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Purpose: Neuroinflammation occurs in response to central nervous system (CNS) injury, infection, stimulation by toxins, or 
autoimmunity. We previously analyzed the downstream molecular changes in HT22 cells (mouse hippocampal neurons) upon 
lipopolysaccharide (LPS) stimulation. We detected elevated expression of Fibrillarin (FBL), a nucleolar methyltransferase, but the 
associated proinflammatory mechanism was not systematically elucidated. The aim of this study was to investigate the underlying 
mechanisms by which FBL affects neuroinflammation.
Methods: RT-real-time PCR, Western blotting and immunofluorescence were used to assess the mRNA and protein expression of 
FBL in HT22 cells stimulated with LPS, as well as the cellular localization and fluorescence intensity of FBL. BAY-293 (a son of 
sevenless homolog 1 (SOS1) inhibitor), SR11302 (an activator protein-1 (AP-1) inhibitor) and KRA-533 (a KRAS agonist) were used 
to determine the molecular mechanisms underlying the effect of FBL. AP-1 was predicted to be the target protein of FBL by molecular 
docking analysis, and validation was performed with T-5224 (an AP-1 inhibitor). In addition, the downstream signaling pathways of 
FBL were identified by transcriptome sequencing and verified by RT-real-time PCR.
Results: LPS induced FBL mRNA and protein expression in HT22 cells. In-depth mechanistic studies revealed that when we 
inhibited c-Fos, AP-1, and SOS1, FBL expression decreased, whereas FBL expression increased when KRAS agonists were used. In 
addition, the transcript levels of inflammatory genes in the NF-kB signaling pathway (including CD14, MYD88, TNF, TRADD, and 
NFKB1) were elevated after the overexpression of FBL.
Conclusion: LPS induced the expression of FBL in HT22 cells through the RAS/MAPK signaling pathway, and FBL further 
activated the NF-kB signaling pathway, which promoted the expression of relevant inflammatory genes and the release of cytokines. 
The present study reveals the mechanism by which FBL promotes neuroinflammation and offers a potential target for the treatment of 
neuroinflammation.
Keywords: FBL, neuroinflammation, LPS, molecular docking, transcriptome sequencing

Introduction
Inflammation is a response to damage or trauma to or infection of cells or tissues, and inflammation that occurs in the 
brain is called neuroinflammation. Neuroinflammation is an immune response characterized by overactivation of glia in 
the central nervous system (CNS). This leads to the activation of inflammatory cells in the brain, including microglia and 
astrocytes, and the release of cytokines and the production of free radicals can lead to neuronal cell death and synaptic 
dysfunction. Mild neuroinflammation is conducive to neuronal repair and maintenance, while continued uncontrolled 
glial activation and microenvironment destruction can exacerbate neuronal damage and death in aging and neurodegen
erative diseases.1 Therefore, dysregulation of the inflammatory response may lead to brain damage.2

Neuroinflammation is an integral process in neurodegenerative diseases. Transient neuroinflammatory signaling plays 
a protective role during development and tissue repair after injury, whereas chronic neuroinflammation is associated with 
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the progression of neurodegenerative diseases such as Alzheimer’s disease (AD), Parkinson’s disease (PD), amyotrophic 
lateral sclerosis (ALS) and multiple sclerosis (MS).3–5 The main commonalities between neuroinflammation that occurs 
in these diseases and inflammation induced by LPS are the significant activation of Toll-like receptor 4 (TLR4) signaling 
and the production of potent proinflammatory cytokines. TLR4 is the most well characterized member of the TLR family 
and the only receptor that uses all four INTER domain-containing connectors. Activation of TLR4 in response to LPS 
induces two signaling pathways, termed the myd88-dependent pathway and the myd88-independent pathway. The 
Myd88-dependent pathway requires MyD88 and TIRAP to activate NF-κB and proinflammatory cytokine production. 
Myd88-independent signaling events are controlled by TRIF and TRAM and induce IRF3-dependent type I interferon 
production.6 To model the complexity of processes involving neuroinflammation and their outcomes, such as cognitive 
dysfunction, in vivo studies are often used. LPS is one of the most potent proinflammatory stimuli.7,8 LPS-induced 
inflammation is widely used in a range of assays to study interference with inflammatory pathways.

It is well known that the transcription of inflammatory cytokines is regulated by several key transcription factors, 
including nuclear factor kB (NF-kB),9 activator protein-1 (AP-1),10 nuclear factors of activated T cell (NFATs),11 and 
signal transducer and activator of transcription (STAT).12 Various reports have shown that the activation of mitogen- 
activated protein kinases (MAPKs), including extracellular signal-regulated kinases (ERKs), c-Jun N-terminal kinases 
(JNK), and p38, can promote the expression and phosphorylation of c-Jun and c-Fos, which form AP-1 dimers during 
inflammatory responses and induce the transcription of proinflammatory proteins.13 However, NF-kB is considered the 
main transcription factor that regulates proinflammatory mediators.14 When HT22 cells are in the resting state, NF-kB 
is located in the cytoplasm as a dimer consisting of the p50 and p65 subunits. In response to LPS stimulation, NF-κB 
inhibitors phosphorylate and degrade NF-κB dimers, which are activated and translocate into the nucleus, leading to 
the transcription of proinflammatory factors such as NLR family pyrin structural domain containing 3 (NLRP3). 
Therefore, inhibiting NF-kB activation is widely recognized as an effective therapeutic strategy for reducing 
neuroinflammation.15

There is increasing evidence that the nucleolus plays a role in regulating cellular processes related to health and 
disease. FBL is a highly conserved nucleolus methyltransferase that is an important factor in the C/D small nucleolar 
ribonucleoprotein (snoRNP) complex. FBL mediates the methylation of the 2′-O-ribose of rRNAs, thereby contributing 
to rRNA maturation.16 FBL also methylates histone H2A, which acts as a protein methyltransferase.17 Many studies have 
shown that FBL plays an important role in regulating processes such as the cellular stress response, but its regulatory 
mechanism in the inflammatory response has not been elucidated.

