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Abstract.
Background: Microglia-driven neuroinflammation has been shown to be involved in the entire process of Alzheimer’s
disease (AD). Betaine is a natural product that exhibits anti-inflammatory activity; however, the exact underlying molecular
mechanisms are poorly understood.
Objective: Our study focused on determining the effect of betaine against amyloid-�42 oligomer (A�O)-induced inflammation
in microglial BV2 cells and investigating the underlying mechanism.
Methods: A�O was used to establish an in vitro AD model using BV2 cells. A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
2H-tetrazolium bromide assay was used to measure BV2 cell viability with different concentrations of A�O and betaine.
Reverse transcription–polymerase chain reaction and enzyme-linked immunosorbent assays were used to determine the
expression levels of inflammatory factors, such as interleukin-1� (IL-1�), interleukin-18 (IL-18), and tumor necrosis factor �
(TNF-�). Western blotting was used to evaluate the activation of the NOD-like receptor pyrin domain containing-3 (NLRP3)
inflammasome and nuclear transcription factor-κB p65 (NF-κB p65). Moreover, we used phorbol 12-myristate 13-acetate
(PMA) to activate NF-κB in order to validate that betaine exerted anti-neuroinflammatory effects through regulation of the
NF-κB/NLRP3 signaling pathway.
Results: We used 2 mM betaine to treat 5 �M A�O-induced microglial inflammation. The administration of betaine effectively
decreased the levels of IL-1�, IL-18, and TNF-� without affecting cell viability in BV2 microglial cells.
Conclusion: Betaine inhibited A�O-induced neuroinflammation in microglia by inhibiting the activation of the NLRP3
inflammasome and NF-κB, which supports further evaluation of betaine as a potential effective modulator for AD.
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INTRODUCTION

With the gradual increase in the age of the popu-
lation, the annual incidence of Alzheimer’s disease
(AD) has reached 6.48% [1]. AD is the leading
cause of dementia and places a heavy burden on
both families and society. However, AD pathogen-
esis is multifactorial and remains poorly understood.
Many studies have suggested that chronic neu-
roinflammation, especially hyperactivated microglia
and excessive production of inflammatory factors,
is strongly related to the pathogenesis of AD
[2–5]. Microglia express pattern recognition recep-
tors (PRRs) that can interact with amyloid-� (A�),
the latter of which is the main toxic protein during
the progression of AD [6]. The interaction of PRRs
with A� induces a phenotypic switch from resting to
activated microglia with a chronic inflammatory state
[7, 8]. In this state, the transcription factor-κB (NF-
κB) signaling axis is activated, and nuclear entry of
NF-κB drives classical signal transduction pathways
[9]. Studies have shown that upregulation of NOD-
like receptor pyrin domain containing-3 (NLRP3)
brings NLRP3, apoptosis-associated speck-like pro-
tein (ASC), and pro-caspase 1 proteins together to
form the NLRP3 inflammasome [10]. The activation
of NLRP3 leads to the cleavage of active caspase-1,
which further produces mature inflammatory factors
such as interleukin-1� (IL-1�), IL-18, and tumor
necrosis factor-� (TNF-�), thereby resulting in neu-
ronal damage [11].

Previous studies have revealed that targeting
microglia-driven molecular pathways can mitigate
neuroinflammation and provide reliable therapeutic
intervention for AD progression [12]. Currently, a
variety of natural products and components derived
from herbs, such as lignans, flavonoids, and tan-
nins, inhibit the activation of microglia to suppress
harmful inflammation and could be promising for
postponing the progression of AD [13]. Betaine
is commonly found in natural plants and animals,
including seafood, especially marine invertebrates,
wheat germ or bran, and spinach. Betaine is sug-
gested to be added to the diet as a supplement, which
is rapidly absorbed and utilized as an osmolyte and
source of methyl groups and thereby helps to maintain
liver, heart, and kidney health [14]. Besides, betaine
has anti-inflammatory effects. Its use has been sug-
gested for the treatment of liver inflammation [15, 16]
and acute severe ulcerative colitis [17]. Additionally,
a previous study has shown that betaine markedly
inhibits neuroinflammation in LPS-activated N9

microglia [18]. However, whether betaine can effec-
tively alleviate the inflammatory response in an AD
microglial model and the exact molecular mechanism
are unclear. Therefore, our research aimed to reveal
the effect of betaine on neuroinflammatory responses
in an amyloid-�42 oligomer (A�O)-stimulated BV2
microglial cell model and to evaluate the underlying
anti-inflammatory mechanisms in AD.

