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A B S T R A C T

Background: Pulpitis is a significant dental concern characterized by inflammation of the

dental pulp, often causing severe pain and potential tooth loss. Immune infiltration and

necroptosis, both implicated in various inflammatory conditions, have been noted in pulpi-

tis. However, the roles of necroptosis and immune infiltration in pulpitis pathogenesis

remain poorly understood.

Methods: Hematoxylin and eosin (HE) staining assessed inflammatory infiltration in dental

pulp tissues. Western blotting (WB) and immunohistochemistry (IHC) quantified pMLKL

expression. Transcriptome datasets GSE92681 and GSE77459 from GEO identified necropto-

sis-related differentially expressed genes (NRDEGs) via bioinformatics analysis. Functional

enrichment identified 6 hub NRDEGs based on diagnostic capability through machine

learning and immune infiltration. Transwell assays evaluated neutrophil infiltration post

dental pulp cells (DPCs) necroptosis. The STRING database analyzed CXCL8-activated neu-

trophil receptors, and Transwell and co-immunoprecipitation (Co-IP) validated ligand-

receptor interactions.

Results: Increased pMLKL expression in inflamed dental pulp indicates activation of necrop-

tosis pathways. Functional enrichment analysis revealed that NRDEGs were mainly

involved in necroptosis. Both datasets showed significant inflammatory infiltration. Bioin-

formatics suggested a link between immune infiltration and necroptosis in DPCs, with cor-

relation analyses showing NRDEGs were closely associated with neutrophil infiltration.

Necroptotic DPCs produce CXCL8, which recruits neutrophils via the C3AR1 receptor. The

CXCL8/C3AR1 axis, validated by Transwell and co-immunoprecipitation assays, is crucial

for communication between necroptosis and neutrophil chemotaxis in DPCs.

Conclusion:Necroptosis occurs in pulpitis and correlates with immune cell infiltration. DPCs

undergoing necroptosis can recruit neutrophils via the CXCL8/C3AR1 axis, exacerbating

inflammation. This study offers new insights into the pathogenesis of pulpitis and poten-

tial therapeutic strategies.

� 2025 The Authors. Published by Elsevier Inc. on behalf of FDI World Dental Federation.

This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction

Pulpitis, an inflammatory condition that specifically affects

the pulp tissue, can give rise to detrimental consequences if

left untreated. These consequences encompass the potential

for damage to the periapical tissue, impairing tooth mobility,

http://crossmark.crossref.org/dialog/?doi=10.1016/j.identj.2025.02.016&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:bulingwu@smu.edu.cn
mailto:tinycozy@163.com
http://orcid.org/0000-0001-8617-8560
https://doi.org/10.1016/j.identj.2025.02.016
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.identj.2025.02.016


1650 guo e t a l .
tooth preservation, and even the maxillofacial structure.1

Necroptosis plays an important role in inflammatory dis-

eases,2 but its role in pulpitis remains to be determined. Nec-

roptosis is a typical pattern of programmed cell death.3 The

most typical signal transduction cascade is initiated by tumor

necrosis factor receptor 1 (TNFRI).4-7 Necroptotic cells exhibit

a necrotic phenotype, including swelling and membrane rup-

ture, and release damage-associated molecular patterns,

inflammatory cytokines and chemokines that mediate

extreme inflammatory responses.8-10 Therefore, it is crucial

to investigate the role and underlying mechanisms of necrop-

tosis in pulpitis.

Immune infiltration is 1 of the hot spots in the study of

inflammatory diseases in recent years. Pulpitis is mainly

caused by the invasion of bacteria and their toxic products.11

To fight against bacterial infection, the pulp tissue initiates

immune responses.12 An increasing number of studies have

shown that immune inflammation is involved in the patho-

physiological process of pulpitis,13 and the presence of

immune cell infiltration in dental pulp tissue has been

found.14,15 Previous studies have shown that the degree of

neutrophil infiltration correlates with the severity of pulpitis,

with only a few neutrophils in healthy pulp tissue and abun-

dant neutrophils in tissue with irreversible pulpitis.16,17

Hence, it is of great interest to explore the role of necroptosis

and neutrophil infiltration in the pathogenesis of inflamed

dental pulp.

In this study, we discovered that necroptotic DPCs can

exacerbate pulpitis by attracting neutrophils through the

CXCL8/C3AR1 axis. Hub necroptosis-related differentially

expressed genes (NRDEGs) were screened by a systematic bio-

informatics analysis of the GEO dataset. In addition, we found

that cells undergoing necroptosis in pulpitis would promote

neutrophil infiltration by means of ligand‒receptor interac-

tions. We demonstrated that DPCs undergoing necroptosis in

inflamed dental pulp may produce CXCL8 and interact with

the neutrophils membrane receptor C3AR1 to recruit neutro-

phils. These results further elucidate the underlying molecu-

lar immune processes in the development process of pulpitis.
Materials andmethods

Collection of clinical samples

Healthy and inflamed dental pulp tissue was collected from

clinical patients who signed an informed consent form.

Detailed information on the participants can be found in

Additional file 1. The dental pulp samples were obtained

from 10 healthy individuals aged 20-50 years, including 6

females and 4 males. A total of 5 healthy third molars and 5

inflamed third molars were collected for subsequent experi-

ments. After the teeth were broken with a hammer, the pulp

was removed intact and cleaned 3 times with saline. RNA

was extracted from dental pulp using Tissue RNA Purification

Kit PLUS (EZBioscience, EZB-RN001-plus). The specific proce-

dures included sonication of tissue, lysis of cells by lysate,

RNA precipitation, washing and drying, and dissolution of

RNA. Teeth with the following symptoms were diagnosed as

pulpitis18: (1) Typical pain symptoms of acute pulpitis,
including spontaneous and paroxysmal severe throbbing

pain, imprecise localization, and radiating pain. (2) The pres-

ence of dental lesions or other causes that could be identified

as causing pulpal lesions. (3) Thermal stimulation aggravates

pulp pain. The pulp tissue from a single tooth was divided

into 3 sections. The structurally intact portion was used for

paraffin embedding, while the remaining 2 sections were

used for RNA and protein extraction, respectively. Thus, each

experiment included 5 samples. The study followed the ethi-

cal guidelines of the Declaration of Helsinki and was

approved by the Research Medical Ethics Committee (NFEC-

2023-139). All participants were aware of the study and pro-

vided written informed consent.