In this study, we found that LPS significantly increased FBL protein expression in HT22 cells, leading to inflamma
tion. Further evidence suggested that upstream FBL was activated by the RAS signaling pathway and subsequently 
regulated inflammatory responses via the NF-kB pathway. These results suggest that FBL plays an important mediating 
role in the proinflammatory immune response in HT22 cells, ultimately participating in the pathogenesis of neuroin
flammation by exacerbating harmful inflammatory responses and injuries. Therefore, our work provides a new theoretical 
basis for the occurrence of neuroinflammation and a new target for clinical drug development.

Materials and Methods
Cell Culture and Processing
HT22 mouse hippocampal neuronal cells and HEK-293T human embryonic kidney cells purchased from ATCC were 
cultured in Dulbecco’s modified Eagle’s medium (C11995500BT; Gibco; USA) emented with 10% fetal bovine serum 
(11,011–8611; Sijiqing; China) and 1% penicillin and streptomycin (15,070,063; Gibco; USA). To induce a cellular 
inflammatory response, the cells were treated with 1 μg/mL LPS for 24 hours. In addition, HT22 cells were treated with 
the transcription factor c-Fos/AP-1 inhibitor T-5224 (1 μM), the SOS1 inhibitor BAY293 (2 μM), the transcription factor 
AP-1 inhibitor SR11302 (2 μM), or the KRAS agonist KRAS-533 (10 μM) for 24 h, after which LPS was added and RT- 
real-time PCR, Western blotting and other experiments were performed. All cells were cultured at 37°C in a constant 
temperature incubator containing 5% CO2.
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Plasmid Transfection
By RT-PCR method to amplify the FBL gene coding sequence primers sequence is: positive 5’ - 
CACACTGGACTAGTGGATCCCGCCACCATGAAGCCAGGTTTCAGCCC – 3’; reverse 5’- AGTCACTTAAGC 
TTGGTACCGAGTTCTTCACCTTGGGAGGTGGCCTGTAC – 3’. The PCR fragment and GV657 vector (CMV 
enhancer-MCS-3flag-polyA-EF1A-zsGreen-sv40-puromycin) were digested with BamHI/KpnI and ligated with T4 
DNA ligase, CMV enhancer-FBL-3flag-polyA-EF1A-zsGreen-sv40-puromycin was generated.The wild-type GV657 
vector was used as a control for FBL overexpression. The FBL short interfering RNA (siRNA) sequence was inserted 
into the GV298 vector (U6-MCS-Ubiquitin-Cherry-IRES-puromycin) with the sequence 5’ - 
CCACACAAATACCGCATGCTT-3 ‘, and the control siRNA sequence was inserted with the sequence 5’ - 
TTCTCCGAACGTGTCACGT-3 ‘. All plasmids mentioned above were purchased from Shanghai GenChem 
Technology Co., LTD (Shanghai, China). A total of 2×105 HEK-293T cells were inoculated in each well of a six-well 
plate, and when the cell density reached approximately 80%, the cells in each well were transfected with 2.5 μg of 
plasmid mixed with Lipofectamine™ 3000 in Opti-MEM according to the manufacturer’s instructions (A4124801; 
Thermo Fisher Scientific; USA). The cells were harvested 48 hours after transfection, and duplicate wells treated in 
parallel were used for the treatment experiment, Western blotting or RT-real-time PCR.

Protein Preparation and Western Blotting
The cells were collected and washed three times with precooled PBS, RIPA buffer supplemented with protease inhibitors 
and phosphatase inhibitors was added, and the cells were left on ice for 30 min. Afterward, the cells were collected with 
a spatula, the samples were centrifuged at 12,000 rpm for 30 min at 4°C, and the supernatant was collected. The protein 
concentration was quantified using a Pierce™ BCA Protein Assay Kit (23,227; Thermo Fisher Scientific; USA). Proteins 
(10–30 μg) were separated on a 10–12% SDS‒polyacrylamide gel by electrophoresis and then transferred to polyviny
lidene difluoride (PVDF) membranes (IPVH00010; Millipore, USA). The PVDF membranes were blocked with 5% skim 
milk powder for 2 hours. The antibodies used in this study were rabbit anti-FBL (ABclonal, A0850, China, 1:100, 37 
kDa) and rabbit anti-β-tubulin (BOSTER, Clone#17T15, China, 1:1000, 55 kDa). The membranes were incubated with 
primary antibody overnight at 4°C and then washed and incubated with horseradish peroxidase-labeled secondary 
antibody for 1 h at room temperature. After rinsing, the PVDF membranes were placed in a Bio-Rad ChemiDoc™ 
XRS system for scanning, and then Immobilon Western Chemiluminescent HRP Substrate (WBKLS0100; Millipore; 
USA) was added to visualize the signals. Densitometric analysis was performed using ImageJ software (National 
Institutes of Health, Bethesda, MD, USA).

