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Abstract: The Notch1 signaling pathway is pivotal in neuroimmunomodulation and inϐlammation, and it signif‑
icantly contributes to the development and pathogenesis of the nervous system. Consequently, targeting Notch
signaling may offer a promising therapeutic approach for neurological disorders. In this investigation, we eluci‑
dated the crucial role of Notch1 signaling in neuronal apoptosis, immune regulation, and inϐlammatory signaling
by knocking down the Notch1 gene in mouse hippocampal HT22 cells. Suppression of Notch1 resulted in a marked
reduction in the expression of its downstream effector molecule Hes1, accompanied by a signiϐicant rise in apopto‑
sis, increased levels of apoptosis‑related proteins, and diminished cell viability. RNA sequencing analyses further
revealed that differential expression was closely linked to apoptosis, immune‑regulatory pathways, and inϐlamma‑
tory signaling. Apoptosis serves as a critical mechanism for eliminating abnormal cells and can impact immune
response balance by modulating immune cell activation and function. Notch1 signaling can indirectly affect the
neuroimmune microenvironment by regulating neuronal apoptosis. Thus, targeting the Notch1 signaling pathway
not only safeguards neuronal function by inhibiting apoptosis but also modulates immune cell activation and in‑
ϐlammatory responses, offering a novel strategy for the immunotherapy of neurodegenerative and cerebrovascular
diseases. Comprehending this mechanism provides a crucial foundation for exploring Notch1 immunotherapy for
these conditions. By precisely modulating Notch1 signaling, it is anticipated that future therapies can achieve the
dual beneϐits of neuroprotection and immunomodulation, paving the way for innovative treatments for related dis‑
eases.
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1. Introduction
The Notch signaling pathway is important in immunomodulation and immunotherapy, emerging as a potential

target for targeted therapies. The Notch signaling pathway inϐluences the homeostasis of the immune system and
anti‑tumor immune responses by regulating the differentiation, proliferation, and function of immune cells. It has
been found that Notch signaling is involved in regulating the balance between regulatory T cells (Tregs) and effec‑
tor T cells, thereby affecting immune tolerance and immune responses [1, 2]. During T cell development, Notch
signaling promotes the differentiation of CD4+ and CD8+ T cells by regulating the expression of the transcription
factor RBP and inhibits the over‑proliferation of Treg cells to maintain immune homeostasis [2]. In addition, Notch
signaling exhibits a dual role in the tumour microenvironment [3, 4]. Inactivating mutations in the Notch1 gene
are strongly associated with the development of acute myeloid leukaemia (AML), and restoring the activity of the
Notch signaling pathway has been shown to inhibit the proliferation of leukemia cells and induce their apoptosis
[3]. This discovery offers experimental support for targeting Notch signaling as a potential treatment for myeloid
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leukemia.
TheNotch signaling pathway not only plays an important role in immunomodulation and tumour immunother‑

apy, but also has potential signiϐicance in immunotherapy for neurodegenerative and neurological diseases. Notch
signaling is involved in neurodegenerative diseases by regulating the proliferation, differentiation, and survival of
neural stem cells (NSCs). In these conditions, Notch signaling is involved in the disease process through its regu‑
lation of neuroinϐlammatory responses and synaptic plasticity. It has been found that Notch signaling inϐluences
neuroinϐlammation and neuronal survival in Alzheimer’s disease (AD) and Parkinson’s disease (PD) by regulating
microglia and astrocyte activity [5, 6]. In addition, Notch signaling is important in neural repair after stroke [7,
8]. Modulation of Notch signaling can inhibit the neuroinϐlammatory response and reduce pathological damage in
neurodegenerative diseases [9]. Meanwhile, this signaling pathway can interact with other neuroprotective path‑
ways, such as NF‑κB and nerve growth factor (NGF), presenting opportunities for combination therapies [5, 10–13].
Overall, the Notch signaling pathway holds signiϐicant potential for immunotherapy in neurological disorders [6–8].

The Notch signaling pathway presents potential therapeutic targets for a variety of neurological diseases by
modulating the interactions between immune cells and neural cells. In cerebral ischemia models, Notch1 signaling
signiϐicantly increases the number of NSCs in the brain and promotes neuronal differentiation by regulating the
expression of target genes such as Hes5 and Mash1, thereby improving the recovery of neurological function [14–
18]. In addition, acute blockade of the Notch signaling pathway (e.g., with the γ‑secretase inhibitor DAPT) induces
neuroprotection and neuroregeneration in a neonatal stroke model [19]. In Alzheimer’s disease (AD), Notch1 com‑
peteswith the amyloid precursor protein (APP) for binding to γ‑secretase, resulting in the downregulation of Notch
signaling, which subsequently impacts neuronal survival and synaptic plasticity [8]. Inhibition of Notch signaling at‑
tenuates neuroinϐlammatory responses, thereby reducing pathological damage in both AD and Parkinson’s disease
(PD) [20–25]. In addition, Notch signaling has been closely associatedwith neuroinϐlammation‑mediated cognitive
dysfunction. Studies have shown thatminocycline attenuates postoperative cognitive dysfunction by inhibiting neu‑
roinϐlammation mediated by the Notch signaling pathway [26]. Consequently, the Notch signaling pathway plays
various roles in the immunotherapy of neurological disorders. It offers potential therapeutic targets for conditions
such as neurodegenerative diseases, stroke, and diseases related to neuroinϐlammation by inϐluencing neural stem
cell function, neuroinϐlammatory responses, and the survival of neurons [18, 20, 25].

