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ARTICLE INFO ABSTRACT

Keywords: Dementia, with homocysteine (Hcy) as an important risk factor, is a severe public health problem in the aging
Betaine society. Betaine serves as a methyl donor and plays an important role in reducing Hcy. However, the effects and
Homocysteine

mechanisms of betaine on Hey-induced cognitive impairment remain unclear. Firstly, SD rats were injected with

I;/Iirc;oiis?s Hcy (400 pg/kg) through vena caudalis, and betaine (2.5 % w/v) was supplemented via drinking water for 14
N{RIE)S days. Betaine supplementation could attenuate Hcy-induced cognitive impairment in the Y maze and novel

YTHDF2 object recognition tests by repairing brain injury. Meanwhile, microglial activation was observed to be inhibited
by betaine supplementation using immunofluorescence and sholl analysis. Secondly, HMC3 cells were treated
with betaine, which was found to decrease the ROS level, ameliorate cell membrane rupture, reduce the release
of LDH, IL-18 and IL-1f, and attenuate the damage of microglia to neurons. Mechanistically, betaine alleviates
cognitive impairment by inhibiting microglial pyroptosis via reducing the expressions of NLRP3, ASC, pro-
caspase-1, cleaved-caspase-1, GSDMD, GSDMD-N, IL-18 and IL-1p. Betaine treatment can increase SAM/SAH
ratio, confirming its enhancement on methylation capacity. Furthermore, betaine treatment was found to
enhance Nﬁ-methyladenosine (m6A) modification of NLRP3 mRNA, and reduced the NLRP3 mRNA stability
through increasing the expression of the m®A reader YTH N°®-methyladenosine RNA binding protein 2 (YTHDF2).
Finally, silencing YTHDF2 could reverse the inhibitory effect of betaine on pyroptosis. Our data demonstrated
that betaine attenuated Hcy-induced cognitive impairment by suppressing microglia pyroptosis via inhibiting the
NLRP3/caspase-1/GSDMD pathway in an m®A-YTHDF2-dependent manner.

1. Introduction beneficial in preventing or mitigating the progression of dementia [4].
Several potential risk factors for cognitive decline or dementia have

Dementia is a major global public health problem, imposing a sub- been identified, such as age, head trauma, genes, depression, obesity,
stantial social and economic burden on governments, communities, hypertension and physical inactivity [5-7]. Moreover, epidemiological
families and individuals [1,2]. The global prevalence of dementia ex- evidence has found that elevated plasma total homocysteine (Hcy) is a
ceeds 55 million people, projected to reach 78 million by 2030 [3]. modifiable risk factor for dementia in older adults [8-10]. A recent
Precise prevention and control of important risk factors may be meta-analysis demonstrated a 9 % increase in the risk of dementia for
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Fig. 1. Betaine attenuated cognitive impairment and brain injury induced by Hcy. (A) Schematic outline of the experimental design. (B-C) Schematic diagram of the
Y maze test and NOR test. (D) Heat maps of the Y maze test. (E) Impacts of different groups on time in the novel arm (n = 8). (F) The percentage of movement
distance in the novel arm (n = 8). (G) The heat maps of the NOR test. (H) The exploration time for the familiar and novel objects in the NOR test (n = 8). (I) The
discrimination index analysis in the NOR test (n = 8). (J) Representative Nissl staining of hippocampus CAl, CA3 and DG area in different groups (n = 4).
Representative photomicrographs were shown at 40x magnification, scale bar = 50 or 10 pm. (K) Representative H&E staining of the hippocampal regions in
different groups (n = 4), scale bar = 50 or 10 pm, 40x magnification. (L-O) ELISA analysis of S-100p, NSE, IL-1p and IL-18 levels in the serum among three groups (n
= 4). Data were analyzed by one-way analysis of variance followed by multiple comparisons or two-tailed paired t-test. Data are presented as mean + SEM. *p < 0.05,

**p < 0.01.

each 5 pmol/L increase in plasma Hcy levels, respectively [11]. Thus,
reducing plasma Hcy levels and clarifying its pathogenic mechanisms
may be a promising strategy for preventing and managing dementia.

The pathogenesis of dementia is complex and diverse, among which
microglial activation is an early event in dementia [12]. Recent studies
demonstrated that Hcy could induce microglial activation and the
expression of pro-inflammatory cytokines, such as interleukin-6 (IL-6),
tumor necrosis factor o (TNF-a) and inducible nitric oxide synthase
(iNOS) [13]. Microglial activation and release inflammatory cytokines
to mediate inflammatory responses [14,15]. Pyroptosis is an inflam-
matory programmed cell death mediated by the caspase family, result-
ing in the massive expression of inflammatory factors, which are
released into the surrounding environment [16]. The assembly of the
NLR family pyrin domain containing 3 (NLRP3) inflammasome can be
induced by reactive oxygen species (ROS), and then mediates cysteinyl
aspartate specific proteinase 1 (caspase-1) activation, which subse-
quently promotes the maturation and release of interleukin-1p (IL-1p)
and interleukin-18 (IL-18), and triggers gasdermin D (GSDMD)-me-
diated pyroptosis [17,18]. Studies have found that inhibiting
NLRP3-mediated pyroptosis could ameliorate lipopolysaccharide
(LPS)-induced cognitive impairment by suppressing the NLRP3/GSDMD
pathway [19]. Therefore, inhibiting NLRP3-mediated microglial
pyroptosis may be a potential mechanism for ameliorating Hcy-induced
cognitive impairment.