Real-Time RT-PCR
For RNA extraction, the culture medium was first removed, the cells were gently washed with PBS 3 times, and then the 
PBS was removed. The cell culture plate was placed on ice throughout the entire process. The cells were lysed by adding 
1 mL of TRIzol to each well of a six-well plate, scraped off with a cell scraper, and aspirated into a 1.5 mL sterilized EP 
tube using a pipette gun. Afterward, 200 μL of chloroform was added for extraction, and the samples were vigorously 
shaken for 15s, left for 2 min, and centrifuged at 12,000 rpm for 15 min at 4°C. After centrifugation, 500 μL of 
isopropanol was added to each new EP tube, which was subsequently labeled. The supernatant was transferred to the 
appropriate EP tube, and the samples were mixed, left at room temperature for 30 min, and centrifuged at 12,000 rpm for 
15 min at 4°C. The supernatant was decanted, 1 mL of 75% alcohol, and the samples were centrifuged at 10,000 rpm for 
10 min at 4°C. The supernatant was poured off, the EP tube was inverted on filter paper to allow the ethanol to evaporate, 
and 30 μL of DEPC water was added. The mixture was then placed on ice, and the RNA concentration was measured. 
The reaction system for reverse transcription was prepared as follows: 1 μg of RNA, 4 μL of reverse transcriptase, and 
DEPC water to 20 μL. Reverse transcription was performed at 37°C for 15 min, 85°C for 5 s, and 4°C ∞. Total RNA was 
isolated from cells using TRIzol reagent (Invitrogen) and reverse transcribed into cDNA with a reverse transcription kit 
(RR037A; TaKaRa; Japan) according to the manufacturer’s instructions. The cDNA concentration was quantified using 
a real-time PCR kit (RR064A; TaKaRa; Japan), and real-time PCR was performed using a CFX Duet Real-Time PCR 
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System. Fluorescence-based quantitative PCR was performed in triplicate using a CFX Duet Real-Time PCR System. 
The RNA expression levels of the target genes were calculated by the 2-ΔΔCt method, and GAPDH was used as an 
endogenous control. The PCR conditions for the experiments were 95°C for 30s, 55°C for 30s, and 72°C for 30s. Forty 
cycles were performed. All the experiments were performed three times independently. The sequences of the primers are 
listed in Table S1.

Immunofluorescence
A total of 2500 HT22 cells were inoculated in 15 mm confocal dishes, and after drug treatment, the cells were washed in 
PBS and fixed with 4% paraformaldehyde for 15 min, after which they were washed three times in PBS, permeabilized 
with 0.1% Triton X-100 on ice for 15 min, washed three times in PBS and then blocked in 5% BSA for 30 min. Finally, 
the cells were incubated with an anti-rabbit FBL antibody (ABclonal, A0850, China, 1:50) overnight at 4°C. The cells 
were incubated with secondary goat anti-rabbit IgG H&L (Alexa Fluor® 488-conjugated) (Abcam, ab150077, UK, 1:300) 
for 1 h. The cell nuclei were stained with DAPI for 5 min. Next, the cells were imaged using CLSM (Leica TSC SP 8, 
Germany) at an excitation wavelength of 488 nm and an emission wavelength of 500 to 700 nm.

Cell Viability Assay
Cell viability was assessed with a CCK8 cell proliferation kit (C0038; Biyuntian; China). Briefly, the cells were 
inoculated at a density of 2000 cells/well and cultured in 96-well plates overnight. Different concentrations of LPS 
were added to each well for treatment (0, 50, 100, 150, or 200 μM), and the cells were incubated for 24, 48, or 72 hours. 
The plates were removed from the incubator at the indicated time, 10 μL of fresh medium and CCK8 reagent (100 μL of 
medium and 10 μL of CCK8 reagent) were added to each well, and the cells were incubated (at 37°C) for 1 h away from 
light. The absorbance of the cells at a wavelength of 450 nm was measured by an enzyme labeling machine. The cell 
proliferation rate was calculated formulas (Experiment A—Blank A) / (Control A—Blank A), and the half-maximal 
inhibitory concentration (IC50) was calculated using GraphPad Prism 9.0.

Apoptosis Assay
Cell activity and cytotoxicity were determined using the Calcein/PI Cell Activity and Cytotoxicity Assay Kit (C2015M; 
Biyuntian; China) according to the manufacturer’s instructions. Briefly, cells were inoculated in a six-well plate, the 
culture medium was discarded after treatment, and staining working solution was added with serum-free medium at 
a ratio of 1:100. Calcein AM was used to stain live cells and appeared ass green fluorescence, while propidium iodide 
was used to stain dead cells and appeared ass red fluorescence. After 30 min of staining, fluorescence microscopy was 
performed for detection and analysis.

RNA Sample Preparation and Sequencing
Three replicate samples of cells transfected with an FBL overexpression plasmid or control plasmid were collected. RNA 
extraction was performed using TRIzol reagent. To synthesize second-strand cDNA, the RNA samples were fragmented, 
and random hexamers were subsequently annealed to the fragments. To purify the cDNA fragments, end repair and 
adaptor ligator were performed, and then the QIAquick PCR extraction kit was used. The enzyme UNG was used to 
dissolve the second-strand cDNA. Ribosomal RNA (rRNA) was subsequently removed from the samples using the 
GenSeq® rRNA Removal Kit (GS-ET-001; GenSeq; China). After rRNA removal, the samples were used to construct 
sequencing libraries using the GenSeq® Low Input RNA Library Prep Kit (GS-ET-001; GenSeq; China) following the 
manufacturer’s instructions. The constructed sequencing libraries were subjected to quality control and quantification by 
a BioAnalyzer 2100 system (Agilent Technologies; USA), and 150 bp sequencing was subsequently performed using an 
Illumina NovaSeq 6000 instrument. RNA and library quality control consisted of three parts: First RNA quantification 
control, RNA concentration of each sample was measured using a NanoDrop ND-1000 instrument (Thermo Fisher 
Scientific, Waltham, MA, USA). The OD260/OD280 value was used as an indicator of RNA purity. If the OD260/OD280 
value ranges from 1.8 to 2.1, the RNA purity is qualified, and the QC Results are qualified. A second RNA integrity 
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quality control, RNA integrity and gDNA contamination were measured using denaturing agarose gel electrophoresis. 
The third RNA library quality control, library quality was checked using an Agilent 2100 Bioanalyzer instrument.