The Notch signaling pathway regulates apoptosis through multiple mechanisms, and its potential as an im‑
munotherapeutic target has been conϐirmed by several studies. In models of myocardial ischemia, Notch1 signif‑
icantly reduces cardiomyocyte apoptosis by inhibiting Bax expression, decreasing caspase‑9 and ‑3 activity, and
upregulating Bcl‑2 [27]. Within the tumor microenvironment, Notch1 inhibits p53‑mediated apoptosis in HaCaT
cells and enhances chemoresistance through the activation of the PI3K/Akt pathway [28]. Targeted intervention
in the Notch pathway induces tumor‑speciϐic apoptosis: rhamnetin promotes apoptosis in breast cancer cells by
activating caspase‑3 and ‑9 via the miR‑34a/Notch1 axis [29], while the herbal extract AB4 induces apoptosis in
hepatocellular carcinoma cells by inhibiting the Notch signaling pathway, activating caspase‑3 and ‑9, and trigger‑
ing themitochondrial apoptotic pathway [30]. These ϐindings suggest that theNotchpathway canbe aprecise target
to enhance the response to immunotherapy by regulating apoptosis‑related molecules (caspase cascade reactions)
and cross‑talking key pathways.

However, to date, few studies have reported on the involvement of Notch1 in hippocampal neuronal apoptosis
and neuroimmunomodulation. Furthermore, our understanding of the precise role of Notch1 and its associated
molecular events as prognostic indicators of neurological injury‑related diseases remains inadequate. In the cur‑
rent investigation, we evaluated the speciϐic role of Notch1 in apoptosis through the application of siRNA‑mediated
knockdown of Notch1 via cell transfection techniques. Our results show that Notch1 has a crucial function in the
apoptosis of hippocampal neurons and the sequencing results obtained following the knockdown of Notch1 demon‑
strated that the differentially expressed genes (DEGs) play a signiϐicant role in neuronal cellular immunity detected
by the KEGG enrichment analysis. Therefore, targeting the Notch1 signaling pathway not only preserves neuronal
function through suppression of neuronal apoptosis but also establishes a novel immunotherapeutic approach for
neurodegenerative and cerebrovascular disorders through the regulation of immune cell activation and inϐlamma‑
tory responses. This establishes a basis for further exploration of the mechanisms underlying its involvement in
the recovery of learning and memory, as well as its neuroprotective effects in the context of neurological disorders.
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2. Materials and Methods
2.1. Cell Cultures and Model Building

The HT22 mouse hippocampal neuronal cell line was procured from the Cell Resource Centre at the Institute
of Basic Medical Sciences, Peking Union Medical College, afϐiliated with the Chinese Academy of Medical Sciences.
The cells were maintained in Dulbecco’s Modiϐied Eagle Medium (DMEM; Gibco, USA, 12800017), which was sup‑
plemented with 10% fetal bovine serum (Ever Green, CHN, 80230‑6412) and penicillin/streptomycin (Gibco, USA,
15140122) at a working concentration of 100 U mL−1. The incubation conditions were set at 37 °C in a controlled
atmosphere containing 5% CO2 and 21% oxygen.

This study was divided into three groups: HT22 cells that were not treated (untransfected), HT22 cells trans‑
fected with scramble siRNA (scramble), and HT22 cells transfected with siRNA targeting Notch1 (siNotch1). Cell
transfectionwas performed using Lipofectamine™ LTX Reagent (Lipofectamine™ LTXReagentwith PLUS™Reagent;
Thermo Fisher, USA, catalog number 15338100). For speciϐic methods, please refer to the section on cell transfec‑
tion.

2.2. Cell Transfection
Cell transfection used Lipofectamine™ LTX Reagent. Cells were seeded one day prior to transfection and plated

in growth medium to ensure that they reached approximately 70% conϐluency at the time of transfection. Diluted
siRNA (chemically synthesized by Sangon Biotech, CHN) in Plus reagent and Opti‑MEM™ Reduced Serum Medium
(Opti‑MEM; Thermo Fisher, USA, 31985062) were mixed gently. Mixed Lipofectamine® LTX with Opti‑MEM, in‑
cubated for 5 minutes at room temperature. To initiate the transfection process, the siRNA should be added to a
freshly prepared solution of Lipofectamine® LTX, followed by gentlemixing. Thismixture should then be incubated
at room temperature for a duration of 5 minutes. Concurrently, the cell culture medium should be replaced with
serum‑free DMEM in each well. Upon completion of the incubation period, the siRNA‑Lipofectamine® LTX complex
should be introduced into the wells containing the cells, ensuring a proportional distribution, then the plate should
be gently agitated back and forth to facilitate mixing. Subsequently, the plates must be placed in a CO2 incubator
set at 37 °C for 4 to 6 hours, the medium can be substituted with complete medium (serum DMEM). Transgene
expression can be observed within 24 to 48 hours following transfection. In instances where the siRNA is labeled
with a ϐluorescent marker, it is crucial to limit exposure to light throughout the duration of the experiment. The
volumes of reagents used in the transfection experiment are detailed in Table 1.

Table 1. The volumes of reagents of transfection experiment.

Component Opti‑MEM®
Medium

Lipofectamine® LTX
Reagent

Opti‑MEM®
Medium RNA (100 pmoL) PLUS™ Reagent

6‑well 95 µL 5 µL 93.3 µL 5 µL 1.7 µL
24‑well 23.5 µL 1.5 µL 23.9 µL 0.75 µL  0.34 µL 
96‑well 4.7 µL 0.3 µL 0.3 µL 0.1 µL 4.6 µL

2.3. Bioinformatic Analysis (RNA‑Sequencing)
To verify the correlation of Notch1 with other signaling pathways and cellular functions, we performed tran‑

scriptome sequencing on HT22 cells with Notch1 knockdown. The construction and sequencing of the cDNA li‑
brary were conducted by Meiji Biotech Ltd., located in Shanghai, China. Raw reads obtained from the Illumina
HiSeq sequencing platformwere processed using Cutadapt software. We normalized the raw expression data using
transcripts per million (TPM) and the RESM model and analyzed the consistency and comparability of expression
distributions across samples. HTSeq‑count was employed to calculate the read counts. Differentially expressed
genes were identiϐied utilizing the R package DESeq2, with a fold change threshold set at ≥2 or ≤0.5, alongside a
signiϐicance criterion of P < 0.05.