The expression regulation of NLRP3 is affected by N°-methyl-
adenosine (m°A). mPA is the most prevalent internal mRNA modifica-
tion [20,21]. S-adenosyl methionine (SAM) acts as a methyl donor,
regulating mP®A levels and influencing gene expression [22,23]. The fate
and functions of m®A methylated RNAs are mainly mediated by m°A
“readers” proteins, such as YT521-B homology domain family (YTHDF)
proteins and the insulin like growth factor 2 mRNA binding proteins
(IGF2BP) [24]. Studies have found that YTHDF1 could enhance the
translation of NLRP3 and promote inflammatory responses [25].
Furthermore, IGF2BP2 negatively feedback regulated the activation of
the NLRP3 inflammasome in microglia [26]. However, the underlying
mechanism of m®A modification in Hey-induced cognitive impairment
has not been investigated.

Betaine (N, N, N-trimethylglycine) is abundant in various sources,
such as sugar beet, spinach and seafood [27], and is transported to the
brain by the betaine-GABA transporter (BGT-1) [28,29]. The main
physiological action of betaine is serving as a methyl donor (trans-
methylation), which leads to an increase in SAM levels [30]. Substantial
evidence indicated that betaine supplementation could effectively
decrease plasma Hcy levels [31,32]. Additionally, betaine treatment for
AD patients could improve brain cognition and functionality after 1
month, and the levels of Hey, inflammatory factors IL-1f and TNF-a in
blood were significantly reduced [33]. However, whether and how
betaine exerts neuroprotective effects through m®A modification to
mitigate Hey-induced cognitive impairment remains unclear.

This study aimed to investigate the effect and mechanism of betaine
on attenuating cognitive impairment induced by Hcy. Initially, cognitive
function was assessed through Y maze and novel object recognition
tests. Then, histological damage was evaluated using Nissl staining and
H&E staining. Moreover, microglial activation and pyroptosis were
assessed by immunofluorescence and sholl analysis. Pyroptosis was also
observed using transmission electron microscopy in vitro. Furthermore,
qRT-PCR and Western blot were performed to investigate mechanisms.

Besides, the levels of SAM and SAH were detected via HPLC-MS/MS.
Additionally, the m®A level was measure by m®A Dot blot, and the
NLRP3 methylation level was assess using MeRIP-qPCR. Finally, it was
further explored that YTHDF2 was a key factor in the action of betaine
by silencing YTHDF2.

2. Materials and methods
2.1. Materials

Homocysteine (H4628), betaine (B2629) and methylene blue
(M4159) were purchased from Sigma-Aldrich Company (St. Louis,
Missouri, USA).

2.2. Animals and treatments

Nine-week-old male Sprague-Dawley rats were purchased from
Zhuhai BesTest Bio-Tech Co., Ltd. (Zhuhai, China). The rats were
divided into three groups, each consisting of eight animals. The groups
were as follows: (1) Control group: the rats were injected with saline
(0.9 %) through the vena caudalis for 14 days; (2) Hcy group: the rats
were injected with Hey (400 pg/kg/d) through the vena caudalis for 14
days [34]; (3) Hcy + Bet groups: the rats were injected with Hcy (400
ng/kg/d) through the vena caudalis and simultaneously supplemented
betaine (2.5 % w/v) via drinking water for 14 days (Fig. 1A). The SD rats
were housed with 4 per cage, maintained under controlled conditions of
humidity (50-60 %), temperature (25 + 2 °C) and a 12:12 h reversed
light-dark cycle, with feed-free access to food and water. The animal
experiments and protocols were approved by the Institutional Animal
Care and Use Committee of Sun Yat-sen University.

2.3. Behavioral tests

2.3.1. Y mage test

The Y maze test is used to assess hippocampal-dependent short-term
spatial memory in rodents, based on their innate tendency to explore
new environments, and the test was performed as previously described
[35]. The Y maze is composed of three arms (120° angles, arm length x
height x width of 60 x 20 x 10 cm). The novel arm was blocked in the
training phase, while the two other arms were opened. The rats were
placed facing the wall of one of the open arms (start arm) and allowed to
explore the maze for 10 min. One hour after the training phase, each
animal was placed back in the start arm and allowed to explore all three
open arms for 5 min. The position of both the start and novel arm was
randomized among the rats. During each trial, the Y maze was cleaned
with 75 % alcohol to eliminate possible bias due to smell left by the
previous rat. The behaviors of the rats were video tracked and analyzed
by TopScan 3.0 software (CleverSys, Inc.). The performance in the Y
maze was expressed as the time spent in the novel arm (Fig. 1E).

2.3.2. Novel object recognition (NOR) test

NOR test is commonly employed to study learning and memory in
rodents [36], as previously reported [37]. During the habituation phase,
the rats were placed in the center of a chamber (90 x 90 x 60 cm)
without objects and allowed to explore the chamber for 10 min. During
the familiarization phase, the rats were positioned in the center of the
chamber facing the opposite wall and allowed to explore the two similar
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objects for 10 min. One hour later (test phase), the rats were returned to
the chamber and allowed to explore for 5 min, with one of the familiar
objects and a novel object present. Between trials, the objects and
chamber were cleaned with 75 % alcohol to minimize odor-based cues.
Behaviors were recorded via video tracked and analyzed using TopScan
3.0 software (CleverSys, Inc.). Analysis was conducted based on the
objects toward which they oriented their noses, within a 2 cm range. The
discrimination index was calculated by dividing the time spent
exploring the novel object by the total time spent exploring both objects
(Fig. 1F).