RNA-Seq Data Processing and Analysis
After sequencing on an Illumina NovaSeq 6000 sequencer, the reads were obtained. Quality control was performed using 
Q30, and high-quality reads were obtained by dejoining and removing low-quality reads using Cutadapt software 
(v1.9.3). The high-quality reads were compared to the reference genome using HISAT2 software (v2.0.4). Then, 
HTSeq software (v0.9.1) was used to obtain raw gene counts as mRNA expression profiles. Differentially expressed 
mRNAs were identified using edgeR software (v3.16.5) to normalize and calculate the fold change and p value between 
the two sets of samples. ∣log2FoldChange∣>1, p-value< = 0.05 as the threshold for difference screening. The heatmap 2 
function of R was used to perform clustering analysis of differentially expressed mRNAs with standardized count 
number.GO and KEGG pathway enrichment analyses of the differentially expressed mRNAs were performed. P value < 
= 0.05 was used as the threshold for significant enrichment.

Molecular Docking Analysis
Molecular docking of the FBL gene to the AP-1 protein was performed. The 3D structure of the AP-1 protein was 
downloaded from the PDB database (RCSB PDB: Homepage). Water molecules and primitive ligands were removed 
from the target proteins by PyMOL, and then the target proteins were imported into AutoDock Tools 1.5.6 for 
hydrogenation, charge calculations, and nonpolar hydrogen binding. The results were subsequently stored in PDBQT 
format. The size of the grid box was set to 40×40 × 40. Finally, molecular docking analysis was performed with 
AutoDock Vina using the CMD command,18 and the results were visualized using PyMOL.

Bioinformatics Analysis
Principal component analysis (PCA) was used to assess the correlation between duplicates and differential gene 
expression. Audics was used to analyze differential gene expression, and the genes that were differentially expressed 
after DHA treatment were annotated with GO terms (http://www.geneontology.org/). Biological pathway enrichment 
analysis was performed by searching the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (http://www. 
genome.ad.jp/kegg/).

Statistical Analysis
All experiments were performed with at least three independent biological replicates. Statistical analysis was performed 
using GraphPad Prism 9.0. All the data are expressed as the mean and standard error of the mean (SEM). Statistical 
analyses were performed using Student’s t–test for comparisons between two groups and one-way analysis of variance 
(ANOVA) for comparisons among multiple groups. p values <0.05 were considered to indicate statistical significance. 
The statistical parameters are detailed in the legend of each figure.

Results
FBL Expression is Elevated in an HT22 Cell Model of LPS-Induced Inflammation
The inflammatory effects of LPS have been investigated in macrophages and microglia; in the present study, we extended 
our investigations to the HT22 mouse hippocampal neuronal cell line. To assess the effects of LPS on the viability and 
proliferation of HT22 cells, we incubated the cells with different doses of LPS (0, 0.5, 0.75, 1.0, or 1.5 μg/mL) for 24 h. The 
CCK-8 assay showed that LPS treatment significantly reduced the viability of HT22 cells in a dose-dependent manner 
(Figure 1A). Approximately 25% of the HT22 cells died after 24 h of treatment with 1.0 μg/mL LPS; therefore, 1.0 μg/mL 
LPS was used for subsequent experiments. The percentage of dead cells was then calculated using the Calcein/PI Cell 
Activity and Cytotoxicity Assay Kit, and in agreement with the CCK-8 assay results (Figure 1B), there were more dead 
cells in the LPS-treated group than in the blank group, suggesting that LPS caused a decrease in cell viability.
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There is growing evidence that nucleoli play a role in regulating cellular processes related to health and disease and that FBL 
knockdown prior to infection increases intracellular bacterial clearance, reduces inflammation, and enhances cell survival. To 
determine the effect of the LPS treatment time on FBL expression levels, RT-real-time PCR and Western blotting were performed, 
and the results showed that FBL mRNA and protein expression levels in HT22 cells increased with increasing LPS treatment time, 
were significantly greater after 6 h of LPS treatment and reached their highest levels at 24 h of LPS treatment (Figure 1C, 
Figure 1D, Figure 1E). These results suggest that the LPS-induced decrease in HT22 cell viability may be associated with elevated 
expression of FBL, which is involved in the early processing of rRNA, specifically the 5′ external transcribed spacer (5′ ETS), and 
is localized in the dense protofibrillar component (DFC) of the nucleolus. An increased fluorescence intensity of FBL (green) was 
observed in the nucleus after 24 h of LPS treatment using immunofluorescence techniques (Figure 1F), further verifying the 
elevated expression of FBL after LPS treatment. These results indicate that FBL is mainly localized in the nucleus of cells, that the 
expression of FBL is greater in the nucleus of cells treated with LPS, and that the expression level of FBL in the nucleus of cells is 
positively correlated with inflammation.