MATERIALS AND METHODS

Reagents and antibodies

Betaine (molecular formula: C5H11NO2, CAS
No.: 107-43-7, purity >98%) was procured from
Shanghai Yuanye Bio-Technology Co., Ltd, China.
A�O was purchased from China, Peptides Co.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT) was obtained from
Sigma-Aldrich, USA. The NF-κB activator phorbol
12-myristate 13-acetate [19] (PMA, a protein kinase
C activator that can induce NF-κB activation in BV2
cells; this concentration was confirmed in previous
studies; molecular formula: C36H56O8, CAS No.:
16561-29-8, purity >98%) was procured from
MedChemExpress, China. A protein quantification
(BCA assay) kit was provided by Beyotime Institute
of Biotechnology, China. Antibodies against NF-κB
p65, NLRP3, ASC, and Caspase-1 were provided by
Cell Signaling Technology (USA). Enzyme-linked
immunosorbent assay (ELISA) kits were procured
from CUSABIO Technology, China (IL-1� ELISA
kit: detection range: 31.25 pg/mL-2000 pg/mL;
IL-18 ELISA kit: detection range: 1.56 pg/mL-100
pg/mL; TNF-� ELISA kit: detection range: 15.6
pg/mL-1000 pg/mL. Kit intra-assay precision: CV%
<8%, interassay precision: CV% <10%).

Cell culture

Microglial BV2 cells (National Infrastructure of
Cell Line Resource, China) were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) (Grand
Island Biological Company, USA) containing 10%
fetal bovine serum (FBS, Sigma-Aldrich, USA) and
1% penicillin-streptomycin (Grand Island Biological
Company, USA). The microglia-containing medium
was incubated in an incubator at 37◦C and 5%
CO2. We passaged the cells once when they cov-
ered 70–80% of the culture dish. The medium was
changed once a day.
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Preparation of AβO solution

Briefly, 1 mg of A�O powder was dissolved in
DMSO to obtain a 1 mM stock solution, which was
further diluted with DMEM to a final concentration
of 5 �M. The soluble fraction was stored at –80◦C.

Cell treatment

For quantitative real-time PCR (qRT-PCR) and
ELISA, BV2 cells were randomly divided into four
groups: 1) the control group, in which cells were
starved with DMEM containing 2% FBS and 1%
penicillin–streptomycin (reduced serum medium);
2) the A�O-induced neuroinflammatory AD cell
model group, in which cells were treated with
reduced-serum medium containing 5 �M A�O; 3)
the A�O-induced neuroinflammatory AD cell model
group treated with betaine, in which cells were pre-
treated with 2 mM betaine for 2 h, and then the
medium was replaced with reduced serum medium
containing 5 �M A�O and 2 mM betaine for the
next 6 or 24 h; and 4) a group in which cells
were treated with reduced-serum medium contain-
ing 2 mM betaine. For western blotting, we set
another group to validate the production and release
of inflammatory factors through NF-κB/NLRP3 sig-
naling pathway regulation; in this group, the cells
were treated with the NF-κB activator 10 �M PMA,
5 �M A�O, and 2 mM betaine.

MTT cell viability assay

We used the MTT assay to detect BV2 cell viability
after treatment with A�O and betaine. BV2 cells in
good growth conditions (5 × 103 cells per well) were
collected and plated in 96-well plates. Subsequently,
BV2 cells were treated with different concentrations
of A�O (0, 0.2, 0.5, 1, 2, 5, 10 �M) and betaine (0, 0.1,
0.2, 0.5, 1, 2, 5, 10 mM) for 24 h. After incubation,
we removed the culture medium and added 10 �L of
5 mg/mL MTT solution to each well for 4 h of culture
at 37◦C. Then, the supernatant was discarded, 100 �L
of dimethyl sulfoxide (DMSO; Sigma-Aldrich, USA)
was added to each well, and the crystals were fully
dissolved by shaking for 5 min. We used a spec-
trophotometer (Thermo Fisher, Vantaa, Finland) to
measure the absorbance at a wavelength of 490 nm to
calculate BV2 viability. The concentrations of A�O
and betaine that had no toxic effect on BV2 cells
were used to establish the model. All experiments
were repeated three times.