2.4. Immunofluorescence

Frozen brain sections were subjected to antigen retrieval using so-
dium citrate, then permeabilized with 0.25 % Triton-X100 for 15 min.
After blocking with 5 % donkey serum for 1 h at room temperature, the
sections were incubated overnight at 4 °C with primary antibodies: goat
anti-Ibal (1:500, 011-27991, Wako, Japan), rabbit anti-CD68 (1:100,
ab283654, Abcam), rabbit anti-NLRP3 (1:100, 27458-1-AP, Proteintech,
Wuhan, China), rabbit anti-GSDMD (1:100, 20770-1-AP, Proteintech,
Wuhan, China). After being washed three times with PBS, the slices were
incubated with Alexa Fluor™ Plus 488 antibody (donkey anti-goat IgG
(H + L), 1:500, A32814, Thermo Fisher Scientific, Waltham, MA, USA)
and Alexa Fluor™ Plus 647 antibody (donkey anti-rabbit IgG (H + L),
1:500, A-31573, Thermo Fisher Scientific, Waltham, MA, USA) at 37 °C
for 2 h, followed by another three washes with PBS. Subsequently, the
slices were counterstained with DAPI (Beyotime, China). Finally, the
sections were observed, and fluorescence images were captured using an
LSM 900 confocal microscope (Carl Zeiss, Germany). Microglia in the
hippocampus were quantified using ImageJ software (National In-
stitutes of Health, USA). Cell density was calculated as the number of
microglia cells divided by the total fluorescent area of the outlined area
[38].

2.5. Sholl analysis

The morphology of microglia was assessed using Imaris v10.0.0
software (Bitplane, Switzerland) for 3D reconstruction of Z-scan
confocal images and sholl analysis, as described in previous publications
[39,40]. For sholl analysis, concentric circles were drawn from the
soma, and measurements including soma volume, the number of ter-
minal points, total process length and the number of intersections per
radius (increased by 5 pm) were calculated.

2.6. Bioinformatics analysis

Hcy-related targets were searched using the Comparative Tox-
icogenomics Database (http://ctdbase.org/) with “Homocysteine” as
the search term [41]. The targets associated with Alzheimer’s disease
(AD) were obtained by searching the GeneCards database (http://www.
genecards.org/) using the term “Alzheimer’s disease” [42]. Overlapping
genes between Hcy and AD were identified using the Venny 2.1.0
database (https://bioinfogp.cnb.csic.es/tools/venny/). Bubble plots
depicting the top 10 relevant KEGG pathways were generated using the
“ClusterProfiler (4.6.0)” software package in R (version 4.2.2).

The gene expression microarray dataset of human hippocampus re-
gions in AD was collected from the Gene Expression Omnibus
(GSE36980). The GSE36980 dataset included 7 hippocampus samples
from AD patients and 10 hippocampus samples from healthy control
individuals. The dataset was analyzed using the R (version 4.2.2) soft-
ware package “limma (3.54.1)".

2.7. mPA dot blot assay

The experiments were conducted as previously reported [43]. The
mRNA samples of 50, 100 and 200 ng were denatured via heating at
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65 °C for 5 min. Subsequently, 2 pL of denatured mRNA samples were
spotted onto an Amersham Hybond N* membrane (GE Healthcare,
USA). The membranes were crosslinked using UV for 5 min, followed by
blocking with 5 % BSA for 1 h. They were then incubated overnight at
4 °C with rabbit anti-m®A antibody (1:1000, Abcam, ab284130). Then,
the membranes were incubated with HRP-conjugated goat anti-rabbit
IgG (1:10000) for 1 h at room temperature. The blots were visualized
using enhanced chemiluminescence. Additionally, another membrane
was stained with a solution of 0.02 % methylene blue in 0.3 M sodium
acetate (pH 5.2) for 1 h to ensure consistency among different groups.

2.8. Methylated RNA immunoprecipitation (MeRIP) qPCR assay

MeRIP-qPCR assay was performed to detect m®A modifications in
individual gene transcripts using the BersinBio™ Methylated RNA
Immunoprecipitation (MeRIP) Kit (BersinBio, #Bes5203), as per the
manufacturer’s recommendation. Total RNAs were fragmented and then
incubated with m®A antibody for 2 h at 4 °C with continuous rotation.
Subsequently, they were incubated with prewashed Protein A/G Mag-
netic Beads for 1 h at 4 °C. Following immunoprecipitation, the
enrichment of mRNA containing m®A modifications was examined using
qRT-PCR.

2.9. mRNA stability assays

The stability of NLRP3 mRNA was evaluated by treating HMC3 cells
with actinomycin-D (10 pg/mL, Sigma, SBR0O0013) for 0, 2, 4, 6, or 8 h,
following the previously described method [44]. Total RNAs were
extracted and examined by qRT-PCR assay, with normalization to the
values of the 0-h group.

2.10. Lentivirus construction and transfection

Lentiviral short hairpin RNA (shRNA) was used to stably silence the
expression of human YTHDF2, which was designed and purchased from
Genechem Co., Ltd. (Shanghai, China). The HMC3 cells were transfected
by lentivirus particles according to the manufacturer’s instructions.
Subsequently, HMC3 cells were selected with medium containing 2 pg/
mL of puromycin. The transduced cells were validated by qRT-PCR and
western blotting.

2.11. Statistical analysis

Data were expressed as mean =+ standard error of mean (SEM). All
statistical analyses were performed using SPSS 25.0 software (SPSS Inc.,
Chicago, IL, USA). The two-tailed paired t-test was used to compare the
means of two groups, and a one-way analysis of variance was used for
multiple comparisons among different groups. Statistical significance
was considered as follows: *p < 0.05, **p < 0.01.

More methods were described in the Supplementary information.