FBL Knockdown Has a Protective Effect Against Inflammation in Cell Models
To investigate the effect of FBL on LPS-induced inflammation in a cell model, we modulated FBL expression by plasmid 
transfection to investigate the possible mechanisms by which FBL affects cellular inflammatory responses. We trans
fected FBL knockdown (U6-MCS-Ubiquitin-Cherry-IRES-puromycin) and overexpression (CMV enhancer-MCS-3flag- 
polyA-EF1A-zsGreen-sv40-puromycin) plasmids into HEK 293T cells, and then fluorescence microscopy was per
formed. The transfection efficiency of the FBL overexpression plasmid, which contained green fluorescent protein 
(GFP), was assessed at an excitation wavelength of 488 nm, and it was found to be 90%; the transfection efficiency 
of the FBL knockdown plasmid, which contained the red fluorescent protein Cherry, was evaluated at an excitation 

Figure 1 FBL is upregulated in a cells model of LPS-induced inflammation. (A) HT22 cells were treated with different concentrations of LPS (0, 0.5, 0.75, 1.0 and 1.5 μg/mL), 
and cell viability was measured by the CCK-8 assay. HT22 cells were treated with LPS (1 μg/mL). n=6; one-way ANOVA, ***p < 0.001. (B) Representative images of calcein- 
AM (green) and PI (red) staining in LPS-treated cells compared with control cells. Scale bar: 50 μm. Statistical analysis of HT22 cell viability based on calcein-AM/PI staining; 
the error bars indicate the SEMs. n=3; one-way ANOVA, ****p < 0.0001 compared with the control group. (C) LPS stimulation-induced FBL expression. Cells were treated 
with 1 μg/mL LPS for 0, 1, 3, 6, 12, or 24 h, followed by RNA isolation and real-time RT-PCR analysis to measure FBL mRNA levels. n=3; one-way ANOVA, ***p < 0.001 
compared with the control group. (D) (E) The protein levels of FBL increased with increasing LPS treatment time. β-Tubulin was used as a loading control. n=3; one-way 
ANOVA, **p < 0.01 and ***p < 0.001 compared with the control group. (F) Subcellular distribution of the FBL protein. Representative fluorescence images of FBL staining in 
the control and LPS-treated groups. Cell nuclei are shown in blue (DAPI).
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wavelength of 587 nm and was found to be 90%. Thus, the results indicated that the plasmids were successfully 
transfected into the HEK 293T cells (Figure 2A). The effect of plasmid-mediated FBL knockdown and overexpression 
was further verified using qPCR, which showed that FBL gene expression in the FBL-transfected groups significantly 
differed from that in the control and NC groups (Figure 2B), indicating the plasmid transfection successful modulated 
FBL gene expression.

In addition, the expression of FBL in an HEK-293T cell model of inflammation simulated by LPS was subsequently examined 
to investigate the possible mechanism of cellular inflammatory damage caused by FBL. The results showed increased FBL protein 
expression in the inflammatory environment of LPS-treated cells, and FBL knockdown and overexpression plasmid transfection 
followed by treatment with LPS significantly altered the expression of FBL (Figure 2C, Figure 2D). To further investigate the 
effect of FBL on cell viability, the CCK-8 assay was performed, and the results showed that when HEK-293T cells were 
transfected with the FBL overexpression plasmid, cell viability decreased compared with that in the control group; however, 
knockdown of FBL (induced by transfection of the siRNA plasmid) resulted in no significant difference in cell viability compared 
with the control group. (Figure 2E). The CCK-8 assay results showed that the viability of cells transfected with the FBL 
overexpression plasmid and treated with LPS decreased; however, cell viability recovered to a certain degree when FBL was 
knocked down (Figure 2F). The above results suggest that FBL overexpression promotes apoptosis and that FBL knockdown 
improves survival during LPS-induced inflammation.

FBL is Regulated by the Upstream RAS Signaling Pathway
Previous findings have shown that LPS induces the expression of NF-kB and RAS/MAPK pathway components as well as 
proinflammatory mediators in cells, so we hypothesized that overexpression of FBL promotes apoptosis through the classical 

Figure 2 FBL regulates cellular activity in an LPS-induced inflammation model. (A) HEK 293T cells were transfected with an FBL-overexpressing plasmid, its control empty 
vector (green fluorescence), FBL-siRNA or its control empty vector (red fluorescence). (B) Transfection efficiency was measured using real-time RT-PCR. The error bars 
indicate the SEMs. n=3; one-way ANOVA,****p < 0.0001 compared with the control group. (C) (D) Plasmid transfection was used to regulate FBL expression after LPS 
stimulation. The plasmids were transfected into cells, and the cells were treated with 1 μg/mL LPS for 24 h, followed by Western blot analysis. n=3; one-way ANOVA, *p < 
0.05, and ****p < 0.0001 vs the LPS group. n=3; t–test, ###P < 0.001 vs the control group. (E) Cell viability was measured by the CCK-8 assay after plasmid transfection. n=6; 
one-way ANOVA, **p < 0.01. (F) Cell viability was measured by the CCK-8 assay in the plasmid-transfected and LPS-treated group. n=6; one-way ANOVA, ***p < 0.001; 
n=6; t–test, #P < 0.05 and ###P < 0.001.
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MAPK signaling pathway. To explore the specific mechanism by which FBL regulates apoptosis, several key target molecules in 
the MAPK signaling pathway were activated or inhibited by using the SOS1 inhibitor BAY-293, the AP-1 inhibitor SR 11302, and 
the KRAS agonist KRA-533 in vitro. HT22 cells were treated with the agonist and inhibitors of these three key targets of the 
MAPK signaling pathway for 24 h, followed by LPS treatment for 24 h. The CCK-8 assay results showed that LPS treatment 
significantly reduced cell viability, and the inhibitors effectively restored cell viability; in contrast, the agonist aggravated cell 
apoptosis to a certain extent (Figure 3A). qPCR showed that both SR11302 and BAY-293 significantly inhibited the expression of 
FBL at the mRNA level compared with that in control cells, and the agonist KRAS significantly increased the mRNA level of FBL 
(Figure 3B). Western blot analysis revealed that BAY-293 and SR11302 significantly reduced the expression level of FBL in the 
LPS-treated cell model, and the agonist KRAS significantly increased the expression level of FBL (Figure 3C, Figure 3D). As 
expected, the agonist promoted FBL production, leading to apoptosis, and treatment with the inhibitors blocked this effect. These 
results suggest that the proinflammatory effects of LPS may be related to the enhancement of FBL expression via regulation of the 
RAS/MAPK pathway in activated HT22 cells and that the inhibition of c-Jun/c-Fos/FBL signaling can effectively reduce 
inflammatory symptoms.