Quantitative real-time PCR (qRT-PCR)

BV2 cells were plated in 6-well plates (5 × 105

cells per well), incubated with 2 mM betaine for
2 h and then stimulated with 5 �M A�O and 2 mM
betaine for 6 h. Total RNA was extracted by an
RNAprep Pure Cell/Bacteria Kit (TIANGEN Biotech
Co., Ltd, China). A PrimeScript™ RT Reagent Kit
with gDNA Eraser (Beijing Solarbio Science &
Technology Co., Ltd, China) was used for reverse
transcription to cDNA. cDNA was amplified with
TB Green® Premix Ex Taq™ II (Beijing Solarbio
Science & Technology Co., Ltd, China) in a final
volume of 20 �L. Quantitative PCR was performed
using the Step One Plus Real-time PCR System
(Applied Biosystems, Foster City, USA): preincu-
bation at 95◦C for 30 s, 40 denaturation cycles at
95◦C for 5 s, followed by annealing at 60◦C for 30 s
and 95◦C for 15 s. After the reaction, the results
were quantified by SDS software (Applied Biosys-
tems, USA) and converted into Ct values expressed
as fold changes. All experiments were repeated three
times. The primer sequences (Sangon Biotechnology,
China) used for amplification of cDNA from each
group are shown in Table 1.

Western blotting

We used a western blotting assay to qualitatively
evaluate pathway protein expression. BV2 cells in a
good growth state were inoculated into 6-well plates
(5 × 105 cells per well). When the cells were 80%
confluent, the medium was replaced with medium
containing 2 mM betaine with or without 10 nM
PMA. After 2 h, we added 5 �M A�O to stimu-
late the cells for 24 h. Radioimmunoprecipitation
assay (RIPA) lysis buffer, phosphatase inhibitors,
and protease inhibitors were used to lyse the cells.
Specifically, NF-κB was extracted with a Nuclear
and Cytoplasmic Protein Extraction Kit, an extraction
kit purchased from Beyotime Institute of Biotechnol-
ogy (China). The concentrations of the proteins were
determined using BCA. Proteins were separated and
transferred to polyvinylidene fluoride (PVDF) mem-
branes using sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) with different con-
centrations corresponding to the target protein. In the
presence of 5% nonfat milk at room temperature for
two hours, the membranes were blocked and then
incubated with primary antibodies against NLRP3
(1:1000), caspase-1 (1:1000), ASC (1:800), NF-κB
p65 (1:1000), GAPDH (1:5000, Abcam), and PCNA
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Table 1
PCR primer sequences used

Gene target Forwards sequence (5’-3’) Reverse sequence (5’-3’)

TNF-� TGCACCACCATCAAGGACTCAA GACAGAGGCAACCTGACCACTC
IL-1� TTTCCTCCTTGCCTCTGATGGG CCACACGTTGACAGCTAGGTTC
IL-18 ACGTGTTCCAGGACACAACA GGCGCATGTGTGCTAATCAT
GAPDH GAAGGGCATCTTGGGCTACAC GTTGTCATTGAGAGCAATGCCA

(1:3000, Proteintech), which were diluted at the con-
centrations recommended in the instructions, at 4◦C
overnight. After full washing with Tris-HCl buffer
and 0.1% Tween 20, the membranes were incubated
with secondary antibodies at room temperature for
2 h. Finally, the washed film was placed on the den-
sitometric scan, and ECL western blotting reagents
were added to visualize the protein signals. GAPDH
was used as an internal reference. Protein band den-
sities were quantified using ImageJ (ImageJ version
1.51e, National Institutes of Health, USA). We per-
formed three independent replicates for each target
protein.