HE staining

The dental pulp tissue was fixed in 4% paraformaldehyde for

8 hours, dehydrated, and embedded in paraffin. Paraffin

blocks were then sectioned using a paraffin microtome to

obtain 4mm thick paraffin sections. After dewaxing, the paraf-

fin sections were hydrated and stained according to the

instructions provided in the Hematoxylin-Eosin staining kit

(Solarbio, G1120). Finally, the stained sections were fixated

with neutral balata.

IHC staining

For IHC staining, after dewaxing and rehydration, the paraf-

fin-embedded dental pulp tissue sections were incubated

with primary antibodies against Phospho-MLKL (Cell Signal-

ing Technology, 18640, 1:300) at 4 °C overnight and biotin-

labeled secondary antibodies (Abmart, A10029S, 1:5000) at

37 °C for 1.5 h. The sections were then stained with DAB

(Solarbio, DA1010) and hematoxylin.

Western blot analysis

Tissue or cell samples were washed with cold phosphate

buffer solution (PBS), protein solutions were collected after

sufficient lysis, and protein concentrations were measured

with a BCA assay kit (Beyotime, P0010). All protein samples

were separated on SDS‒PAGE gels and transferred to PVDF

membranes (Merck millipore, SLGV004SL). After blocking

with 5% nonfat dry milk solution (Beyotime, P0216) for 1 h,

the membranes were incubated overnight at 4 °C with pri-

mary antibodies, including pMLKL (Cell Signaling Technology,

18640, 1:1000), CXCL8 (Abcam, ab289967, 1:1000), and GAPDH

(Abcam, ab181602, 1:1000). Then, the cells were incubated

with secondary antibodies (Abmart, A10029S,1:10000) for 1 h

at room temperature. Finally, protein bands on the mem-

brane were detected using chemiluminescence.

qRT‒PCR

Collected healthy and inflamed pulp were used to extract

RNA by Tissue Total RNA Extraction Kit (Foregene, RE-03011).

RNA was reverse transcribed into template DNA using the

Color Reverse Transcription Kit (EZBioscience, A0010CGQ).

The expression of NRDEGs was verified by qRT‒PCR using

QuantStudioTM Real-Time PCR software (Thermo Fisher
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Scientific, V1.3). Primer sequences were designed using the

Primer Blast Tool available on the National Center for Bio-

technology Information (NCBI) website and reported in Addi-

tional file 2.

Isolation and culture of human primary neutrophils

The procedure utilizes the human peripheral blood neutro-

phil separation kit (Solarbio, P9040) as follows:

(1) Sample Preparation: Mix 10 ml of fresh anticoagulated

blood with an equal volume of diluent, then carefully layer

this mixture onto 1 part of Solution A. Centrifuge at 500 g

(approximately 1800 rpm) for 25 minutes using a horizontal

rotor (15 cm radius). This centrifugation yields 4 layers:

plasma, a cloudy white layer of mononuclear cells, a slightly

turbid neutrophil-enriched layer, and red blood cells. Discard

the plasma and mononuclear layers, collecting the third and

fourth layers. (2) Cell Washing: Transfer the collected layers

to a tube containing 10 ml of cell wash solution. Mix thor-

oughly and centrifuge at 500 g (approximately 1800 rpm) for

30 minutes. (3) Red Blood Cell Lysis: After washing, add 6-

10 times the volume of red blood cell lysis buffer to the pellet.

Gently mix and incubate for 10 minutes at room temperature.

Pre-cool the centrifuge to 4 °C, then centrifuge at 400-500 g for

5 minutes and discard the red supernatant. If lysis is incom-

plete, repeat this step. After 3 washes to remove debris, the

pellet contains the desired neutrophils. (4) Final Washes:

Wash 1-2 times by adding 20 ml of saline, resuspending the

pellet, mixing, and centrifuging at 400-500 g for 2-3 minutes,

discarding the supernatant. After resuspending the cells, per-

form cell counting, seed plates, and proceed with subsequent

experiments. The study followed the ethical guidelines of the

Declaration of Helsinki and was approved by the Research

Medical Ethics Committee (NFEC-2023-139).

Transwell experiments

DPCs were cultured as in the previous study.19 Dental pulp

was obtained from healthy third molars extracted from

patients aged 18 to 25 years. The pulp tissue was cleaned

with PBS buffer and cut into 1.0*1.0*1.0 mm3 tissue blocks.

Tissue blocks were treated with 1mg/ml collagenase type I for

15 min, and DPCs were cultured in the complete medium

(10% fetal bovine serum (FBS) (FBS-UE500, NEWZERUM), 2%

penicillin-streptomycin (P/S) (15140122, Gibco)) to obtain

DPCs for subsequent experiments. In the Transwell experi-

ment, DPCs were seeded in the lower chamber and pretreated

with either DMSO or LAZ (LPS + AZD’5582 + z-VAD-fmk) for

6 hours. The LAZ was administered in the cell culture

medium, which consisted of 10% FBS (FBS-UE500, NEWZE-

RUM) and 1% P/S (15140122, Gibco). The LAZ medium con-

tained 20 mg/mL E. coli LPS (Sigma-Aldrich, USA), 1 mM

AZD05582, and 50 mM z-VAD-fmk (all fromMedChemExpress,

China). After the pretreatment, discard the previous medium

and replace it with cell culture medium (10% FBS, 1% P/S).