To identify genes that exhibit differential expression and to conduct an analysis of functional enrichment, we
utilized Gene Ontology (GO) and Reactome FIViz. Functional enrichment analyses for both GO and Reactome were
conducted using Goatools (https://github.com/tanghaibao/Goatools) and the Reactome database (https://
reactome.org/). Correlation data were calculated using the ‘corrplot‘ function, and the resulting graphs were
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generated with the ‘ggplot2‘ package in R software.

2.4. Cell Viability Assays
In this investigation, the viability of cells was assessed through the MTS (3‑(4,5‑dimethylthiazol‑2‑yl)‑5‑(3‑

carboxymethoxyphenol)‑2‑(4‑sulfophenyl)‑2H‑tetrazolium) assay, utilizing the CellTiter 96 Aqueous One Solution
Cell Proliferation Assay kit (MTS; Promega, USA, G3580). HT22 cells were plated in 96‑well plates at a density of 2 ×
10^3 cells per well one day prior to the experiment and were subsequently cultured for a period of 24 hours. After
this incubation period, the cells were transfectedwith 20 µL of MTS solution 24 hours post‑transfection. Each plate
included a control well containing only the complete medium and MTS solution (void of cells), with readings taken
at intervals of 30minutes. The procedures adhered to the protocols established by Zhao et al. [31]. All experiments
were conducted in triplicate.

2.5. qRT‑PCR
Total RNA was extracted using a highly efϐicient guanidine‑phenol‑chloroform method, commonly referred to

as the TRIzol extraction method, utilizing TRIzol™ Reagent (Invitrogen, USA, 15596018CN). This method is based
on the principle of phase separation and effectively extracts high‑quality RNA from cell or tissue samples. After
extraction, the NanoDrop 2000 spectrophotometer was used to evaluate the concentration and purity of the RNA
and with the A260/280 ratio ranging from 1.8 to 2.1, indicating that the extracted RNA was of good quality and
suitable for subsequent experiments. RNA reverse transcription employed PrimeScript™ RT Reagent Kit (Perfect
Real Time) (Takara, JPN, RR047B). The primer information for the genes studied is detailed in Table 2. In quanti‑
tative real‑time PCR experiments, the ABI 7900 Real‑Time PCR system (Invitrogen, USA) was used to carry out the
reaction, and the speciϐic experimental steps were as follows: First, initial denaturation was performed at 95 °C for
10minutes to ensure complete separation of the DNA strands. This was followed by 40 cycles of PCR ampliϐication,
each cycle involving 30 seconds at 95 °C (denaturation), 60 seconds at 60 °C (annealing), followed by a 2‑minute
extension at 60 °C to yield ample cDNA. To analyze the relative expression levels of mRNA, the 2‑ΔΔCT analysis
method was utilized [32], with β‑actin utilized as a reference gene for internal normalization purposes to correct
for potential variability in the experiments and to guarantee the precision and dependability of the ϐindings. All
experiments were performed in triplicate to improve the reliability and reproducibility of the results.

Table 2. Primers sequence for qRT‑PCR.

Gene Name Forward (5′ ‑ 3′) Backward (5′ ‑ 3′)

β‑Actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT
Notch1 CACCCATGACCACTACCCAGTT CCTCGGACCAATCAGAGATGTT
Hes1 ACACCGGACAAACCAAAGAC ATGCCGGGAGCTATCTTTCT

2.6. Cell Apoptosis Detection
We used ϐlow cytometry (FACS Canto II; BD, USA) and the Annexin V‑FITC Assay Kit (BD, USA, BD559763) as

per our previous studies [33, 34]. HT22 cells were subjected to digestion, followed by two washes with cold PBS,
and were subsequently resuspended in cold 1X binding buffer at a concentration of 1 × 10^6 cells per milliliter.

Subsequently, aliquots of cell suspensions, precisely 100 µL in volume, were transferred into designated ϐlow
cytometry tubes. To each tube, 5 µL of FITC Annexin V conjugate and 5 µL of propidium iodide (PI) solution were
meticulously introduced. This dual‑staining approach, leveraging the distinct properties of Annexin V and PI, al‑
lows for a comprehensive assessment of cellular viability and the discrimination of apoptotic and necrotic cell pop‑
ulations via ϐlow cytometric analysis. The mix underwent vortexing and a 15‑minute dark incubation at ambient
conditions. Thereafter, 400 µL of 1X Binding Buffer was added to the mixture to resuspend the cells. The analysis
of apoptotic cells was conducted via ϐlow cytometry within one hour of preparation.

2.7. Cell Cycle Detection
The present study utilized a ϐlow cytometer (FACS Canto II; BD, USA) to conduct an analysis of the cell cycle. To

maintain experimental consistency, the cells were synchronized by substituting the complete mediumwith serum‑
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free medium, thereby inducing a state of starvation for a duration of 12 hours. When cells reached 60%–70%
conϐluence before transfection. Following a 48‑hour period post‑transfection, the cells were subjected to trypsin di‑
gestion, after which HT22 cells were washed twice with cold phosphate‑buffered saline (PBS) and subsequently re‑
suspended in cold PBS. The resuspension was achieved through the gradual addition of ice‑cold anhydrous ethanol
to reach a ϐinal concentration of 75%, and the cellswere then ϐixed at 4 °C overnight. In the course of our experimen‑
tal procedures, samples comprising approximately 1 × 10^6 cells were subjected to resuspension in a total volume
of 0.5 mL of BD Pharmingen™ PI/RNase Staining Buffer, a reagent provided by BD Biosciences, USA (Product Code:
550825). This buffer is speciϐically formulated to facilitate the effective staining of cellular components, allowing
for subsequent analysis of cellular viability and integrity. To ensure optimal staining conditions, the samples were
incubated in a dark environment for a duration of 15 minutes at room temperature. The resulting cell cycle data
were processed using FlowJo v10.0.7 software.