3. Results
3.1. Betaine alleviated cognitive impairment induced by Hcy

To investigate the effect of betaine on cognitive function, we eval-
uated learning and memory abilities by the Y maze (Fig. 1B) and NOR
test (Fig. 1C). The heatmaps revealed differences in exploratory
behavior among the groups during the Y maze test (Fig. 1D). The Hcy
group exhibited a significantly reduced time and percentage of move-
ment distance in the novel arm, as opposed to the control group.
Conversely, the betaine group showed a significant and definite ten-
dency toward exploring the novel arm compared with the Hey group, as
evidenced by increased in both time and distance of movement of the
novel arm (Fig. 1E-F). Additionally, the heat map showed the preference
for familiar and novel objects during the test phase (Fig. 1G). Hcy group
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Fig. 2. Betaine alleviated microglial activation. (A) Representative images of Ibal show the skeleton of microglia in the hippocampus among three groups, scale bar
= 20 pm, 20x magnification (n = 4). (B-D) Quantitative analysis of soma volume, total process length, and total terminal points (n = 4). (E-H) Quantification of the
number of intersections of projections in the sholl analysis (n = 4). (I-K) Representative confocal images of Ibal and CD68 in the hippocampus among three groups,
scale bar = 20 pm, 20x magnification (n = 4). (L-M) Quantitative analysis of Ibal™ cells area and density in the three groups (n = 4). (N) Quantification of
Ibal*CD68" cell numbers among the different groups (n = 4). Data were analyzed one-way analysis of variance followed for multiple comparisons. Data are

presented as mean + SEM. *p < 0.05, **p < 0.01.
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Fig. 3. Betaine inhibited microglial pyroptosis in the hippocampus region. (A) The overlapping targets of Hcy-related genes in AD. (B) KEGG enrichment analysis of
those overlapping genes. (C-D) The expression of NLRP3 and GSDMD in the hippocampus of AD patients from GSE36980 datasets (AD patients, n = 7; non-AD
patients, n = 10). (E-J) Representative confocal images of Ibal and NLRP3, Ibal and GSDMD in the hippocampus (CAl, CA3 and DG region) among three
groups, scale bar = 20 pm, 20 x magnification (n = 4). (K-L) Quantification of Ibal*NLRP3™ or Ibal "GSDMD ™" cell numbers in the hippocampus (CA1, CA3 and DG)
among the different groups (n = 4). (M — U) The protein expression of NLRP3, ASC, pro-caspase-1, cleaved-caspase-1, GSDMD, GSDMD-N, IL-18 and IL-1p in the
hippocampus among three groups was detected by western blot (n = 3). Data were analyzed by two-tailed paired t-test or one-way analysis of variance followed for

multiple comparisons. Data are presented as mean + SEM. *p < 0.05, **p < 0.01.

significantly decreased in the time spent exploring the novel object and
discrimination index compared with the control group. In contrast,
betaine supplementation showed a significant preference for the novel
object (Fig. 1H-I). These results indicated that betaine could ameliorate
cognitive impairment induced by Hcy.

3.2. Betaine attenuated brain injury

To assess the effect of betaine on neuronal damage, we further
observed the pathological changes in the hippocampal CA1, CA3 and DG
regions by Nissl staining and H&E staining. Neurons in the control group
exhibited tightly arranged morphology with intact structures, clear
nucleoli, and no noticeable loss of neurons. In the Hey group, a decrease
in the number of neurons was observed, accompanied by a sparse
arrangement, cellular shrinkage, cell membrane rupture, and intensified
cytoplasmic staining. Betaine exhibited neuroprotective effects, result-
ing in a rebound in the number of neurons and improving their
arrangement and hierarchy (Fig. 1J). The structure and shape of CA1,
CA3 and DG regions in the control group exhibited a normal appearance,
characterized by well-arranged neuronal cells and clearly visible nuclei.
In the Hcy group, an increase in intercellular spaces was observed,
accompanied by disordered cell morphology, vacuolization and edema
of cells, and irregular, shriveled, and condensed nuclei. Betaine could
ameliorate Hcy-induced neuronal damage. The cell morphology was
basically regular, and the number of neurons was increased (Fig. 1K).
These results demonstrated that betaine ameliorated the pathological
damage caused by Hcy.

Then, the severity of brain injury was further assessed by measuring
the levels of S-100p and NSE. The Hcy group exhibited a significant
increase in S-100p and NSE levels compared with the control group,
while the betaine group showed a decrease in S-100p and NSE levels
(Fig. 1L-M). Additionally, after the administration, betaine treatment
significantly reduced the IL-1p and IL-18 levels (Fig. 1N-O). These re-
sults indicated that betaine had the potential to attenuate brain injury
induced by Hcy.

3.3. Betaine ameliorated microglial activation

Microglia constantly monitor the microenvironment and rapidly
activate in response to changes in brain environment. Consequently, our
specific focus was to investigate the potential of betaine in mitigating
microglial activation induced by Hcy. As shown in Fig. 2A, microglia in
the hippocampus experienced morphological alterations in the Hcy
group, characterized by shorter, thicker and sparsely branched pro-
cesses, and enlarged soma. These changes were ameliorated by betaine.
Betaine also exhibited a tendency to reduce soma volume compared
with the Hcy group (Fig. 2B). Moreover, sholl analysis results revealed
that betaine effectively increased total process length (Fig. 2C), total
terminal points (Fig. 2D) and number of intersections (Fig. 2E-H).

Additionally, activated microglia were identified through the co-
localization of Ibal and CD68, a phagocytic marker strongly expressed
in activated microglia [45]. Immunofluorescent double staining was
performed to detect the expression of CD68 in activated microglia in the
hippocampus region (Fig. 2I-K). The results demonstrated that betaine
inhibited the increase in Ibal™ cells area (Fig. 2L) and microglia density
induced by Hcy (Fig. 2M), while also reducing the number of
IbaltCD68™ cells (Fig. 2N). These findings showed that betaine sup-
pressed microglial activation induced by Hcy.