Neutrophils were then seeded in the upper chamber and

incubated at 37 °C with 5% CO2 for 30 minutes. Afterwards,

crystal violet staining was performed to observe the migra-

tion or invasion of neutrophils on the membrane surface. In

the Transwell experiment investigating the interaction
between the ligand CXCL8 of DPCs and the membrane recep-

tor C3AR of neutrophils, additional treatment of neutrophils

with SB290157 was applied. Trifluoroacetate (SB290157, Med-

ChemExpress) acts as a competitive antagonist against

C3aR.20,21

Co-IP experiment

DPCs were seeded in T25 cell culture flasks and treated with

LAZ. The specific method is the same as mentioned above.

After treatments, the cells were washed 3 times with PBS

buffer. Fresh culture medium was then added to the flasks,

and after 30 minutes, the culture medium was collected. The

collected medium was used to culture neutrophils for 30

minutes, and the resulting neutrophils were harvested for

subsequent co-immunoprecipitation (CO-IP) experiments.

We used BeyoMagTM Anti-GFP Magnetic Beads (Beyotime‘,

P2179M). The neutrophils were collected and lysates were

prepared. Lysates were incubated with appropriate control

antibodies (IgG) to reduce nonspecific binding. The lysates

were incubated with an antibody against CXCL8 (Abcam,

ab289967, 1:500) for the target protein. The lysate-antibody

mixture was incubated overnight at 4 °C with gentle shaking

to form antibody-protein complexes. The beads were washed

several times using wash buffer to remove unbound proteins,

detergents and other impurities. Proteins were eluted from

the beads using elution buffer or by boiling in sample buffer.

The eluted proteins were analyzed by Western blotting

(C3AR1, Abcam, 1:1000) .

Data acquisition

Microarray data and corresponding clinical data for

patients with pulpitis were obtained from the GEO data-

base. Data from the GSE92681 dataset, which contains 7

inflamed pulp tissue and 5 healthy pulp tissue, were col-

lected using GPL16956 (Agilent-045997 Arraystar human

lncRNA microarray V3). Data from the GSE77459 dataset

containing 6 inflamed pulp tissue and 6 healthy pulp tis-

sue were collected using GPL17692 (Affymetrix Human

Gene 2.1 ST Array).

GO and KEGG enrichment analysis

To explore the potential biological functions of the DEGs

between inflamed and healthy pulp, GO enrichment analysis

and KEGG pathway analysis were performed using the R

package clusterProfiler. Only pathways with a false discovery

rate < 0.05 were considered statistically significant.

Selection of NRDEGs

We screened DEGs using the R package "limma (v 3.48.3)" and

set the thresholds to P < .05 and | Log2FC | > 0.5. DEGs volcano

plots and heatmaps were created by the ggplot2 R package

(https://ggplot2. tidyverse.org/) and the heatmap R package

(https://CRAN.R-project.org/package=pheatmap). In addition,

we collected 159 necrosis-related genes from the KEGG path-

way database (https://www.genome.jp/dbget-bin/www_bget?

pathway+hsa04217). Additional file 3 provides relevant

https://ggplot2
https://CRAN.R-project.org/package=pheatmap
https://www.genome.jp/dbget-bin/www_bget?pathway+hsa04217
https://www.genome.jp/dbget-bin/www_bget?pathway+hsa04217
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information. We identified NRDEGs by using the VENN pack-

age. Functional analysis of NRDEGs was performed using GO

analysis and KEGG analysis. To narrow down the number of

NRDEGs, a support vector machine (SVM) algorithm was used

to identify hub NRDEGs.
Gene correlation analysis

The R language was used to analyze the correlation between

the 6 hub genes, and the pearson correlation coefficient was

calculated. The results were displayed through the R package

"circlize." Red lines represent positive correlations, green

lines represent negative correlations, with darker colors

showing stronger correlations.
ROC curves

A subject operating characteristic (ROC) curve was used to

evaluate the ability of hub NRDEGs to recognize pulpitis. The

area under the curve (AUC) was calculated, and an AUC>0.7
indicated suitable predictive ability.
Immune infiltration analysis

Comprehensive predictive analysis of immune cell abun-

dance was conducted using the ssGSEA feature of the R lan-

guage GSVA package. ssGSEA was used to estimate the

abundance of 23 immune cell types by scoring gene expres-

sion data based on gene signatures.
Relationship between immune infiltration and necroptosis

The data in GSE77459 were screened for the top 50 genes

highly associated with 6 NRDEGs, and Reactome-based

ssGSEA analysis of the enriched immune-related pathways

was performed to estimate the relative abundance of differ-

ent immune cell types in each sample.
STRING analysis

The STRING database (https://string-db.org/) was used

with C3AR1 as the query and target protein (“https://cn.

string-db.org/cgi/network?taskId=boctkCG1dCbp&

sessionId=bdGYo3h3 £ 2vl”).
Statistical analysis

GraphPad Prism 8 (San Diego, USA) was used for statistical

analysis and graphing. All experiments were repeated 3 or

more times. we employed t-tests for comparisons between 2

groups, depending on the data characteristics and research

questions. To assess the normality of our data, we utilized

Kolmogorov-Smirnov test, and visual assessments such as Q-

Q plots. All results with a P < .05 were considered statistically

significant. *, **, ***, and **** represent P < .05, P < .01, P < .001,

and P < .0001, respectively.
Results

Increased necroptosis in human inflamed dental pulp

We collected samples of healthy and inflamed pulp, and HE

staining showed that there was a large amount of immune

cell infiltration in the inflamed pulp tissue, and sections of

the tissue were disorganized and disordered (Figure 1A). The

role of phosphorylated MLKL in the process of necroptosis

was crucial, and it was considered to be a key node in the nec-

roptotic signaling pathway. Therefore, we performed IHC and

WB experiments on healthy pulp tissue and inflamed pulp

tissue, which showed that pMLKL protein expression was sig-

nificantly upregulated in inflamed pulp tissue compared to

healthy pulp tissue gt(Figure 1A-C). We also established the

LPS-induced inflammation DPCsmodel and observed a signif-

icant upregulation in pMLKL protein expression (Figure 1D, E).