2.8. Western Blot Analysis
As outlined in our earlier research [33], at the end of the indicated incubation period, cells were carefully

harvested through gentle scraping to minimise cell damage and ensure optimal protein integrity. To remove resid‑
ual medium and non‑adherent debris, the harvested cells were subsequently washed twice in succession with ice‑
cold phosphate‑buffered saline (PBS). Protein extraction was then performed using RIPA lysis buffer (Beyotime,
P0013B), a commercially available buffer optimised to effectively lyse cells and solubilise a wide range of pro‑
teins. To further facilitate protein release and disruption of nucleic acid complexes, cell lysates were subjected
to controlled sonication on ice. This involves the application of short pulses of high‑frequency sound waves, which
mechanically disrupt the cellular structure and improve the accessibility of proteins in the lysate. The concentra‑
tions of protein were assessed utilizing a Protein Quantiϐication Kit (BCA Assay, Thermo, 23227), then with mixed
protease inhibitors (NuPAGE™ Antioxidant; Invitrogen, NP0005). Equal amounts of protein samples (20 μg each)
were subjected to separation via SDS/PAGE at a current of 30 mA for 2.5 hours. Subsequently, after a series of
preparations in accordance with established laboratory protocols, the gel after electrophoresis was transferred
to the nitrocellulose membrane by ϐlattening the gel with an acetate membrane, as required for transferring the
proteins to the nitrocellulose membrane (Roche, Switzerland, catalog number 3010040001), followed by a block‑
ing step using 5% nonfat dry milk for a duration of 1 hour. The membrane was then incubated overnight at 4 °C
with anti‑Hes1 (Cell Signalling Technology, 11988s), anti‑Notch1 (Cell Signalling Technology, 4380S), anti‑β‑Actin
(Santa Cruz Biotechnology, 47778), anti‑cleaved caspase‑3 (Cell Signalling Technology, 9661s), and anti‑spectrin
(Sigma‑Aldrich, MAB1622) antibodies. Following this, the secondary antibody was incubated for a duration of 1.5
hours at room temperature. Subsequently, the identiϐication of protein signals utilizing advanced chemilumines‑
cence reagents (ECL, Thermo, 34580) with the Tanon 5200 automatic chemiluminescence imaging analysis system
(Tanon, Shanghai, China). The quantiϐication of protein expression levels was achieved through the analysis of gray
values by ImageJ software, with β‑Actin employed as the internal control.

2.9. Statistical Analyses
The statistical analyseswereperformedusingGraphPadPrism9 software, and employed the statisticalmethod

of one‑way analysis of variance (ANOVA) in conjunction with Tukey’s HSD post‑hoc test, which is suitable for com‑
parisons between independent samples across multiple groups and effectively controls the accumulation of Type I
errors that can arise frommultiple comparisons. WhenANOVA indicated a signiϐicant difference between groups (p
< 0.05), Tukey’s HSD test was utilized for further analysis. This method is based on the Studentized Range Distribu‑
tion (SRD), and conϐidence intervals for inter‑group comparisons were established by calculating the threshold for
the least signiϐicant difference (HSD). This allows for the accurate identiϐication of groups with statistically signiϐi‑
cant differences while maintaining the familywise error rate at a predetermined α level. This combination ensures
statistical validity and rigor in correcting formultiple comparisons. Datawere obtained from at least three separate
experiments and are shown as mean ± standard error of the mean (SEM). A p‑value of less than 0.05 was deemed
indicative of statistical signiϐicance.

3. Results
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3.1. Notch1Was Signiϐicantly Knocked Down after Transfection of siNotch1 in HT22 Cells
The siNotch1 fragment was labeled with FAM, exhibiting green ϐluorescence after the transfection of cells. The

resultswere observed using a ϐluorescence invertedmicroscope 24hours after transfection (Figure1a). ThemRNA
expression level of Notch1was assessed via real‑time PCR 24 hours after cell transfection (Figure 1b). Additionally,
a semi‑quantitative analysis of Notch1 was conducted using Western blot experimental technique (Figure 1c) and
ImageJ (**P <0.01) (Figure1d), and the experimental results indicated thatNotch1was signiϐicantly knockeddown
in HT22 cells at both the protein and mRNA levels. At the same time, we measured the mRNA (**P < 0.01) (Figure
1e) and protein levels (**P < 0.01) (Figure 1f) of Hes1, which is a key gene that functions downstream of the Notch
signaling pathway. We observed a signiϐicant reduction in mRNA levels (**P < 0.01) and protein levels (*P < 0.05)
of Hes1.