3.4. Betaine alleviated microglial pyroptosis by suppressing the NLRP3/
caspase-1/GSDMD pathway

To predict the pathways by which Hcy causes cognitive impairment,
we identified 196 target genes associated with both Hecy and AD
(Tables S1-3) (Fig. 3A). KEGG analysis indicated that the NOD-like re-
ceptor signaling pathway plays an important role in Hcy-induced AD
(Fig. 3B). NOD-like receptors (including NLRP3) are regarded as critical
regulatory targets in inflammatory diseases [46,47]. Furthermore, our
analysis revealed that the expression of NLRP3 was upregulated in the
hippocampus of AD patients from the GSE36980 dataset (Fig. 3C). These
findings suggested a close association between NLRP3 upregulation and
cognitive impairment induced by Hcy.

NLRP3 is predominantly expressed in microglia [48]. The NLRP3
inflammasome-activated caspase-1 cleaves GSDMD, generating gasder-
min D N-terminal (GSDMD-N), which serves as the effector molecule in
pyroptosis [49]. In the hippocampus of AD patients (GSE36980), there
was a significant increase in the level of GSDMD (Fig. 3D). Immuno-
fluorescence staining revealed that betaine treatment mitigated micro-
glial pyroptosis in the CAl, CA3, and DG regions induced by Hcy
(Fig. 3E-J), as evidenced by a reduction in the number of Ibal *NLRP3*
double-labeled cells (Fig. 3K) and Ibal"GSDMD™ double-labeled cells
(Fig. 3L). Consistent with the immunostaining results, betaine treatment
suppressed the expression of NLRP3, ASC, pro-caspase-1, cleaved-cas-
pase-1, GSDMD, GSDMD-N, IL-18, and IL-1§ proteins (Fig. 3M — U). The
results indicated that betaine might inhibit Hcy-induced microglial
pyroptosis by inhibiting the NLRP3/caspase-1/GSDMD  signaling
pathway.

Further confirmation was obtained regarding the inhibitory effect of
betaine on Hcy-induced microglial pyroptosis. We used MCC950, which
specifically inhibits NLRP3 activation [50]. As shown in Fig. 4A-C,
subsequent experiments were designed as follows: HMC3 cells were
pretreated with betaine (10 mM) or MCC950 (10 uM) for 4 h, followed
by Hcy (2 mM) treatment for 24 h. Pretreatment with betaine increased
cell viability in Hey-induced HMC3 cells (Fig. 4D). Pretreatment with
betaine resulted in a reduction in the ROS level compared to the Hcy
group (Fig. 4E-F). TEM results revealed that betaine treatment effec-
tively mitigated the typical plasma membrane bubbles and membrane
ruptures associated with pyroptosis induced by Hcy (Fig. 4G). Betaine
pretreatment reversed the significant increase in the levels of LDH
release in the culture supernatant (Fig. 4H), indicating inhibition of
Hcy-induced plasma membrane rupture and leakage. Betaine also could
inhibit the rate of pyroptotic cell pyroptosis induced by Hey (Fig. 41-J).
Meanwhile, betaine reduced the inflammatory cytokines IL-1p and IL-18
in the culture supernatant (Fig. 4K-L). Moreover, qRT-PCR and western
blot results showed that betaine treatment inhibited the
NLRP3/caspase-1/GSDMD pathway (Fig. 4M-V). Meanwhile, pretreat-
ment with MCC950 reversed all of these effects and suppressed pyrop-
tosis induced by Hcy. Therefore, betaine inhibited Hcy-induced
microglial pyroptosis by suppressing the NLRP3/caspase-1/GSDMD
pathway.

3.5. Betaine protected neurons from microglia-mediated damage

It has been reported that microglia activation-mediated inflamma-
tory responses lead to neuronal damage and neurodegenerative diseases
[51]. Therefore, we explored whether the protective effect of betaine on
neurons was mediated by inhibiting pro-inflammatory cytokines
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Fig. 4. Betaine suppressed microglial pyroptosis in HMC3 cells. (A-D) HMC3 cells were treated with different concentrations Hcy, betaine or MCC950 and examined
for cell viability. (E-F) Representative fluorescence images and intensity of ROS in HMC3 cells under different treatment groups, scale bar = 50 pm, 10x magni-
fication. (G) Representative TEM images showing morphological changes of HMC3 cells under different treatments. (H) Release of LDH in HMC3 cells under different
treatments. (I-J) Flow cytometry analysis of HMC3 cells pyroptosis in different treatment groups, stained by Annexin V-FITC and PI. (K-L) ELISA analysis of IL-18 and
IL-1B levels in HMC3 cells. (M) The heat map showed the mRNA changes of NLRP3, ASC, pro-caspase-1, cleaved-caspase-1, GSDMD, GSDMD-N, IL-18 and IL-1§ in
HMCS3 cells. (N-V) Western blot analysis of protein levels for NLRP3, ASC, pro-caspase-1, cleaved-caspase-1, GSDMD, GSDMD-N, IL-18 and IL-1p in HMC3 cells. Data
were analyzed by one-way analysis of variance followed by multiple comparisons. Data are presented as mean + SEM. *p < 0.05, **p < 0.01.
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Fig. 5. Betaine attenuated microglia-mediated neurotoxicity. (A) Schematic diagram of the microglia-conditioned medium (CM). (B) SH-SY5Y cells were treated with
CM and examined for cell viability. (C) Release of LDH in SH-SY5Y cells under different treatments. (D-E) The cell apoptosis of different treatment groups was
examined using Flow cytometry in SH-SY5Y cells. (F-G) ELISA analysis of IL-18 and IL-1p levels in SH-SY5Y cells. (H-I) The mRNA changes of IL-18 and IL-1/ in SH-
SYS5Y cells. (J-L) The protein expression of IL-18 and IL-1f was measured by western blot assay. Data were analyzed by one-way analysis of variance followed by
multiple comparisons. Data are presented as mean + SEM. *p < 0.05, **p < 0.01.