The above experimental results demonstrated that inflam-

matory cell infiltration and necroptotic signals were activated

in inflamed dental pulp.
Enrichment analysis of DEGs

We collected 2 datasets, GSE77459 and GSE92681, related to

pulpitis from the GEO database. To characterize the tran-

scriptome of patients with pulpitis, we screened for differ-

entially expressed genes (|log2FC|>0.5, P < .05). A total of

3861 differentially expressed genes (DEGs) were found in

the GSE77459 dataset between pulpitis and healthy sam-

ples, of which 1984 genes were upregulated and 1877 genes

were downregulated (Figure 1F). In another dataset,

GSE92681, there were 3789 DEGs between pulpitis samples

and healthy samples, of which 1852 genes were upregu-

lated and 1937 genes were downregulated (Figure 1F). We

screened the overlapping upregulated DEGs and downregu-

lated DEGs of the 2 gene sets for further analysis, of which

481 were upregulated and 292 were downregulated (Addi-

tional file 4). Venn diagram analysis revealed the shared

genes (Figure 1G).

Subsequently, we performed GO and KEGG analysis to

determine the functions and associated pathways of the

DEGs, with a total of 761 GO terms and 266 KEGG pathways

(Additional file 5). GO enrichment analysis showed that these

genes were enriched in several entries related to immune

infiltration, including leukocyte cell‒cell adhesion, immuno-

logical synapses, and MHC class II protein complexes. Terms

related to necroptosis were also identified, including secre-

tory granule membrane, endocytic vesicle, and specific gran-

ule (Figure 1H). Notably, it was also observed that

inflammatory cells may act through ligand‒receptor interac-

tions (Figure 1H). Moreover, the KEGG analysis showed simi-

lar results, including enrichment of pathways associated

with cytokine‒cytokine receptor interactions, chemokine sig-

naling, cell adhesion and phagosomes (Figure 1I). The results

provided preliminary evidence suggesting the presence of

immune infiltration and necroptosis in inflamed dental pulp.

Additionally, our findings suggested that cellular communi-

cation mechanisms may significantly contribute to these

processes.

https://string-db.org/
https://cn.string-db.org/cgi/network?taskId=boctkCG1dCbp&
https://cn.string-db.org/cgi/network?taskId=boctkCG1dCbp&


Fig. 1 – Increased necroptosis in human inflamed dental pulp. (A) Inflammatory cell infiltration and pMLKL expression levels in

healthy and inflamed pulp tissue. Yellow arrows indicate immune cell infiltration. Red arrows indicate regions that are posi-

tive for pMLKL. (B, C) Quantification of MLKL and pMLKL levels in healthy and inflamed pulp tissue byWB. (D, E) Quantifica-

tion of MLKL and pMLKL levels in Control and LPS-stimulated DPCs byWB. GAPDHwas used as a loading control, and

relative protein expression was normalized to the loading control. Data are presented as the mean § SEM. *P < .05; **P < .01;
***P < .001; ****P < .0001. (F) Volcano plot showing the GSE77459 and GSE92681 DEGs. (G) Venn analysis screening for shared

up- or downregulated genes between the 2 gene sets. (H, I) GO and KEGG functional enrichment analysis of DEGs.
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Screening of Hub NRDEGs

We compared the screened necroptosis-related genes with

the DEGs using Wayne analysis to obtain 10 NRDEGs, shown

in the Venn diagrams (Figure 2A). These NRDEGs were all

upregulated genes, including MLKL. By GO and KEGG enrich-

ment analysis of the NRDEGs, we identified a total of 554 GO

terms and 86 KEGG pathways (Additional file 6).

GO enrichment analysis showed that the NRDEGS were

enriched in 4 entries, including regulation of inflammatory

response, tumor necroptosis factor production, and cytokine

receptor binding (Figure 2B). In addition, KEGG pathway

enrichment indicated that the NRDEGs were enriched in nec-

roptosis, the TNF signaling pathway, cytokine activity, and

cytokine receptor binding (Figure 2C). The functional analysis

results of the NRDEGs further suggested that the activation of

necroptotic cell death and immune cell infiltration in the

inflamed pulp are closely related and that cytokine and cyto-

kine receptor interactions may be a potential mechanism of

action for both.

To further refine our analysis, we implemented the sup-

port vector machines (SVMs) algorithm to narrow down the

10 NRDEGs. We initially screened 10 genes from the GSE92681

dataset and an additional 6 genes from the GSE77459 dataset.

Subsequently, we performed a Venn diagram analysis to

identify overlapping genes, resulting in the identification of 6

hub NRDEGs (Figure 2D, E, F).