Figure 3 In an LPS-induced inflammation model, FBL expression is promoted through the RAS/MAPK pathway. (A) After the addition of the FBL upstream inhibitor BAY- 
293 or SR11302 or the agonist KRA-533 to an HT22 cell model of LPS-induced inflammation, cell viability was determined by the CCK-8 assay. n=6; t–test,###p < 0.001; 
n=6; one-way ANOVA, *p < 0.05 and **p < 0.01. (B) HT22 cells were treated with the upstream inhibitor BAY-293 or SR11302 or the agonist KRA533 and treated with LPS, 
followed by real-time RT-PCR and Western blot analysis. n=3; t–test, ###p < 0.001; n=3; one-way ANOVA, *p < 0.05 and ***p < 0.001. (C) (D) Western blot analysis of LPS- 
treated cells after the addition of an upstream inhibitor. n=3; t–test, ##p < 0.01; n=3; one-way ANOVA, *p < 0.05 and **p < 0.01.
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AP-1 is an intracellular transcriptional activator and a heterodimer composed of c-Fos and c-Jun. AP-1 heterodimerization is 
mediated by a leucine zipper, and the AP-1 heterodimer binds to genes through specific conserved sequences to initiate gene 
expression. The structure of the AP-1 protein was obtained from the PDB database, and the structures of the AP-1 protein and the 
FBL gene were imported into AutoDock Tools 1.5.6. The molecular docking results showed that a hydrophilic amino acid site of 
the AP-1 protein that is rich in arginine and aspartic acid binds to the promoter of the FBL gene (>NC_000019.10:39,847,389– 
39,847,395 Homo sapiens chromosome 19, GRCh38.p13 Primary Assembly, 5′-TGAATCA-3′), indicating that FBL is regulated 
at the transcriptional level by the AP-1 complex downstream of Ras signaling (Figure 4A).

To verify this prediction, FBL expression was measured in cells pretreated with the c-Fos/AP-1 inhibitor T-5224 for 24 h and 
stimulated with LPS for 24 h. Treatment with the inhibitor T-5224 significantly reduced FBL protein and mRNA levels after LPS 
stimulation (Figure 4B, Figure 4C, Figure 4D). The above results indicate that T-5224 inhibits the LPS-induced activation of 
RAS/MAPK in HT22 cells and that FBL expression is regulated by the upstream molecules SOS1, AP-1 and KRAS.

FBL Regulates the NF-kB Signaling Pathway to Promote Apoptosis
The above studies demonstrated that AP-1 family members such as c-Jun and c-Fos activate FBL and increase 
inflammatory responses in HT22 cells. To explore the specific molecular regulatory mechanisms downstream of FBL- 
triggered cellular inflammation, we performed transcriptome sequencing of cells transfected with FBL overexpression 
plasmids. We comprehensively examined the transcriptomes of the samples using an Illumina NovaSeq sequencer and 
performed transcriptomic studies to determine the molecular mechanisms by which FBL promotes HT22 cell injury. To 

Figure 4 FBL is positively regulated upstream by the transcription factor AP-1. (A) Bioinformatic analysis predicted that FBL is regulated at the transcriptional level by the 
AP-1 complex downstream of RAS signaling. (B) The addition of the upstream FBL inhibitor T-5224 to an HT22 cells model of LPS-induced inflammation, followed by real- 
time RT-PCR. n=3; t–test, ###p < 0.001; n=3; t–test, **p < 0.01. (C) (D) Western blot analysis of LPS-treated cells after the addition of the upstream inhibitor T-5224. n=3; 
t–test, ##p < 0.01; n=3; t–test, **p < 0.01.
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determine the consistency of the samples, correlation analysis was used, and the Pearson correlation coefficients (PCCs) 
showed strong intragroup correlations and weak intergroup correlations (Figure 5A).

Transcriptome sequencing of FBL-overexpressing HT22 cells revealed a total of 5375 differentially expressed genes. 
Among them, 3225 genes were upregulated and 2362 genes were downregulated (Figure 5B), with 558 genes being 
specifically regulated by FBL (Figure 5C). The differentially expressed genes between the FBL-overexpressing group 
and the control group were clustered, and the 10 upregulated genes are displayed in a heatmap (Figure 5D).

The differentially expressed mRNAs were subjected to GO functional analysis to determine the functions of these 
mRNAs. The results showed that the upregulated mRNAs in the FBL-overexpressing group compared to the control 
group were enriched mainly in transcriptional regulatory complexes and nucleosome regions. Regarding biological 
processes, FBL was found to regulate signal transduction and genes related to the positive regulation of biological 
processes. Regarding molecular functions, FBL was found to mainly regulate genes related to receptor binding, DNA 
transcription factor activity, and RNA polymerase activity (Figure 6A). The results of KEGG pathway analysis indicated 

Figure 5 Transcriptomic and bioinformatics analysis of cell samples from the control and FBL groups. (A) Correlation analysis of FBL expression in the control and FBL 
groups (the darker the color is, the stronger the correlation). (B) Volcano plots of gene expression (control and FBL group samples). Red dots: significantly upregulated 
genes; blue dots: significantly downregulated genes; gray dots: genes whose expression did not significantly change. (C) Venn diagram of the differentially expressed genes. 
(D) Ten upregulated genes were selected for visualization via heatmaps.
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that the differentially expressed genes were enriched in the following five signaling pathways associated with inflam
matory responses: (1) the IL-17 signaling pathway; (2) the T-cell receptor signaling pathway; (3) the NF-kappa 
B signaling pathway; (4) the TNF signaling pathway; and (5) the Rap1 signaling pathway (Figure 6B). This indicated 
that FBL acts mainly through these pathways in HT22 cells.