ELISA

The expression levels of the inflammatory factors
IL-1�, IL-18, and TNF-� were quantitatively deter-
mined by ELISA. BV2 cells in a good growth state
were inoculated into 6-well plates (5 × 105 per well).
At 80% confluence, after pretreatment with 2 mM
betaine for 2 h, the cells were cultured in DMEM
containing 5 �M A�O and 2 mM betaine for the next
24 h. After centrifugation for 5 min at 20,000 rpm,
100 �L samples were prepared with reagents and
standards as instructed. Then, 100 �L of standard or
sample was added to each well, and the plate was
incubated at 37◦C for 2 h. After removing the liquid
from each well without washing, 100 �L of biotin-
conjugated antibody was added to each well, and
the plate was incubated at 37◦C for 1 h. The liquid
was aspirated, and each well was washed 3 times.
Then, 100 �L HRP-avidin was added to each well,
and the plate was incubated at 37◦C for 1 h. After
aspirating and washing the plates 5 times, 90 �L of
TMB substrate was added to each well, and the plate
was incubated for 15–30 min at 37◦C in the dark.
The reaction was stopped with stop solution. A spec-
trophotometer was used to measure the absorbance at
a wavelength of 450 nm. Based on the standard curve,
the sample values were calculated. Every sample was
assayed in triplicate.

Statistical analysis

Three independent replicate experiments were
conducted to determine the mean ± standard devi-
ation (SD). The normality of data distribution was
assessed using the Shapiro–Wilk test. The statisti-
cal significance of differences among groups was
determined by one-way analysis of variance (one-
way ANOVA) and Tukey’s post hoc test for normally
distributed data. Bonferroni correction was used
to analyze nonnormally distributed data. We used
GraphPad Prism version 8.0.1 (GraphPad Prism
Software, Inc., USA) for all statistical analyses. Dif-
ferences with p < 0.05 were considered statistically
significant.

RESULTS

Effects of betaine and AβO on the activation of
BV2 cells

To establish an AD cell model to simulate the
mechanism of neuroinflammation, the MTT assay
was used to determine the most suitable concentra-
tions of A�O and betaine. To avoid drug cytotoxicity
and to maximize the pharmaceutical effect, we chose
the maximum concentrations of A�O and betaine that
had no marked influence on the activation of BV2
cells. The results are shown in Fig. 1. Concentrations
of betaine below 5 mM did not significantly reduce
BV2 cell viability; thus, 2 mM was selected as the
therapeutic concentration of betaine for subsequent
experiments (Fig. 1A). To establish a more stable and
suitable inflammatory AD cell model and to avoid
causing cell death, we selected a concentration of
5 �M A�O to stimulate BV2 cells (Fig. 1B).

Betaine inhibited the AβO-induced production of
inflammatory factors in BV2 cells

We used qRT-PCR to detect the mRNA levels of
the inflammatory factors IL-1�, IL-18, and TNF-
� in each group, and the results are shown in
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Fig. 1. Effects of betaine and A�O on the activity of BV2 cells. After 24 h of treatment with (A) betaine or (B) A�O, MTT assays confirmed
BV2 cell viability. The data were collected from three independent experiments (n = 3). ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001 versus the control group.

Fig. 2. We found that after 5 �M A�O treatment,
the mRNA levels of IL-1�, IL-18, and TNF-� were
significantly increased to 1.68 (Fig. 2A, p = 0.0006),
2.08 (Fig. 2B, p = 0.0017), and 1.50 times (Fig. 2C,
p = 0.0029) compared with those in the control
group and were significantly reduced to 67.24%
(Fig. 2A, p = 0.0025), 54.54% (Fig. 2B, p = 0.0038),
and 68.54% (Fig. 2C, p = 0.0040) in the betaine-
pretreated group, respectively.

Then, we further used ELISA to quantify the
changes in these inflammatory factors (Fig. 3). We
found that the release of IL-1�, IL-18 and TNF-
� was dramatically elevated to 1.96, (Fig. 3A,
p = 0.0004), 3.77 (Fig. 3B, p = 0.0002), and 2.68
(Fig. 3C, p < 0.0001) with treatment of A�O, respec-
tively, compared with that in the control group;
however, the administration of betaine significantly
decreased the release of these cytokines to 70.47%
(Fig. 3A, p = 0.0104), 60.03% (Fig. 3B, p = 0.0119),
and 50.86% (Fig. 3C, p < 0.0001) in the betaine-
pretreated group. Both qRT-PCR and ELISA results
showed that the betaine-treated group and the control
group were not significantly different.