Identification and validation of Hub NRDEGs

Heatmaps were used to show the differentially expression of

these hub NRDEGs in the 2 datasets (Figure 3A). Additionally,

we assessed the relationship between these hub NRDEGs and

pulpitis by plotting receiver operating characteristic (ROC)

curves. The AUC values of the hub NRDEGs in the GSE77459

dataset were all 1. The results of the analysis in the GSE92681

dataset also suggested that NRDEGs also showed high accu-

racy in identifying pulpitis (Figure 3B). Gene expression corre-

lation analysis was conducted to explore the interactions

among the hub NRDEGs, and robust positive correlations

were found (Figure 3C, D). Moreover, we obtained both

healthy and inflamed pulp tissue and isolated tissue RNA for

qRT‒PCR experiments. The experimental outcomes revealed

that the mRNA levels of all 6 hub NRDEGs were significantly

increased in the inflamed dental pulp tissue (Figure 3E).

Necroptotic DPCs promote neutrophil migration

We conducted an immune infiltration analysis on the dataset

to evaluate the degree of immune cell infiltration in pulpitis

(Figure 4A, B). It was observed that a variety of immune cells

infiltrated the tissue, with neutrophil infiltration being signifi-

cantly increased. In the enrichment analysis, we found that

NRDEGs were significantly enriched in immune-related

entries and pathways. Therefore, we conducted an investiga-

tion to examine the association between necroptosis and

immune infiltration in pulpitis, aiming to uncover the poten-

tial interactions between these 2 processes.

We discovered a significant correlation between the hub

NRDEGs and immune cell infiltration in the context of
pulpitis. Specifically, these hub NRDEGs displayed a notewor-

thy association with the infiltration of neutrophils

(Figure 4C). The results of the analysis suggest a potential

interaction between necroptosis and neutrophil immune

infiltration in pulpitis. The primary cell type within dental

pulp is DPCs, and our earlier experimental findings further

support that necroptosis is triggered at the specific site where

these cells are positioned. The results of the transwell experi-

ment demonstrated that DPCs promote the migration of neu-

trophils after undergoing programmed necroptosis

(Figure 5A, B).

Necroptotic DPCs release CXCL8 to engage with the neutrophil
transmembrane receptor C3AR1

To further elucidate the relationship between necroptotic

DPCs and neutrophil migration, we performed an in-depth

analysis of the dataset. First, the top 50 genes highly associ-

ated with each hub NRDEG were filtered in the GSE77459

dataset (Figure 5C). Next, we downloaded the all 30 genes

included in the "positive regulation of neutrophil chemo-

taxis" entry from the GO website (https://amigo.geneontol

ogy.org/amigo/term/GO:0090023). C3AR1 was identified after

overlaying the 2 gene sets. We further predicted the proteins

that interact with C3AR1 using the STRING website and

obtained a total of 10 proteins with the highest potential

(Figure 6A, B).

Based on the results of our previous analysis, we were

concerned that the mechanism underlying the promotion

of neutrophil migration following the necroptosis of DPCs

may involve cellular communication, particularly through

the cytokine pathway. Among these proteins, CXCL8 is an

extracellularly secreted cytokine that can mediate the

inflammatory response by chemotaxis of neutrophils,

basophils and T cells. Therefore, we hypothesized that

necroptotic DPCs could produce CXCL8 and recruit neu-

trophils through interactions with C3AR1. We observed

significant upregulation of CXCL8 in necroptotic DPCs and

inflamed pulp (Figure 6C). The Co-IP experiment con-

firmed the potential interaction between CXCL8 and

C3AR1 (Figure 6D). We also observed that the SB290157

could block neutrophil chemotaxis by transwell assay

(Figure 6E).
Discussion

Progressive destruction of DPCs can lead to pulpitis and a lack

of restorative capacity, ultimately resulting in pulp necrosis.

In recent years, there has been increasing evidence that pro-

grammed cell death, including apoptosis,22,23 pyroptosis24,25

and NETosis,26 plays an important role in pulpitis. For exam-

ple, lipophosphatidic acid from Streptococcus mutans causes

DPCs apoptosis and is an important cause of pulpitis.23 The

upregulated expression of IL-1b, IL-18 and caspase-1 in LPS-

treated DPCs also confirms the presence of pyroptosis in

hDPSCs.24 Furthermore, NETs can induce apoptosis in DPCs

and attract macrophages in infected dental pulp.26 However,

the role of necroptosis, a form of programmed death, in pulpi-

tis is unclear.

https://amigo.geneontology.org/amigo/term/GO:0090023
https://amigo.geneontology.org/amigo/term/GO:0090023


Fig. 2 –Enrichment analysis of hub NRDEGs. (A) Venn diagram showing the shared necroptosis-related genes and DEGs. (B) GO

and (C) KEGG functional enrichment analysis of NRDEGs. (D, E) SVM algorithm to narrow down NRDEGs. (F) Wayne analysis

screening yielded 6 hub NRDEGs.
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Fig. 3 –Screening of hub NRDEGs. (A) Heatmap showing differential expression of 6 hub NRDEGs in the 2 datasets. (B) ROC

curves for assessing the diagnostic potential of hub NRDEGs for pulpitis. (C, D) Gene expression correlation analysis identi-

fied interactions between hub NRDEGs. (E) qRT‒PCR validation of hub NEDEG expression in dental pulp tissue.
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Necroptosis plays an important role in various inflamma-

tory diseases.27 For example, RIPK3/MLKL-mediated necrop-

tosis in gingival fibroblasts leads to the migration and

polarization of THP-1 macrophages, which exacerbates
periodontitis.28 However, no study has demonstrated the

presence of necroptosis in pulpitis. Therefore, our research

aimed to explore the occurance of necroptosis in pulpitis.

First, we observed increased protein expression pMLKL levels



Fig. 4 – Immune infiltration analysis. (A, B) Immune infiltration analysis of the pulpitis gene set. (C) Correlation analysis

between hub NRDEGs and immune cell infiltration.
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in inflamed dental pulp, confirming that necroptosis may be

activated in inflamed dental pulp. Six hub NRDEGs, including

MLKL, were screened by bioinformatic analysis of a GEO data-

set. Functional enrichment also showed that the regulatory
pathway of necroptosis may be involved in the pathogenesis

of pulpitis.