Figure 1. The Notch signaling pathway was signiϐicantly affected after transfection of siNotch1 in HT22 cells. (a)
The transfection of siNotch1 into HT22 cells was observed by ϐluorescence inverted microscope. (b) Notch1mRNA
expression level was determined by real‑time polymerase chain reaction after transfection of siNotch1, n = 3. (c)
Semi‑quantitative analysis of Notch1 protein, β‑actin as inner reference, n = 6. (d) The protein level was measured
using aWestern blot assay. (e) Hes1mRNA expression levels were detected by real‑time polymerase chain reaction
with β‑actin as the reference gene, n = 3. (f) The level of Hes1 protein was detected by Western blot assay and
semi‑quantitative analysis, β‑actin as inner reference, n = 6.
Note: Data are mean ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001, ****, P < 0.0001; Scale bar, 100 μm.
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3.2. Notch1 is Closely Associated with the Apoptosis of Mouse Hippocampal Neurons
To further investigate the effects of Notch1 knockdown on HT22 cells, the groups of untransfected, scrambled,

and siNotch1 were subjected to RNA sequencing to compare differentially expressed genes (DEGs). The normal‑
ization process used to construct the RESM model (Figure 2a) demonstrated that the visualization of mRNA ex‑
pression distribution in each group was homogeneous. A Venn diagram (Figure 2b) illustrated the DEGs between
the untransfected and scrambled groups, as well as between the scrambled and siNotch1 groups; three of the four
DEGs identiϐied were predicted genes (Figure 2c) that could not be subsequently enriched. Compared to the un‑
transfected group, the scrambled group exhibited 23 upregulated, and 20 downregulated differentially expressed
genes (criteria: P < 0.01, fold change > 2, Figure 2d). The Gene Ontology (GO) analysis conducted on all differen‑
tially expressed genes indicated the absence of any statistically signiϐicant differences (Figure 2e). Based on these
results, we will focus on the DEGs between the scrambled and siNotch1 groups.

Figure 2. RNA sequencing. (a) Visualisation of the distribution of mRNA expression in each group is homogeneous.
(b) Venn diagram showing differentially expressed genes (DEGs) between groups. (c) Three of the DEGs were pre‑
dicted genes. (d) A volcano plot illustrating the 23 upregulated and 20 downregulated DEGs (criteria: P < 0.01, fold
change > 2 or <0.5) in scrambled group HT22 cells compared to those from untransfected cells. (e) Gene Ontology
(GO) analysis of the DEGs reveals no signiϐicant difference (untransfected vs. scrambled).
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To further investigate the biological functions of DEGs between the scrambled and siNotch1 groups, we con‑
ducted heatmap cluster analysis (Figure 3a) and volcano plots (V‑panel) (Figure 3b). Compared to the scrambled
group, the siNotch1 group exhibited a total of 857 DEGs, of which 469 (in red) were upregulated and 388 (in blue)
were downregulated (criteria: P < 0.01, fold change > 2). GO analysis indicated that the knockdown of Notch1
was closely associated with apoptosis‑related signaling pathways (Figure 3c). To provide additional clarity regard‑
ing the functions of the DEGs, we employed Reactome analysis, which suggested that the enriched signaling path‑
ways are linked to apoptosis, programmed cell death, execution of apoptosis, apoptotic cleavage of cellular proteins,
and apoptotic factor‑mediated response (Figure 3d). The Notch pathway signiϐicantly inϐluences programmed cell
death in murine hippocampal neurons. At the same time, we also performed KEGG enrichment analysis on DEGs
(Figure 3e), in which the results not only showed that Notch signalling was closely related to apoptosis, but also to
TNF, C‑type lectin receptor, and NF‑kappa B signaling pathways, which are involved in important physiological pro‑
cesses such as innate and adaptive immunity, immune defense, and immune stabilisation, and are closely related to
stress responses and inϐlammation. This result suggests that the Notch signaling pathway, a highly conserved and
intricately regulated intercellular communication mechanism, assumes a pivotal and multifaceted role in cellular
immunity within the nervous system. This pathway consists of a series of well‑coordinated molecular events that
are fundamental for maintaining immune homeostasis in neural tissues.

Figure 3. Cont.
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Figure 3. RNA sequencing identiϐies knockdown of Notch1 involved in regulation of apoptosis. (a) Heatmap show‑
ing DEGs identiϐied by RNA sequencing between scrambled and siNotch1 HT22 cells. (b) A volcano plot illustrating
the 469 upregulated and 388 downregulated differentially expressed genes (scrambled vs. siNotch1). (c) GO anal‑
ysis. (d) Reactome analysis of DEGs showing the enriched signalling pathways were related to apoptosis. (e) KEGG
analysis showing the enriched signalling pathways were related to apoptosis, immunity and inϐlammation.

3.3. Effect of Knockdown of Notch1 on HT22 Cell Cycle and Cell Viability
Our earlier ϐindings indicated that Notch1 overexpression elevated the fraction of cells in the S phase and en‑

hanced cell proliferation [32]. In order to clarify the function of the Notch1 gene in the process of apoptosis, we
conducted an analysis of the cell cycle distribution in HT22 cells using the BD Canto II Flow Cytometer (Figure
4a). The results showed that G1‑phase cells, although increased, were not signiϐicantly different (Figure 4b and
Figure 4c), and S‑phase cells were signiϐicantly decreased, again not statistically signiϐicant (Figure 4d). Cell pro‑
liferation was also examined in this experiment, and cell viability was assessed using the MTS assay. Following the
knockdown of Notch1, the viability of HT22 cells was markedly reduced (***, P < 0.001; ****, P < 0.0001) (Figure
4e). This observation aligns with our earlier ϐindings [32], indicating that Notch1 is instrumental in facilitating cell
proliferation.