Betaine can attenuate the activation of the
NLRP3 inflammasome in AβO-treated BV2 cells

It is well known that the NLRP3 inflammasome is
a key protein in proinflammatory cytokine transcrip-
tional regulation. To further reveal the mechanism
of the neuroprotective effect of betaine, we used
western blotting to verify the protein levels of the
NLRP3/caspase-1-related pathway (Fig. 4). Com-
pared with the control group, A�O promoted the

expression of NLRP3 (Fig. 4A), caspase-1 (Fig. 4B),
and ASC (Fig. 4C) in microglia, while betaine pre-
treatment inhibited the promotion effect of A�O
on the expression of NLRP3 (Fig. 4A), caspase-1
(Fig. 4B), and ASC (Fig. 4C). In addition, NLRP3,
caspase-1 and ASC protein expression in BV2 cells
treated with 10 nM PMA [20] was significantly
increased compared to that in the betaine-pretreated
A�O group (Fig. 4). Our results demonstrated that
the levels of NLRP3, ASC and caspase-1 were
increased during A�O-induced microglial inflamma-
tion, which further suggested that the increased level
of the inflammatory complex leads to the activation of
caspase-1 and the subsequent cleavage of the inflam-
matory cytokines IL-18 and IL-1�.

Betaine attenuated the activation of the NF-κB
pathway in AβO-treated BV2 cells

We investigated whether betaine could regulate
NF-κB pathway activation in BV2 cells (Fig. 5), as
the NF-κB pathway is involved in regulating NLRP3
inflammasome activation. Figure 5 show that after
treatment with A�O, the expression of NF-κB p65
in the cytoplasm of microglia was lower than that in
the control group, which suggested that A�O signif-
icantly promoted NF-κB p65 nuclear translocation;
however, this response was suppressed by betaine.
The above data indicated that betaine inhibited the
activation of the NLRP3 inflammasome as well as
the NF-κB pathway when used to suppress inflam-
mation, which is the upstream signaling pathway of
the NLRP3 inflammasome and can regulate NLRP3
inflammasome activation, in A�O-treated BV2 cells.
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Fig. 2. Effect of betaine on A�O-induced inflammatory cytokine production in BV2 cells. A–C) The mRNA levels of IL-1�, IL-18, and
TNF-� were analyzed by qRT-PCR. The data were collected from three independent experiments (n = 3). ∗∗p < 0.01, ∗∗∗p < 0.001 versus the
control group. ##p < 0.01 versus the A�O group.

Fig. 3. The levels of IL-1�, IL-18, and TNF-� in the supernatant were determined by ELISA. The data were collected from three independent
experiments (n = 3). ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001 versus the control group. #p < 0.05, ####p < 0.0001 versus the A�O group.

DISCUSSION

In our study, betaine suppressed NLRP3 inflamma-
somes and NF-κB to reduce the levels of IL-1�, IL-
18, and TNF-�. Betaine mitigated A�O-associated
neuroinflammation in microglial cells. This is the
study to identify the anti-neuroinflammatory effect
and the exact molecular mechanism of betaine in a
microglial model of AD. This effect resulted from
the inhibition of inflammation mediated through the
NF-κB/NLRP3 pathway. As a result of these studies,

new therapeutic candidates and targets for AD can be
identified.

The characteristics of AD-related neuroinflamma-
tion include reactive microglia around A� plaques
[21]. A� plaques bind to different PRRs to induce
microglial activation and inflammatory responses
[22, 23]. Microglial overactivation may result in ele-
vated levels of receptors on cell surfaces, as well as
increased expression of cytokines and chemokines,
which induce inflammation. Numerous studies have
confirmed that proinflammatory mediators produced
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Fig. 4. Betaine attenuates activation of the NLRP3 inflammasome in A�O-treated BV2 cells. A–C) Determination of NLRP3, caspase-1
and ASC protein levels. The data were collected from three independent experiments (n = 3). ∗p < 0.05, ∗∗p < 0.01 versus the control group.
#p < 0.05 versus the A�O group. &p < 0.05 versus the A�O+betaine group.

by the activation of microglia have neurotoxic
effects and disrupt synaptic activity, consequently
leading to cognitive deficits and neurodegenera-
tion [24–27]. Thus, we selected the BV2 cell line
treated with A�O, which is a known inducer of
neuroinflammation, as an in vitro model of AD for
simulating microglial activation. Our results showed
that treatment with 5 �M A�O effectively activated
microglia and induced inflammatory responses with-
out microglial cell death, consistent with previous
studies [28, 29].