Pulp tissue transcriptome data were obtained from the

GEO database and further analyzed. The results of the



Fig. 5 –Necroptotic DPCs promote neutrophil migration. (A) MLKL and pMLKL protein expression levels in LAZ-stimulated

DPCs were determined. (B) Transwell assays were used to verify the effect of necroptotic DPCs on neutrophil migration.

(C) The 50 genes with the highest correlation with the hub NRDEGs in GSE77459.
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enrichment analysis of DEGs indicated that immune infiltra-

tion and cellular communication could be important mecha-

nisms in pulpitis. It is worth noting that no previous study

has reported on the relationship between the necroptosis of

DPCs and immune infiltration in pulpitis. Immune cells play

a crucial role in the progression of pulpitis.29 On the 1 hand,

the recruitment and activation of immune cells such as mac-

rophages and neutrophils can mediate pathogen clearance

and limit tissue damage.30,31 On the other hand, the overacti-

vation of these immune cells can lead to pulpal damage and

impede the process of tissue regeneration. Recent studies

have shown that the proportions of M0macrophages, neutro-

phils and follicular helper T cells are significantly higher in

inflamed dental pulp than in normal pulp tissue.32

Therefore, to further explore the relationship between

necroptosis of DPCs and immune infiltration in the inflamed
dental pulp, we performed an immune infiltration analysis

on the dataset. Significant inflammatory infiltration, includ-

ing the presence of neutrophils, was observed in the inflamed

pulp. Notably, the relationship between necroptosis and

immune infiltration is complex.33 Necroptosis can accelerate

the death of immune cells. For example, necroptosis of some

infiltrating immune cells has been found in polymyositis,

leading to the lysis of muscle tissue.34 On the other hand, nec-

roptotic cells can secrete relevant cytokines, undergo chemo-

taxis and activate immune cells.35,36 Tumor cell necroptosis

is a major cause of tumor cell death. It has now been found

that tumor cell necroptosis induces the immune system to

attack tumors and has become a novel antitumor therapeutic

strategy.37 Based on our data analysis, we formulated a

hypothesis that DPCs necroptosis could enhance neutrophil

chemotaxis, thereby exacerbating dental pulp inflammation.



Fig. 6 –Necroptotic DPCs release CXCL8 to engage with the neutrophil transmembrane receptor C3AR1. (A) Three hundred hub

genes related to NRDEGs overlapped with genes related to the "positive regulation of neutrophil chemotaxis" functional entry

screening for keymolecules in cell communication. (B) STRING site prediction of proteins that interact with C3AR1. (C) WB

detection of CXCL8 expression levels in dental pulp (above) and necroptotic DPCs (below). (D) The supernatant of necroptotic

DPCs was incubated with neutrophils, and an anti-CXCL8 antibody was used to pull down CXCL8 and C3AR1. Co-IP assay

validating the interaction of CXCL8 with C3AR1. (E) C3AR1 inhibitors block DPCs necroptosis and neutrophil chemotaxis.
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Subsequently, we investigated the correlation between DPCs

necroptosis and neutrophil infiltration.

However, the specific mechanism by which necroptotic

DPCs promote neutrophil migration has not been elucidated.

The enrichment analysis of the 2 datasets showed that cellu-

lar communication may be an important mechanism in pul-

pitis. Therefore, through a rigorous screening sequence of

bioinformatics analysis, we screened out C3AR1 as our target.

C3AR1 is a membrane receptor protein that plays a vital role

in promoting neutrophil chemotaxis, which is important in

numerous inflammatory diseases. We predicted proteins that

interact with C3AR1 using the STRING website and con-

structed a protein interaction network. CXCL8 is a cytokine

that can be secreted and exert extracellular effects.38 Previous
studies have shown that CXCL8 functions as a chemotactic

factor for neutrophils, attracting them to sites of inflamma-

tion.39 In addition, MLKL-active cells in renal ischemia-rein-

jury and advanced cancer express high levels of CXCL8.40

Therefore, we demonstrated by Transwell and co-IP experi-

ments that necroptotic DPCs may recruit neutrophils through

the ligand‒receptor interaction of CXCL8/C3AR1.

The present study does have certain limitations that

should be acknowledged. First, while we did observe an ele-

vation in pMLKL protein levels in inflamed dental pulp, fur-

ther experiments are required to provide comprehensive

evidence confirming the occurrence of necroptosis in pulpitis

from multiple perspectives. In addition, while we demon-

strated that the release of CXCL8 from necroptotic DPCs may
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interact with C3AR1 to recruit neutrophils, the specific molec-

ular mechanism underlying this interaction requires further

investigation. In the future, research should focus on identi-

fying and characterizing the molecular mechanisms through

which CXCL8 and C3AR1 interact to recruit neutrophils to the

site of inflammation. Detailed proteomics and transcriptom-

ics approaches could provide valuable insights into the sig-

naling pathways and regulatory networks involved in this

process. Furthermore, exploring the potential therapeutic

implications of targeting these pathways could open up new

avenues for the treatment of pulpitis and other inflammatory

diseases.
Conclusion

Activation of pMLKL in the necroptotic pathway was observed

in inflamed dental pulp. Bioinformatics analysis revealed sig-

nificant differences in the expression levels of NRDEGs in

inflamed and healthy pulp samples and screened out 6 hub

NRDEGs, including MLKL. In addition, we found that the lop-

sided immune cells and NRDEG expression in pulpitis were

associated with the infiltration of multiple immune cell types.