3.4. Knockdown of Notch1 Contributes to HT22 Cell Apoptosis
To verify the effect of Notch1 knockdown on apoptosis in HT22 cells, we detected apoptosis using ϐlow cy‑

tometry (Figure 5a). The results indicated that the number of apoptotic cells in the siNotch1 group signiϐicantly
increased compared to the scrambled group (*P < 0.05) (Figure 5b). Additionally, we analyzed the protein expres‑
sion of spectrin, caspase‑3 and cleaved caspase‑3 through Western blotting to further conϐirm the occurrence of
apoptosis and cell death following Notch1 knockdown in HT22 cells (Figure 5c). Normal HT22 cells exhibited a
high level of spectrin, with spectrin cleavage producing 145/150 kDa (reϐlects cell necrosis and excitotoxic neu‑
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ronal death) and 120 kDa (reacts to the death of apoptotic cells) [35]. The results (Figure 5c–f) demonstrated that
Notch1 knockdown led to a signiϐicant increase in 120 kDa (**P < 0.01) (Figure 5d), 145 kDa (* P < 0.05, ** P < 0.01)
(Figure 5e), and 150 kDa (****P < 0.0001, *** P < 0.001) protein expressions compared to both the untransfected
and scrambled groups (Figure 5f). Therefore, Notch1 knockdown promotes both cell necrosis and apoptosis.

Figure 4. Effect of knockdown of Notch1 on HT22 cell cycle and cell viability. (a) The cell cycle was detected by
ϐlow cytometry and data analysis was performed with FlowJo v10.0.7 program. (b) Cell cycle distribution result.
(c) The cell cycle of knockdown Notch1 was increased in G1 phase compared with scrambled, n = 3. (d) The cell
cycle of knockdown Notch1 was decreased in S phase compared with scrambled, n = 3. (e) Knockdown of Notch1
reduced the viability of HT22 cells, n = 6.
Note: Data are mean ± SEM, *, P < 0.05; ****, P < 0.0001.

Subsequently, we assessed the expression levels of caspase‑3 (Figure 5c). The caspase family, also known
as cysteine aspartate‑speciϐic proteases, plays a crucial role in the regulation of apoptosis through mitochondrial
and death receptor pathways. Caspase‑3, a prominent member of this family, is widely acknowledged as a key
protease in the apoptotic process and is often designated as a death protease. It is regarded as the ultimate ex‑
ecutor of apoptosis and is signiϐicantly implicated in the onset and progression of various pathological conditions,
including tumors [36], ischemia [37], and reperfusion injury [38, 39]. Cleaved caspase‑3 represents the active
fragment generated during the activation of this protease, and its expression level indicates the activity and extent
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of protease‑mediated apoptosis. Our study demonstrated a signiϐicant increase in levels of caspase‑3 (Figure 5g),
cleaved caspase‑3 (****P < 0.0001) (Figure 5h) in siNotch1 cells compared to the untransfected and scrambled
groups. The ϐindings indicate that Notch1 knockdown enhances the expression levels of caspase‑3 and its cleaved
form, cleaved caspase‑3, thereby promoting apoptosis and neuronal injury in mouse hippocampal neurons.

Figure 5. Knockdown of Notch1 contributes to HT22 cell apoptosis. (a) Flow cytometry results of HT22 cells
apoptosis, n = 3. (b) Apoptosis data statistics. Apoptosis levels in siNotch1 cells have increased. (c) Results from
the Western blot analysis. Semi‑quantitative analysis of changes in the protein levels of 120 kDa (d), 145 kDa (e),
150 kDa (f) of spectrin, and caspase‑3 (g), cleaved caspase‑3 (h), n = 6.
Note: Data are mean ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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4. Discussion
The Notch1 signaling pathway is central to neuroimmunomodulation and [10, 21] regulation [22, 40], inϐlu‑

encing the progression of neuroinϐlammatory and neurodegenerative diseases through its dual control of neuronal
apoptosis and immune responses, thereby emerging as a critical target for immunotherapy [41, 42]. Experimental
ϐindings conϐirm that Notch signaling directly regulates neuronal apoptosis, which acts as both a core immunomod‑
ulatory mechanism and a signiϐicant endpoint in inϐlammatory processes. Moreover, Notch signaling plays a cru‑
cial role in the immune system, not only in the development and maintenance of hematopoietic stem cells [43],
but also in the lineage differentiation of T and B cells within central and peripheral lymphoid organs [44], as well
as in T‑cell activation [45] and functional modulation [46]. In addition, Notch signaling can have a dual effect on
tumor immunity by modulating the prevalence and functional capabilities of diverse immune cell types, encom‑
passing myeloid‑derived suppressor cells (MDSC), tumour‑associated macrophages (TAMs), dendritic cells (DCs)
and T cells [47]. During the early stages of brain development, the initial proliferation of neurons exceeds the num‑
ber of neurons that are eventually integrated into mature neural circuits, and large numbers of excess neurons are
systematically removed by apoptosis [48]. In neurological disorders including Alzheimer’s disease, Parkinson’s dis‑
ease, stroke, traumatic brain injury, and amyotrophic lateral sclerosis, the process of apoptosis induces an elevated
accumulation of inϐlammatory molecules within the nervous system, and this cascade of reactions triggers the acti‑
vation of neuroglial cells and exacerbates neuronal damage through sustained inϐlammatory signaling [49–51]. In
this study, RNA sequencing was conducted following the knockdown of Notch1 in mouse hippocampal neuronal
cells (HT22) using liposome‑transfected siRNA, and the results indicated that the differentially expressed genes
were closely associated with apoptosis, as well as inϐlammation, immune regulation, and other related pathways.
Defects in the Notch1 gene are associated with the promotion of apoptosis, which adversely affects neurological
function and is involved in pathways related to immunomodulation. This may represent a potential mechanism
underlying neurodegenerative and cerebrovascular diseases, ultimately resulting in neurological impairment and
deϐicits in learning and memory.