secretion from microglia (Fig. 5A). Treatment with Hcy-CM significantly and IL-18 in the culture supernatant (Fig. 5F-G). Furthermore, both

reduced SH-SY5Y cells viability compared with Hcy alone or the su- mRNA and protein levels of IL-18 and IL-1f3 expression were increased in
pernatant of unstimulated HMC3 cells. In contrast, the Hcy-betaine-CM the Hcy and Hcy-CM groups compared with the control group, and these
group exhibited higher cell viability than the Hcy-CM group (Fig. 5B). effects were further ameliorated after the administration of

The results of the LDH release were similar to those of cell viability Hcy-betaine-CM (Fig. 5H-L). Taken together, our results suggested that
(Fig. 5C). The apoptosis rate of SH-SY5Y cells treated with Hey-CM was betaine could attenuate neuronal injury by inhibiting the release of toxic
significantly increased, while the Hcy-betaine-CM group showed a lower mediators during microglial activation.

percentage of apoptotic cells compared with the Hcy-CM group

(Fig. 5D-E). Additionally, betaine treatment reduced the levels of IL-1p
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Fig. 6. Betaine reduced the NLRP3 mRNA stability in an m6A—YTHDF2—dependent manner. (A-D) The levels of SAH, SAM and SAM/SAH ratio in serum, liver,
hippocampus and HMC3 cells were measured by HPLC-MS/MS (n = 4). (E-F) The protein expression of BHMT was measured by western blot assay in the hippo-
campus and HMCS3 cells (n = 3). (G) The m°A level of total RNA in HMC3 cells of different treatment groups was determined by m®A dot blot assay, and methylene
blue staining blot processed parallelly (loading control). (H) MeRIP-qPCR assays showed the relative percentage of NLRP3 mRNA with methylation under different
treatments. (I) The degradation rate of NLRP3 in HMC3 cells treated with actinomycin D over time via qRT-PCR assay. (J) qRT-PCR analysis of mRNA levels for
YTHDF2 and YTHDF3 in HMC3 cells. (K) Western blot analysis of protein levels for YTHDF2 in HMCS3 cells. (L) The expression of YTHDF2 in the hippocampus of AD
patients from GSE36980 datasets (AD patients, n = 7; non-AD patients, n = 10). (M — N) Results of Western blot and qRT-PCR assays showed YTHDF2 expression in
HMCS3 cells transfected with two different short shRNA-expressing lentiviruses for YTHDF2 (sh-YTHDF2#1 and (sh-YTHDF2#2) or negative controls (sh-NC). (O)
MeRIP-qPCR assays showed the relative percentage of NLRP3 mRNA with methylation in sh-NC, sh-YTHDF2#1 and sh-YTHDF2#2 HMC3 cells. (P) The degradation
rate of NLRP3 in sh-NC, sh-YTHDF2#1 and sh-YTHDF2#2 HMCS3 cells treated with actinomycin D over time via qRT-PCR assay (* Control vs Hey group; * Hey vs
Betaine group). Data were analyzed by two-tailed paired t-test or one-way analysis of variance followed by multiple comparisons. Data are presented as mean + SEM.
® #p < 0.05, ** *#p < 0.01.

<
<

3.6. Betaine increased NLRP3 mRNA mPA modification and reduced 3.8. Silencing of YTHDF2 abolished the inhibitory effect of betaine on
NLRP3 mRNA stability pyroptosis

Next, we explored the effect of betaine on methylation capacity. The Moreover, we investigated whether silencing YTHDF2 affected the
results revealed that the levels of SAH in serum, liver and hippocampus effects of betaine in alleviating pyroptosis. Silencing YTHDF2 did not
were significantly increased in the Hey group, whereas the levels of SAM improve the formation of plasma membrane bubbles and membrane
and the methylation capacity index (SAM/SAH ratio) were significantly ruptures after betaine treatment (Fig. 7A-C). Moreover, silencing
decreased. Administration of betaine decreased the levels of SAH and YTHDF2 had no significant inhibitory effect on pyroptosis in the betaine

increased SAM levels and the SAM/SAH ratio (Fig. 6A-C). Furthermore, group (Fig. 7D-I). The accumulation of LDH was observed in the betaine
betaine supplementation restored the SAM levels and the SAM/SAH group after silencing YTHDF2 (Fig. 7J-L). Furthermore, after silencing
ratio in Hey-induced HMC3 cells (Fig. 6D). This effect might be attrib- YTHDF2, the levels of IL-18 and IL-1f in the culture supernatant were
uted to the promotion of betaine homocysteine methyltransferase not significantly reduced in the betaine group (Fig. 7M-R). Moreover,
(BHMT) expression by betaine in SD rats and HMC3 cells, which pretreatment with betaine did not reduce the mRNA and protein levels
remethylates Hcy (Fig. 6E-F). These findings suggested that betaine of NLRP3, ASC, pro-caspase-1, cleaved caspase-1, GSDMD, IL-18 and IL-

could promote methylation. 1P, which were targets involved in pyroptosis, after silencing YTHDF2
Then, we assessed the global mPA levels. Dot blot analysis showed a (Fig. 7S-W). Transfection with sh-NC did not affect the effect of betaine

significant decrease in m®A levels in the Hey group compared with the on inhibiting Hcy-induced pyroptosis. These results suggested that

control group, which were restored after betaine pretreatment (Fig. 6G). betaine inhibited Hcy-induced pyroptosis through YTHDF2-mediated

Subsequently, MeRIP-qPCR assays were conducted to examine the m°A m®A methylation.

level of NLRP3. The m°A level of NLRP3 was reduced in Hey group, this

reduction was reversed by betaine pretreatment (Fig. 6H). Furthermore, 4. Discussion

we explored the impact of m®A modification on NLRP3 stability. To

block new RNA synthesis in HMC3 cells, we treated them with the Hcy is widely acknowledged as a risk factor for dementia [8].

transcriptional inhibitor actinomycin D and measured the stability of Lowering Hcy levels represents a promising strategy for preventing and

NLRP3 mRNA. The degradation rate of NLRP3 was higher in the betaine alleviating dementia. Although betaine has been shown to reduce Hcy

group compared with the Hcy group, suggesting that betaine could levels, the effects and mechanisms underlying its protective effects

reduce the stability of NLRP3 mRNA (Fig. 6I). against Hey-induced cognitive impairment remain largely unexplored.