Additionally, we provided evidence demonstrating that the

release of CXCL8 following necroptosis in DPCs may interact

with the neutrophil membrane receptor C3AR1, resulting in

the promotion of neutrophil chemotaxis.
Conflict of interest

The authors have no conflicts of interest to declare.
CRediT authorship contribution statement

Xiaolan Guo: Writing − original draft, Validation, Software,

Methodology, Investigation, Data curation. Xinyan Ma: Writ-

ing − original draft, Software, Investigation, Methodology,

Data curation. Peng Liu: Writing − original draft, Software.

Xiaoxin Chen: Writing − review & editing, Validation. Sitong

Liu: Writing − review & editing, Validation. Longrui Dang:

Writing − review & editing, Data curation. BulingWu:Writing

− review & editing, Supervision, Conceptualization. Zhao

Chen: Writing − review & editing, Supervision, Funding

acquisition, Conceptualization.
Data availability

Microarray data and corresponding clinical data for patients

with pulpitis were obtained from the GEO database (https://

www.ncbi.nlm.nih.gov/geo/) .The data that support the find-

ings of this study are openly available in Gene Expression

Omnibus (GEO), reference number GSE77459 and GSE92681.
Funding

This project was supported by the National Natural Science

Foundation of China (82100996); the Fundamental Research

Project of Shenzhen Science and Technology Innovation
Committee (JCYJ20210324121007020); the General Project of

President Scientific Research Fund of Shenzhen Stomatologi-

cal Hospital of Southern Medical University (Pingshan)

(2021B001); and the Medical Scientific Research Foundation of

Guangdong Province (B2021074). Funding was received from

Science and Technology Projects in Guangzhou

(2024A04J5188).
Supplementary materials

Supplementary material associated with this article can be

found in the online version at doi:10.1016/j.identj.2025.02.016.
R E F E R E N C E S
1. Galler KM, Weber M, Korkmaz Y, et al. Inflammatory response
mechanisms of the dentine−pulp complex and the periapical
tissues. Int J Mol Sci 2021;22:1480.

2. Newton K, Dixit VM, Kayagaki N. Dying cells fan the flames of
inflammation. Science 2021;374:1076–80.

3. Degterev A, Huang Z, Boyce M, et al. Chemical inhibitor of
nonapoptotic cell death with therapeutic potential for ische-
mic brain injury. Nat Chem Biol 2005;1:112–9.

4. Holler N, Zaru R, Micheau O, et al. Fas triggers an alternative,
caspase-8−independent cell death pathway using the kinase
RIP as effector molecule. Nat Immunol 2000;1:489–95.

5. Lin Y, Choksi S, Shen H-M, et al. Tumor necrosis factor-
induced nonapoptotic cell death requires receptor-interacting
protein-mediated cellular reactive oxygen species accumula-
tion. J Biol Chem 2004;279:10822–8.

6. Sun X, Yin J, Starovasnik MA, et al. Identification of a novel
homotypic interaction motif required for the phosphorylation
of receptor-interacting protein (RIP) by RIP3. J Biol Chem
2002;277:9505–11.

7. Vandenabeele P, Galluzzi L, Vanden Berghe T, et al. Molecular
mechanisms of necroptosis: an ordered cellular explosion.
Nat Rev Mol Cell Biol 2010;11:700–14.

8. Wang Y, Kanneganti T-D. From pyroptosis, apoptosis and
necroptosis to PANoptosis: A mechanistic compendium of
programmed cell death pathways. Comput Struct Biotechnol J
2021;19:4641–57.

9. Orzalli MH, Kagan JC. Apoptosis and necroptosis as host
defense strategies to prevent viral infection. Trends Cell Biol
2017;27:800–9.

10. Zhang Y, Chen X, Gueydan C, et al. Plasma membrane changes
during programmed cell deaths. Cell Res 2018;28:9–21.

11. Siqueirajr J, Rocas I. Positive and negative bacterial associa-
tions involving dialister pneumosintes in primary endodontic
infections. J Endod 2003;29:438–41.

12. Hahn C, Liewehr F. Update on the adaptive immune
responses of the dental pulp. J Endod 2007;33:773–81.

13. Renard E, Gaudin A, Bienvenu G, et al. Immune cells and
molecular networks in experimentally induced pulpitis. J
Dent Res 2016;95:196–205.

14. Adachi T, Nakanishi T, Yumoto H, et al. Caries-related Bacte-
ria and Cytokines Induce CXCL10 in Dental Pulp. J Dent Res
2007;86:1217–22.

15. Horst OV, Horst JA, Samudrala R, et al. Caries induced cyto-
kine network in the odontoblast layer of human teeth. BMC
Immunol 2011;12:9.

16. Duncan HF, Cooper PR. Pulp innate immune defense: transla-
tional opportunities. J Endod 2020;46:S10–8.

https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://doi.org/10.1016/j.identj.2025.02.016
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0001
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0001
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0001
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0002
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0002
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0003
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0003
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0003
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0004
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0004
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0004
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0005
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0005
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0005
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0005
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0006
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0006
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0006
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0006
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0007
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0007
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0007
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0008
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0008
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0008
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0008
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0009
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0009
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0009
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0010
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0010
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0011
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0011
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0011
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0012
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0012
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0013
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0013
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0013
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0014
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0014
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0014
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0015
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0015
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0015
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0016
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0016


nec ro p to s i s and neut ro ph i l i nfil t ra t i on i n pu l p i t i s 1661
17. Contreras C, C�adiz B, Schmachtenberg O. Determination of
the severity of pulpitis by immunohistological analysis and
comparison with the clinical picture. J Endod 2023;49:26–35.

18. Glickman GN. AAE consensus conference on diagnostic termi-
nology: background and perspectives. J Endod 2009;35:1619–20.