We used RNAi technology to demonstrate the role of Notch1 in apoptosis, neuroinϐlammation and immune reg‑
ulation. Our ϐlow cytometry assay revealed that the knockdown of Notch1 effectively induced apoptosis. Further‑
more, we noted a signiϐicant increase in the levels of the essential apoptotic proteins caspase‑3 and cleaved caspase‑
3, as well as αII spectrin (120/145/150). The results indicate that siNotch1 effectively induces apoptosis in mouse
hippocampal neurons. Inhibitors ofmiR‑9 have been demonstrated to restrain neuronal apoptosis through the acti‑
vation of Notch signaling pathways, thereby enhancing neuronalmorphology and enhancing neural function in a rat
model of depression [52]. In a notable study investigating the impact of Ubiquitin‑like modiϐier‑activating enzyme
6 (UBA6) on neuronal health, researchers found that silencing or knockdown of UBA6 in rat models signiϐicantly
intensiϐied apoptosis and cerebral injury followingmiddle cerebral artery occlusion (MCAO). This experimental ap‑
proach established a direct link between the functional presence of UBA6 and neuronal survival during ischemic
conditions. The underlying mechanism implicated in this exacerbation involved a marked inhibition of the Notch1
signaling pathway, which is known for its critical role in regulating cellular differentiation, survival, and apopto‑
sis. Speciϐically, the Notch1 pathway typically functions to promote cell survival and mitigate apoptotic processes
within the brain’s neural population [53]. This inhibition of the Notch1 signaling pathway resulted in increased
neuronal apoptosis, which is consistent with our ϐindings. In addition, our experimental results indicate that the
Notch1 signaling pathway can inhibit apoptosis by regulating caspase‑3 activity, and its mechanism has been vali‑
dated in various cell and disease models. For instance, in pathogen infection models, Ehrlichia‑induced activation
of the Notch signaling pathway can block host cell apoptosis by stabilizing XIAP (X‑linked inhibitor of apoptosis pro‑
tein) and inhibiting caspase‑3 activation [54]; and in cancer therapeutic studies, the extract of Polycladia crinita and
its seleniumnanopreparation signiϐicantly increased the activation level of cleaved caspase‑3 through the downreg‑
ulation of the Notch1 signaling pathway, which, in turn, induced apoptosis in solid cancer cells. Furthermore, in a
model of colitis, the activation of the Notch1 signaling pathway reduces apoptosis in intestinal epithelial cells, and
this effect is associated with the inhibition of caspase‑3 cleavage [55]. Thus, the NOTCH signaling pathway can ex‑
ert anti‑apoptotic effects by directly or indirectly regulating the activation state of caspase‑3. Research in this area
offers potential targets for the treatment of related diseases.

At the same time, the results of the cell cycle analysis in this experiment indicated that theG1phaseof siNOTCH1
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cells was increased, while the S phase was decreased, cell viability was signiϐicantly reduced, and cell proliferation
was blocked in the G1 phase, suggesting that knocking down Notch1 inhibited the proliferation of HT22 cells. This
ϐinding aligns with our prior research [32], that the 5‑Aza induced Notch1 signaling pathway promotes adult neu‑
rogenesis in the hippocampal dentate gyrus, and in vitro experiments using the immortalized mouse hippocampal
neuron neuroblastoma cell line HT22 demonstrated that overexpression of Notch1 increased cell viability and the
proportion of S‑phase cells, thereby promoting cell proliferation. It has been reported that neurogenesis is inhibited
in Notch +/– mice [56], and that inhibition of Notch1 activity leads to a decrease in the generation of new neurons
in the hippocampus, ultimately resulting in the depletion of hippocampal NSC [57]. All this indicates that Notch1
may have a signiϐicant function in the inhibition of proliferation and the promotion of apoptosis in hippocampal
neurons. Apoptosis is a non‑inϐlammatory cell death that is important in normal physiology and disease. Physiolog‑
ical apoptosis is a suicidal behavior of the organism in order to better adapt to the survival environment; whereas
apoptosis stimulated by pathological factors causes deleterious damage to the organism. Apoptosis is a crucial
component of normal development and homeostasis within an organism, serving as an essential mechanism for
immune‑inϐlammatory clearance. When neurons are exposed to environmental stress, particularly in pathological
conditions, they produce and secrete cytokines that activate glial cells, thereby inϐluencing the function of immune
cells and promoting their immune response. In our study, we found that the molecular basis of the Notch1 sig‑
naling pathway dictates a wide range of regulatory functions across various cell types. This pathway is not only
involved in apoptosis but also plays a crucial role in immune and inϐlammatory regulation, which may be a series
of self‑protective responses generated by neurons in reaction to environmental stress.

The Notch1 signaling pathway plays a critical role in neuroinϐlammation by regulating the tumor necrosis fac‑
tor (TNF) and nuclear factor kappa‑light‑chain‑enhancer of activated B cells (NF‑κB) signaling pathways. Our RNA
sequencing results revealed that the knockdown of Notch1 signiϐicantly enriched differentially expressed genes
(DEGs) within the TNF and NF‑κB pathways (Figure 3e). TNF, a key mediator of neuroinϐlammation, is predom‑
inantly secreted by activated microglia and astrocytes. It ampliϐies neuroinϐlammation by activating the NF‑κB
pathway, which promotes the release of pro‑inϐlammatory cytokines (e.g., IL‑1β, IL‑6) and exacerbates neuronal
damage [10, 11]. In models of Alzheimer’s disease (AD), TNF overexpression induces A1‑type astrocyte activation,
further facilitating β‑amyloid (Aβ) deposition and neuroinϐlammation [58]. Our study suggests that the knockdown
of Notch1 may inhibit the expression of the downstream target Hes1 (Figure 1e and Figure 1f), which regulates
the TNF/NF‑κB pathway and inϐluences the release of pro‑inϐlammatory factors (Figure 5c–h). This mechanism
has also been observed in Parkinson’s disease (PD) andmultiple sclerosis (MS), where neuroinϐlammation induces
neuronal apoptosis and glial scarring through the TNF/NF‑κB pathway [10, 11, 13]. Furthermore, the synergy
between Notch1 and NF‑κB may involve epigenetic regulation (e.g., chromatin remodeling or DNA methylation) to
inϐluence the transcriptional activity of inϐlammation‑related genes [10, 11], highlighting the central role of the
Notch1‑TNF/NF‑κB axis in neurodegenerative diseases. In summary, Notch1 exerts a regulatory effect on neuroin‑
ϐlammation by inhibiting the overactivation of TNF and NF‑κB signaling pathways, thereby providing a molecular
basis for Notch1‑targeted immunotherapy strategies.