This study revealed that betaine effectively attenuated Hcy-induced
3.7. Betaine reduced the NLRP3 mRNA stability in an m°A-YTHDF2- cognitive impairment by inhibiting microglial pyroptosis through m°A
dependent manner modification (Fig. 8). In this study, betaine concentration was 2.5 %

(w/v) and the intervention time was 14 days, which was derived from
Considering that betaine increased the m®A modification of NLRP3 published literature [52,53]. The dosage of betaine was approximately
while reduced the stability of NLRP3 mRNA, we hypothesized that 2000-2500 mg/kg body weight. Our findings suggested that betaine

betaine might exert its protective effect through YTHDF2 or YTHDF3. supplementation could be an effective approach to alleviate cognitive

Our results showed that betaine pretreatment significantly elevated the impairment induced by Hcy.

mRNA level of YTHDF2 (Fig. 6J). Additionally, the protein expression of Microglia are immune cells of the central nervous system [54], and

YTHDF2 was up-regulated in the betaine group (Fig. 6K). Interestingly, their activation is characterized by morphological changes, such as soma

we observed a significant decrease in YTHDF2 expression in the hip- enlargement and process retraction [55-57]. Microglial activation plays

pocampus of AD patients (GSE36980) (Fig. 6L). a crucial role in cognitive impairment induced by Hcy. For example,
Furthermore, we aimed to investigate whether betaine regulated the microglia exhibited a hyper-ramified morphology after Hcy treatment,

NLRP3 mRNA stability through YTHDF2. We employed shRNA- and the levels of Ibal mRNA and protein were increased in the cortex
expressing lentiviruses to silence YTHDF2 (sh-YTHDF2) or shRNA and hippocampus of the Hcy group, suggesting that microglia were
negative controls (sh-NC) in HMC3 cells (Fig. 6M — N). Our data indi- activated [13]. Additionally, Hcy increased IL-1f and TNF-a expression
cated that betaine treatment could still increase the m®A methylation in the hippocampus, accompanied by evident microglial activation in
level of NLRP3 compared with Hcy treatment in HMC3 cells transfected CBS™/" mice [58]. Our study demonstrated that betaine treatment
with sh-NC and sh-YTHDF2 (#1 and #2) (Fig. 60). Moreover, analyzing significantly reduced microglial volume and increased microglial
NLRP3 mRNA levels in the presence of betaine pretreatment revealed branching and complexity in the hippocampal region. Furthermore,
that betaine promoted the degradation of NLRP3 in sh-NC transfected betaine also decreased the Ibal area, microglial density, and the
HMC3 cells, but when YTHDF2 was silenced, the promoting effect of phagocytic lysosomal marker CD68 expression, indicating betaine could
betaine on the NLRP3 degradation was inhibited (Fig. 6P). Taken suppress microglial activation.
together, these results demonstrated that betaine attenuated NLRP3 Microglial activation triggers the release of pro-inflammatory cyto-
mRNA stability in a YTHDF2-dependent manner. kines such as TNF-a, IL-1B, IL-18 and IL-6. These cytokines result in
neuronal damage and potentially lead to brain injury [59,60].
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Fig. 7. Betaine inhibited NLRP3-mediated microglial pyroptosis in an m®A-YTHDF2-dependent manner. (A-C) Representative TEM images showing morphological
changes in sh-NC, sh-YTHDF2#1 and sh-YTHDF2#2 HMC3 cells. (D-I) Cell pyroptosis in sh-NC, sh-YTHDF2#1 and sh-YTHDF2#2 HMC3 cells, stained by Annexin V-
FITC and PI. (J-L) Release of LDH in sh-NC, sh-YTHDF2#1 and sh-YTHDF2#2 HMC3 cells. (M-R) ELISA analysis of IL-18 and IL-1f levels in sh-NC, sh-YTHDF2#1
and sh-YTHDF2#2 HMC3 cells. (S) The heat map showed the mRNA changes of NLRP3, ASC, pro-caspase-1, cleaved-caspase-1, GSDMD, GSDMD-N, IL-18 and IL-1/ in
sh-NC, sh-YTHDF2#1 and sh-YTHDF2#2 HMC3 cells. (T-W) Western blot analysis of protein levels for NLRP3, ASC, pro-caspase-1, cleaved-caspase-1, GSDMD,
GSDMD-N, IL-18 and IL-1p in sh-NC, sh-YTHDF2#1 and sh-YTHDF2#2 HMC3 cells. Data were analyzed by one-way analysis of variance followed by multiple

comparisons. Data are presented as mean = SEM. *p < 0.05, **p < 0.01.

Consequently, our investigation aimed to determine whether betaine
could suppress microglial inflammation induced by Hey. Pyroptosis, an
inflammatory form of programmed cell death, has been implicated in
the pathogenesis of various neurological diseases, such as AD, epilepsy
and stroke [61]. The typical pyroptosis pathway is mediated by
inflammasomes, such as NLRP3 [62]. Oxidative stress is the main driver
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of inflammation, and ROS can induce the activation of the NLRP3
inflammasome [63]. NLRP3 recruits the inflammasome adapter protein
ASC, which subsequently activates caspase-1, leading to the maturation
of IL-1p and IL-18 and the cleavage of GSDMD [64,65]. GSDMD-N binds
to the inner leaflet of the cell membrane and oligomerizes, forming pores
with 10-33 nm diameter. This process results in cell swelling, membrane
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microglial pyroptosis by suppressing NLRP3/caspase-1/GSDMD pathway in an m°A-YTHDF2-dependent manner and ultimately alleviate cognitive impairment

induced by Hcy.

rupture and discharge of inflammatory factors. Ultimately, it triggers
immune cell recruitment and amplifies the cascade of inflammatory
responses [66,67]. Microglia can strongly exhibit a pyroptotic response
associated with NRLP3 inflammasome activation [68].