In this study, the NF-kB signaling pathway was found to be associated with LPS-induced inflammation, and several 
key molecules in this signaling pathway were shown to be significantly upregulated. Some of the identified differentially 
expressed genes, specifically, CD14, MYD88, TNF, TRADD, and NFKB1, are involved in the NF-kB signaling pathway 
and were selected for validation by real-time RT-PCR; we found that all five molecules were differentially expressed 
(Figure 6C). In this study, it was verified that FBL is regulated upstream by the RAS/MAPK pathway and that the 
upregulation of FBL can in turn promote the release of relevant inflammatory factors in the NF-kB signaling pathway, 
further promoting the generation of inflammation and apoptosis in HT22 cells (Figure 7).

Discussion
Our study showed that FBL expression was activated through the MAPK/RAS signaling pathway in an LPS-induced 
neuroinflammation model and that the downstream activation of FBL through the NF-kB signaling pathway further 
promoted inflammation and apoptosis. In addition, inhibitors of several key targets of the RAS signaling pathway (BAY- 
293, SR11302, and T-5224) inhibited the expression of FBL, thereby reducing inflammation and apoptosis. These results 
may provide new insights into the mechanisms of neuroinflammation (Figure 7).

Neuroinflammation is an immune response activated by glial cells in the CNS that usually occurs in response to nerve 
injury, infection, toxins and other stimuli or in the context of autoimmunity.19 Neuroinflammation is closely related to the 
progression of neurodegenerative diseases such as AD, PD, ALS and MS.20 Among the different cell types involved in 
neuroinflammation, astrocytes have emerged as key players due to their multiple functions in the CNS.21 Astrocytes play 
dual roles in neuroinflammation. On the one hand, they secrete anti-inflammatory factors to promote tissue repair and 

Figure 6 Analysis and validation of molecules regulated by FBL. (A) GO enrichment analysis of differentially expressed genes in the control and FBL groups. (B) KEGG 
enrichment analysis of differentially expressed genes in the control and FBL groups. Five signaling pathways associated with inflammation were identified. (C) Validation of the 
expression of five differentially expressed genes in the NF-kB signaling pathway using real-time RT-PCR.
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nerve recovery. On the other hand, they can produce proinflammatory cytokines, reactive oxygen species, and other 
neurotoxic substances, which can exacerbate the neuroinflammatory response and lead to neurodegeneration. These 
inflammatory mediators interact with several biomolecules, such as membrane lipids, proteins, and nucleic acids, to 
further impair neuronal function by altering synaptic, myelin, and cell body structure. Neuroinflammation is character
ized by the release of proinflammatory cytokines from the CNS and activation of the innate immune response.22,23 

Preclinical studies have shown that anti-inflammatory drugs exert therapeutic effects, improving the prognosis of 
neuroinflammatory disorders, but reports from clinical trials are less promising.24 Therefore, there is a need for new 
therapeutic agents aimed at restoring the balance between proinflammatory and anti-inflammatory processes to alleviate 
neuroinflammation.

FBL is a 2’-O-methyltransferase that is mainly localized in the nucleolus, the region where RNA transcription and 
pre-RNA processing occur. FBL forms complexes with several structural proteins and box C/D (mall nucleolar 
ribonucleic acids (snoRNAs) and plays important roles in pre-rRNA processing, methylation, and ribosome assembly. 
The complexes formed by FBL can catalyze the specific 2’-O-ribose methylation of rRNA sequences.25 The sequence, 
structure and function of FBL are highly conserved. FBL gene expression plays an important role in early embryonic 
development. The FBL homolog in yeast, Nop1p, is also localized in the nucleolus and is involved in 18S rRNA 
processing and maturation.26 Serum from patients with scleroderma, an autoimmune disease, often contains high levels 
of antibodies against FBL.27 The exact mechanism by which FBL affects these processes has not been discovered, but 
some experimental data suggest that upregulation or downregulation of FBL can alter ribosomal structure and thus the 
relative translation efficiency of various mRNAs, potential contributing to the regulation of cell proliferation, cancer 
progression, and aging.28 Varnesh Tiku et al revealed an evolutionarily conserved novel function of FBL in the regulation 
of mammalian innate immunity.29 FBL knockdown was found to increase intracellular bacterial clearance, alleviate 
inflammation, and increase cell survival. In the present study, we evaluated the regulation of FBL expression by relevant 
signaling components in LPS-stimulated HT22 cells. Our results confirmed that HT22 cells exhibit a significant increase 
in FBL expression upon LPS stimulation and that FBL promotes inflammation and apoptosis.