The Notch1 signaling pathway demonstrates multifaceted roles in neuroimmune regulation, offering a poten‑
tial therapeutic target for neurodegenerative and cerebrovascular diseases. Research indicates that Notch1 mod‑
ulates neuroinϐlammatory processes by regulating the polarization of microglia and macrophages. For example,
the synergistic interaction of Notch1 with the GSK‑3β and NF‑κB/p65 pathways dynamically modulates the synthe‑
sis of pro‑inϐlammatory mediators (e.g., IL‑6, CXCL1) in microglial cells, whereas interventions targeting Notch1
promotes microglial cell polarisation towards an anti‑inϐlammatory phenotype (M2) and ameliorate neuroinϐlam‑
mation and synaptic dysfunction in temporal lobe epilepsy [59, 60]. Rhodiola rosea glycosides promote endoge‑
nous neuroregeneration following cerebral ischemia/reperfusion through activation of the Notch1 signaling path‑
way in concert with neurotrophic factors (e.g., BDNF, NGF), while also inhibiting microglia‑mediated neuroinϐlam‑
mation [61]. Similarly, Psoralea cinnamomi granules inhibit microglial activation and reduce the release of pro‑
inϐlammatory factors (e.g., TNF‑α, IL‑1β) bymodulating Notch1‑dependent signaling, thereby attenuating neuronal
apoptosis [62]. In a cerebral hemorrhage model, minocycline regulates CD4+ T‑cell differentiation through the
Notch1 signaling pathway, inhibits Th1/Th17 cell‑driven pro‑inϐlammatory responses, and promotes regulatory
T‑cell (Treg) expansion, thereby alleviating white matter damage [63]. These ϐindings 66highlight the bidirectional
plasticity of the Notch1 signaling pathway: its activation exerts neuroprotective effects in speciϐic cell types (e.g., T
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cells, microglia) or microenvironments (e.g., ischemia, hemorrhage) by inhibiting NF‑κB, modulating immune cell
differentiation, or inducing conversion to an anti‑inϐlammatory phenotype. Furthermore, activation of the Notch1
receptor by ligands such as DLL1, DLL4, and Jagged1 inϐluences downstream genes like Hes1 and Hey1, which are
crucial for T cell development, differentiation, and functionality [64]. Additionally, this pathway plays a signiϐicant
role in antitumor immunity by curbing the production of regulatory T cells (Tregs) and boosting the activity of effec‑
tor T cells [65]. The Notch1 signaling pathway regulates inϐlammatory responses and immune cell activity through
a complexmechanism of neuroimmune regulation, and its activation can inhibit the release of inϐlammatory factors
and overactivation of immune cells under speciϐic pathological conditions, providing a potential therapeutic target
for neurodegenerative and cerebrovascular diseases.

5. Conclusions
Notch signaling is widely regarded as an evolutionarily conserved pathway that plays a crucial role in the ex‑

change of information from the cell membrane to the nucleus. This intricate signaling mechanism not only un‑
derlies many biological processes such as cell differentiation, immune regulation, and apoptosis, but also plays
an important role in neuroimmune signaling. The study revealed the important role of the Notch signaling path‑
way in neuronal apoptosis, as well as in immune regulation and inϐlammation within the mouse hippocampus,
and this pathway may serve as a potential target for immunotherapy of neurological diseases. A schematic ϐigure
about the Notch1‑apoptosis‑immunity pathway is shown in Figure 6. Apoptosis is an important means of immune‑
inϐlammatory clearance, and when neurons are exposed to environmental stresses, especially under pathological
conditions, they produce and secrete cytokines that activate glial cells, thereby affecting the function of immune
cells and facilitating their immune response. Notch signaling can inϐluence the course of neuroinϐlammation and
neurodegenerative diseases by modulating the interactions between immune cells and neuronal cells. The central‑
ity of the Notch1 signaling pathway in neuroinϐlammation and immune regulation makes it a potential target for
immunotherapy of neurological diseases. Based on this, the development of Notch1 pathway‑speciϐic agonists (e.g.,
small molecule compounds or active ingredients from traditional Chinese medicines) or co‑targeting strategies to
inhibit neuroinϐlammation, promote neuronal survival, and restore neurological function, thereby opening up new
directions for the treatment of stroke, Alzheimer’s disease, multiple sclerosis, and other disorders, could open up
new pathways for the precision treatment of neuroimmune‑related diseases.

Figure 6. Notch1‑Apoptosis‑Immunity pathway schematic.
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In the present study, our in vitro model based on a mouse hippocampal neuronal cell line (HT22 cells) has
certain limitations. The in vitro culture system cannot replicate the dynamic interactions of neural‑immune units,
and there are species‑speciϐic differences in the downstream molecules of Notch1 signaling between mice and hu‑
mans. Therefore, our subsequent study aims to evaluate the mechanisms of interaction between the Notch1 signal‑
ing pathway/apoptosis/immunity pathway using transgenic mouse models, human‑derived neurons, and human
iPSC‑differentiated neurological organoid models to contribute to the clinical application of immunotherapy.
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