increased atherosclerotic lesions.
To further investigate the impact of inhibiting GAL8 gene methylation and the MAPK/mTOR pathway on
atherosclerosis, we established a foam cell model using Ox-LDL-induced human-derived monocytes. We found
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that directly silencing GALS expression with siRNA significantly reduced GAL8 expression in the siGAL8 group
compared to both the AS and DCO05 groups. Compared to the DCO5 group, the siGAL8 group exhibited a relative
weakening of autophagy and intracellular lipid deposition, alongside downregulation of inflammatory factors.
Compared with DCO5 group, fat deposition in UO126 group was further increased. Therefore, we ulteriorly
concluded that when the autophagy process is inhibited, and aggravate the inflammatory response. there maybe
have a problem in the autophagosome lysosome fusion, and the cell’s ability to decompose lipids is reduced.
At this time, low-density lipoprotein cholesterol is easy to deposit in the blood vessel wall and is not easy to
clear, thus promoting the formation of atherosclerotic plaque. Besides, Studies have confirmed that transcription
factors are sensitive to DNA methylation*4. Therefore, whether autophagy and inflammatory effects may be
mediated by specific transcription factors in atherosclerosis will be further explored in our follow-up studies.
In summary, we speculate that inhibition of GAL8 DNA methylation may aggravate atherosclerosis by
reducing autophagy, increasing inflammation, leading to lipid deposition and endothelial cell damage. The
results are consistent with those of Vazquez MM et al.*. GAL8 DNA methylation plays a unique role in
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regulating autophagy and inflammation in atherosclerosis, which brings new ideas for future targeted therapy.
In the treatment of atherosclerosis, the DNA methylation level of GAL8 maybe targeted to regulate, and more
accurate and effective therapeutic drugs or means can be developed by affecting the initiation and progression
of autophagy and inflammation. It is expected to break through the limitations of existing treatments, providing
patients with better treatment options, and may be an important direction for future medical research and
clinical application. Elucidating the precise mechanisms underlying this process will be the next step of our
research, as depicted in Fig. 7.

Limitations

Our study investigated the role of GAL8 DNA methylation in atherosclerosis. DNA methylation is a complex
process catalyzed by DNA methyltransferases (DNMTs), includingDNMT1, DNMT2, DNMT3a, DNMT3b,
and DNMT3L. Among these, DNMT1 plays a primary role in maintaining stable DNA methylation patterns.
In this study, we did not directly inhibit GAL8 DNA methylation. Instead, we employed DCO5 to inhibit the
activity of DNMT1, which indirectly altered the overall DNA methylation landscape. This approach may affect
the methylation status of all genes undergoing methylation, not just GAL8. Therefore, we cannot definitively
exclude the influence of methylation changes in other genes on atherosclerotic lesions. However, our results do
demonstrate that DCO5 treatment led to changes in GAL8 DNA methylation. The molecular mechanism has
only been preliminarily discussed, and the complete signaling pathway and interaction network have not been
thoroughly analyzed, which may neglect other factors that may be regulated simultaneously. In addition, we lack
long-term dynamic observations. We will do further research in the follow-up study.

Data availability
The datasets generated and analysed during the current study are available in the [NCBI] repository, [LINK-
NUMBER TO DATASETS: https://www.ncbi.nlm.nih.gov/nuccore/NM_006499.5].
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