Figure 7 Potential mechanisms by which FBL promotes cellular inflammatory injury. FBL is positively regulated by the upstream RAS/MAPK signaling pathway, and FBL 
further promotes cellular inflammatory responses and cellular injury by upregulating important target genes related to the NF-kB signaling pathway. The signaling pathway 
upstream of FBL is indicated by the green solid line, and downstream regulatory molecules are indicated by the red solid line.
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Studies have shown that LPS can induce inflammatory responses and free radical production in animals and renal 
cells and that RAS expression and activation are markedly increased under various inflammatory conditions in mice and 
humans. The molecular and pharmacological blockade of RAS inhibits inflammatory activity in vitro and in vivo by 
inhibiting the AP-1 pathway in immune cells and cancer cells.30 In the present study, we confirmed that LPS promotes 
inflammation by increasing FBL expression through the RAS signaling pathway. RAS superfamily GTPases play 
important roles in matrix and immune cell activation during inflammatory responses.31 The Ras protein has a binding 
site for GTP or GDP and can control cell signal transduction by transforming between two conformations, thereby 
regulating cell differentiation, proliferation and apoptosis. In cells in the resting state, growth factor receptor-bound 
protein 2 (Grb2) binds to son of sevenless homolog (SOS) to form a complex in the cytoplasm. When receptor tyrosine 
kinase (RTK) receptors are activated, the Grb2-SOS complex binds to these receptors and transports them to the cell 
membrane to recruit SOS, thereby increasing the SOS concentration at the plasma membrane. SOS has nucleotide 
transferase activity and activates the downstream target protein Ras protein for signal transduction.32 In previous studies, 
the major transcription factors regulating proinflammatory mediators were studied, and molecular docking analysis was 
used to determine that AP-1 interacts with FBL. We hypothesize that an increase in the concentration of SOS at the 
plasma membrane and activation of Ras proteins in HT22 cells upon exogenous LPS stimulation further facilitates the 
interaction of the AP-1 complex with FBL and promotes FBL expression (Figure 7). Moreover, an AP-1 inhibitor, SOS1 
inhibitor and KRAS agonist could regulate the expression of FBL, proving that FBL is regulated by upstream RAS 
signaling. Our findings suggest that RAS signaling occurs upstream of FBL, providing not only additional information 
about the role of the pathway downstream of RAS signaling in the regulation of neuroinflammation but also a potential 
mechanism for the transcriptional regulation of FBL.

To further explore the specific mechanism by which FBL promotes inflammation, transcriptomic sequencing was 
performed, and the results showed that FBL activated the NF-κB signaling pathway and upregulated inflammation- 
related genes (CD14, MYD88, TNF, TRADD, and NFKB1). Specifically, FBL upregulation significantly activated 
cluster of differentiation 14 (CD14), formerly known as the MY23 antigen, a surface antigen in the NF-kB signaling 
pathway that is a member of the cell surface glycoprotein family. CD14 is a high-affinity receptor for the LPS- 
lipopolysaccharide binding protein (LBP) complex in gram-negative bacteria. CD14 recognizes and binds to LPS, 
induces tyrosine phosphorylation, activates intracellular myeloid differentiation factor 88 (MYD88), and then activates 
NF-kB through gradual phosphorylation, inducing the translocation of NF-kB from the cytoplasm into the nucleus, 
initiating the transcription of related cytokine genes, and completing the NF-kB pathway.33 NF-kB regulatory genes 
encode mainly cytokines involved in the immune response and inflammatory response, immune receptor molecules and 
acute phase proteins. CD14 plays an important role in a series of reactions induced by the body’s immune and defense 
systems. Therefore, the CD14 molecule and its signaling pathway play important roles in the immune response and 
inflammatory response in the body. The NF-kB pathway ultimately leads to the release of IL-1, IL-6, TNF-α, NO, etc.,34 

leading to inflammation and other diseases (Figure 7). Our results provide a theoretical basis for the downstream 
mechanism by which FBL regulates inflammation via modulation of the NF-kB signaling pathway.

Although FBL expression was analyzed by Western blotting, RT-real-time PCR, and immunofluorescence, it is 
important to consider incorporating other relevant assessment methods in future studies to further confirm the reliability 
of our results. In addition to assessing mRNA and protein expression, quantitative measurements of FBL enzyme activity 
can be performed using fluorescence assays.35 Furthermore, epigenetic approaches can be conducted to assess the ability 
of FBL to regulate the methylation of its downstream targets. It is also worthwhile to investigate the effect of LPS on 
FBL transcriptional activity using reporter gene analysis. The limitation of this study is the lack of genetic inhibition 
studies to validate our findings; although the importance of c-FOS, AP-1 and SOS1 in LPS-induced FBL expression in 
HT22 cells was demonstrated by using specific inhibitors, the expression of c-FOS, AP-1 and SOS1 in HT22 cells was 
not downregulated by shRNA, and plasmids need to be constructed for further validation. Another limitation is that this 
study involved only in vitro experiments, and an in vivo animal model is needed to further clarify the regulatory role of 
FBL in neuroinflammation in vivo and the related mechanism. Despite these limitations, this study provides a new 
theoretical basis for the neuronal sensing of inflammatory stimuli and identifies relevant intervention targets and 
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regulatory pathways of the inflammatory response. In combination with existing research, these results are expected to 
provide new ideas for research on and the clinical treatment of neuroinflammation.

Conclusion
In summary, we have conducted a comprehensive study of the functional and regulatory mechanisms of LPS-mediated 
FBL expression in a mouse hippocampal neuronal cell line. The activation of the MAPK/RAS signaling pathway was 
found to promote the expression of FBL after LPS stimulation in HT22 cells, and FBL was shown to further activate the 
downstream NF-kB signaling pathway to promote cellular inflammation and apoptosis. In addition, our study revealed 
a novel mechanism by which FBL inhibition protects against neuroinflammation, providing potential new targets for the 
study of neuroinflammation. In the future, the mechanism of FBL in neuroinflammation still needs to be further explored.
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