In this study, we conducted a bioinformatics analysis and identified
NLRP3 and GSDMD as highly expressed genes in cognitive impairment
induced by Hey. Meanwhile, it was found that NLRP3 inflammasome is a
crucial target in microglia [68]. Furthermore, double immunofluores-
cence staining showed the expression of both NLRP3 and GSDMD in
microglia induced by Hey. Moreover, the Hey group exhibited high ROS
level, membrane rupture, up-regulated expression of NLRP3, ASC,
pro-caspase-1, cleaved caspase-1, GSDMD, GSDMD-N, IL-18 and IL-1p,
along with elevated IL-18, IL-1p and LDH release. However, these effects
were mitigated by betaine treatment. Our findings are consistent with
previous studies that the inhibitory effect of betaine on pyroptosis
induced by acute severe ulcerative colitis [69]. Additionally, our
conditioned medium experiments revealed that betaine could further
attenuate the neuronal damage caused by microglia-mediated inflam-
matory responses, alleviate neuronal apoptosis and inhibit the expres-
sion of inflammatory factors. This study demonstrated that betaine
prevented Hcy-induced microglial pyroptosis and protected neurons
from microglia-mediated damage.

Betaine contains three chemically reactive methyl groups, and its
methyl group is transferred to Hcy by BHMT to form methionine.
Methionine is subsequently converted into SAM, which plays a crucial
role in the methionine cycle [27]. Studies have identified the expression
of BHMT in the brain [70,71]. The SAM/SAH ratio serves as an indicator
of transmethylation potential, and its decrease predicts a decline in
cellular methylation potential [72,73]. High Hcy levels led to increased
SAH and decreased SAM/SAH ratio [74], which is consistent with our
findings in vivo and in vitro. Aberrant methylation affects cognitive
performance. In the brain of stress-induced cognitive decline SD rats,
Hcy disturbed DNA methylation, resulting in DNA hypermethylation of
the BDNF promoter and downregulation of BDNF levels [75].
Hcy-induced DNA hypomethylation leads to irreversible DNA damage
and cytotoxicity in microglia [76]. The present study showed that
betaine supplementation significantly increased SAM level, decreased
SAH level, and reduced the SAM/SAH ratio compared with the Hcy
group.

14

In recent years, RNA m®A modification, a hot topic in epigenetic
regulation, has been involved in multiple cellular processes, such as the
maturation or degradation of mRNA and protein translation [77].
Recent studies have revealed that m°®A is more abundant in the central
nervous system than in other organs [78]. In addition, mPA modification
plays a pivotal role in neurological diseases, such as AD, Parkinson’s
disease and depression [79,80]. Previous reports indicated that lead
exposure resulted in a decline in learning and memory ability in SD rats,
accompanied by a decrease in m®A level in the hippocampus. Further-
more, learning memory and m°A levels were improved after folic acid
intervention [81]. LPS-induced microglial activation and inflammatory
responses were potentially mediated by enhanced m®A methylation and
stability of Gbp11 and Cp mRNA through IGF2BP1 [82]. m®A modifi-
cation may be a significant regulator in microglial pyroptosis.

Notably, our findings demonstrated that betaine significantly
enhanced overall m®A levels. Accumulating evidence indicates a link
between m®A modification and NLRP3. In LPS-induced human astro-
cytoma 1321N1 cells, emodin reduced the expression of NLRP3 by
regulating METTL3-mediated m®A methylation, and further relieved
inflammation and pyroptosis [83]. WTAP promoted NLRP3-dependent
inflammation and pyroptosis by enhancing m®A methylation of NLRP3
mRNA in human renal tubular epithelial cells [84]. The present study
found that betaine effectively increased the m®A methylation level of
NLRP3 mRNA and reduced the stability of NLRP3 mRNA, which possibly
was regulated by the m®A reader YTHDF2.

The mPA reader is the executor of the m®A signal, and YTHDF2
directly recognizes the m®A site through its YTH domain to regulate
mRNA stability [85,86]. In our study, we observed that betaine could
promote the expression of YTHDF2. Subsequent silencing YTHDF2
showed that the effect of betaine on NLRP3 mRNA degradation was
weakened, resulting in attenuated inhibition of Hey-induced pyroptosis.
Consistent with our findings, recent studies have shown that silencing
YTHDF2 increased the expression of IL-6, TNF-a, IL-1f and IL-12,
enhanced the stability of MAP2K4 and MAP4K4 and activated MAPK
and NF-kB signaling pathways, thereby exacerbating the inflammatory
response in RAW 264.7 cells stimulated with LPS [87]. In human he-
patocellular carcinoma cell lines SMMC7721 and MHCC97H, silencing
YTHDF?2 led to severe inflammation [88]. Therefore, we speculate that
betaine alleviated Hcy-induced inflammation and pyroptosis in an
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m®A-YTHDF2-dependent manner.
5. Conclusions

In summary, our study demonstrated that betaine inhibited the
NLRP3/caspase-1/GSDMD signaling pathway in an m®A-YTHDF2-
dependent manner, further inhibiting microglial pyroptosis, ultimately
alleviating Hey-induced cognitive impairment. Betaine supplementation
may open a new therapeutic window for Hcy-induced cognitive
impairment. This study provides basis for betaine in development and
application of functional food/pharmaceuticals for improving cognitive
ability.
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