What is the fundamental process by which betaine
has anti-neuroinflammatory effects? The NF-κB p50
and p65 subunits make up the homodimeric or het-
erodimeric protein complex known as the NF-B
complex. The NF-κB dimers p50 and p65 are kept
dormant in the cytoplasm and in complexes with IκB
family inhibitor proteins under physiological circum-
stances [30]. The phosphorylation and degradation
of IκB in AD is mediated by long-term activation
of PRRs, which also permits the NF-κB p65 sub-
unit to enter the nucleus and bind to a particular
DNA consensus sequence, increasing the inflamma-
tory response to A� [31]. Our research demonstrated
that A�O enhanced the nuclear levels of NF-κB (p65)

in BV2 cells but that NF-κB (p65) expression was
lowered in the cytoplasm, leading to nuclear translo-
cation of NF-κB (p65). Betaine treatment at a 2 mM
concentration reduced the nuclear translocation of
NF-κB. Additionally, the inhibitory effect of betaine
on the NF-κB pathway was greatly reduced by treat-
ment with PMA (10 nM), an activator of this system.
This further validated that betaine inhibited neuroin-
flammation by suppressing NF-κB activation in BV2
cells exposed to A�O.

A sizable cytosolic multiprotein complex called
the NLRP3 inflammasome is composed of caspase-
1, NLRP3, and ASC [32]. Studies have shown that
microglia express NLRP3 at a higher level than neu-
rons and astrocytes and that A�O can effectively
cause inflammasome activation [33]. When PRRs
bind to A� during AD, the NLRP3 inflammasome
assembles and is activated by NF-κB activation in
microglia, which results in the activation of caspase-
1-mediated inflammatory responses [34], including
the cleavage and noncanonical secretion of the proin-
flammatory cytokines IL-1� and IL-18 [35] and
initiation of an inflammatory form of cell death
known as pyroptosis [36]. Recent research revealed
that in both severe and mild AD patients, the mRNA
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Fig. 5. Betaine attenuates the activation of the NLRP3 inflammasome and the NF-κB pathway in A�O-treated BV2 cells. Cytoplasmic
(A) and nuclear NF-κB (p65) (B) levels were analyzed by western blotting. The data were collected from independent experiments (n = 3).
∗∗p < 0.01, ∗∗∗p < 0.001 versus the control group. ###p < 0.001 versus the A�O group. &p < 0.05, &&p < 0.01 versus the A�O+betaine group.

levels of the inflammasome components NLRP3 and
caspase-1, as well as the downstream effectors IL-1
and IL-18, were upregulated [37]. Genetic research
using Nlrp3 or Casp1 knockout mice has also shown
that NLRP3 inflammasome deficits prevent APP/PS1
mice from cognitive decline and amyloid deposition
[38]. An earlier study showed that the activation of
NLRP3 inflammasome genes was reduced by betaine
in the livers of diabetic mice [39]. Mechanistically,
the authors suggested that betaine indirectly acti-
vated PKB/Akt, which resulted in forkhead box O1
(FOXO1) inactivation via phosphorylation of acti-
vated FOXO1 to induce its transfer from the nucleus
into the cytoplasm [40]; decreased expression of
thioredoxin interacting protein, which functions as
an endogenous inhibitor of ROS-scavenging proteins
[41]; and decreased ROS, leading to inhibition of
the NLRP3 inflammasome. Hence, experts speculate
that betaine inhibits inflammation factor process-
ing by blocking NLRP3 inflammasome activation
directly or through the IRS-1/PKB/Akt/FOXO1 sig-

naling pathway to prevent activation of NLRP3
indirectly. The pathway of the NF-κB and NLRP3
inflammasome controls genes encoding proinflam-
matory cytokines [14]. In an early study on aged
kidneys, researchers found that betaine can suppress
NF-κB activity and the expression of inflammatory
factor genes, such as TNF-� and IL-1 [42], and
increasing numbers of in vitro and in vivo studies
have demonstrated that betaine inhibits inflammatory
cytokine production by dampening NF-κB activation
[43]. Moreover, activated caspase-1 in the canoni-
cal inflammasome complex is the most extensively
identified mechanism for IL-1� and IL-18 process-
ing, and there are currently no lines of evidence
(direct or indirect) regarding the effects of betaine on
inflammasome-independent sources of proinflamma-
tory cytokines [43]. The above results are similar to
ours. Our research demonstrated that A�O increased
the expression of NLRP3, caspase-1, and ASC in
microglia, and betaine intervention greatly decreased
the expression of these proteins, hence lowering the
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Fig. 6. Schematic diagram of the anti-neuroinflammatory mechanisms of betaine. A�O can bind to PRRs on the surface of microglia,
promote NF-κB translocation into the nucleus, and trigger NLRP3, TNF-�, pro-IL-1�, and pro-IL-18 transcription and expression, which
promotes NLRP3 inflammasome activation. The NLRP3 inflammasome then interacts with ASC to induce caspase-1 cleavage and maturation.
Betaine simultaneously inhibits NF-κB and NLRP3 to exert anti-neuroinflammatory effects and reduce the production of IL-1� and IL-18
in microglial cells.

release of mature IL-18 and IL-1� in the follow-
ing steps. This finding further demonstrated that
betaine plays an anti-neuroinflammatory role by
inhibiting A�O-induced NLRP3 inflammasome acti-
vation in microglia, thereby inhibiting the production
of downstream inflammatory factors. In addition,
PMA reduced the inhibitory effect of betaine on
the NLRP3 inflammasome, indicating that NF-κB
inhibits microglial activation by meditating the down-
stream NLRP3 signaling pathway (Fig. 6).

A previous study showed that betaine reduced
A�O-induced degeneration in an AD model of
the nematode Caenorhabditis elegans by lowering
homocysteine levels [44]. Recently, Ibi et al. found
that betaine intake prevented the development of cog-
nitive impairment in 3xTg mice and suppressed the
expression of genes involved in synapses and antiox-
idant activity in the hippocampi of 3xTg mice [45],
prompting a further investigation into the possible
mechanisms involved. The NLRP3 inflammasome
and several of its upstream signaling pathways, such
as the NF-κB signaling pathway, provide promis-
ing pharmacological targets for AD. Many traditional

Chinese medicine monomers, such as baicalin [46],
mangiferin [47], and stigmasterol [48], have been
explored in in vivo and in vitro AD models. It has
been proven that many traditional Chinese medicine
monomers with anti-inflammatory properties can
suppress the activation of the NLRP3 inflammasome
by suppressing the NF-κB signaling pathway and
then mitigate chronic neuroinflammation. Our results
are consistent with the few available studies that have
demonstrated that betaine suppresses A�-induced
neuroinflammation [49]. We first proposed and ver-
ified the inhibitory effect of betaine on NF-κB and
the NLRP3 inflammasome in an AD inflammatory
model in vitro.

The main limitation of our study is that it was
carried out in a cell model of neuroinflammation in
microglia. Whether betaine has a therapeutic effect on
cognitive impairment in vivo and a neuroprotective
effect in neurons needs further verification. Previ-
ous studies have confirmed that persistent activation
of the NLRP3 inflammasome triggers microglial
dysfunction and reduces autophagy and mitophagy,
which forms a vicious feedback loop of A� depo-
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sition, tau accumulation, and microglial activation
[50]. Mueed et al. also reported that betaine supple-
mentation induces autophagy, thereby inhibiting the
accumulation of A� [51]. However, whether betaine
can affect tau and autophagy by inhibiting NLRP3
inflammasome activation in the AD model will be
explored in the future.

Conclusion

In conclusion, our research shows that betaine
can reduce the transcription and expression of
inflammatory factors produced by A�O-induced
microglial activation. Furthermore, betaine inhibits
the NLRP3 inflammasome by downregulating NF-
κB. Therefore, betaine can hinder the chronic
neuroinflammatory response induced by A�O, sug-
gesting that betaine could be used to prevent and treat
AD.
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