19. Chen Z, Zhang K, Qiu W, et al. Genome-wide identification of
long noncoding RNAs and their competing endogenous RNA
networks involved in the odontogenic differentiation of
human dental pulp stem cells. Stem Cell Res Ther 2020;11:114.

20. Hutamekalin P, Takeda K, Tani M, et al. Effect of the C3a-
Receptor Antagonist SB 290157 on Anti-OVA Polyclonal Anti-
body−Induced Arthritis. J Pharmacol Sci 2010;112:56–63.

21. Ames RS, Lee D, Foley JJ, et al. Identification of a selective non-
peptide antagonist of the anaphylatoxin C3a receptor that
demonstrates anti-inflammatory activity in animal models. J
Immunol 2001;166:6341–8.

22. Chi D, Lin X, Meng Q, et al. Real-time induction of macrophage
apoptosis, pyroptosis, and necroptosis by enterococcus faeca-
lis OG1RF and two root canal isolated strains. Front Cell Infect
Microbiol 2021;11:720147.

23. Wang P-L, Shirasu S, Daito M, et al. Streptococcus mutans lip-
oteichoic acid-induced apoptosis in cultured dental pulp cells
from human deciduous teeth. Biochem Biophys Res Commun
2001;281:957–61.

24. Gao Y, You X, Liu Y, et al. Induction of autophagy protects
human dental pulp cells from lipopolysaccharide‑induced
pyroptotic cell death. Exp Ther Med 2020;19:2202–10.

25. Jiang W, Lv H, Wang H, et al. Activation of the NLRP3/caspase-
1 inflammasome in human dental pulp tissue and human
dental pulp fibroblasts. Cell Tissue Res 2015;361:541–55.

26. Holder MJ, Wright HJ, Couve E, et al. Neutrophil Extracellular
Traps Exert Potential Cytotoxic and Proinflammatory Effects
in the Dental Pulp. J Endod 2019;45:513–520.e3.

27. Pasparakis M, Vandenabeele P. Necroptosis and its role in
inflammation. Nature 2015;517:311–20.

28. Zhang K, Chen X, Zhou R, et al. Inhibition of gingival fibroblast
necroptosis mediated by RIPK3/MLKL attenuates periodonti-
tis. J Clin Periodontol 2023;50:1264–79.
29. Gong W, Hong L, Qian Y. Identification and experimental vali-
dation of LINC00582 associated with B cell immune and devel-
opment of pulpitis: bioinformatics and in vitro analysis.
Diagnostics 2023;13:1678.

30. Zaky SH, Shehabeldin M, Ray H, et al. The role of inflamma-
tion modulation in dental pulp regeneration. Eur Cell Mater
2021;41:184–93.

31. Eltay EG, Van Dyke T. Resolution of inflammation in oral dis-
eases. Pharmacol Ther 2023;247:108453.

32. Wang J, Qiao J, Ma L, et al. Identification of the characteristics
of infiltrating immune cells in pulpitis and its potential
molecular regulation mechanism by bioinformatics method.
BMC Oral Health 2023;23:287.

33. Robinson N, Ganesan R, Hegedu��s C, et al. Programmed
necrotic cell death of macrophages: Focus on pyroptosis, nec-
roptosis, and parthanatos. Redox Biol 2019;26:101239.

34. Kamiya M, Mizoguchi F, Kawahata K, et al. Targeting necrop-
tosis in muscle fibers ameliorates inflammatory myopathies.
Nat Commun 2022;13:166.

35. Schulz C, Perdiguero EG, Chorro L, et al. A lineage of myeloid
cells independent of Myb and hematopoietic stem cells. Sci-
ence 2012;336:86–90.

36. Wynn TA, Chawla A, Pollard JW. Macrophage biology in devel-
opment, homeostasis and disease. Nature 2013;496:445–55.

37. Snyder AG, Hubbard NW, Messmer MN, et al. Intratumoral
activation of the necroptotic pathway components RIPK1 and
RIPK3 potentiates antitumor immunity. Sci Immunol 2019;4:
eaaw2004.

38. Baggiolini M. CXCL8 - The First Chemokine. Front Immunol
2015;6:285.

39. De Oliveira S, CC Reyes-Aldasoro, Candel S, et al. Cxcl8 (IL-
8) mediates neutrophil recruitment and behavior in the
zebrafish inflammatory response. J Immunol 2013;190:
4349–59.

40. Wang W, Prokopec JS, Zhang Y, et al. Sensing plasma
membrane pore formation induces chemokine production
in survivors of regulated necrosis. Dev Cell 2022;57:228–
245.e6.

http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0017
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0017
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0017
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0017
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0018
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0018
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0019
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0019
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0019
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0019
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0020
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0020
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0020
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0021
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0021
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0021
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0021
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0022
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0022
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0022
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0022
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0023
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0023
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0023
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0023
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0024
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0024
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0024
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0025
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0025
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0025
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0026
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0026
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0026
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0027
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0027
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0028
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0028
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0028
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0029
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0029
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0029
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0029
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0030
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0030
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0030
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0031
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0031
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0032
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0032
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0032
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0032
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0033
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0033
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0033
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0033
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0034
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0034
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0034
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0035
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0035
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0035
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0036
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0036
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0037
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0037
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0037
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0037
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0038
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0038
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0039
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0039
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0039
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0039
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0040
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0040
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0040
http://refhub.elsevier.com/S0020-6539(25)00058-9/sbref0040

	New Insights Into the Correlation Between Necroptotic Activation and Neutrophil Infiltration in Pulpitis
	Introduction
	Materials and methods
	Collection of clinical samples
	HE staining
	IHC staining
	Western blot analysis
	qRT‒PCR
	Isolation and culture of human primary neutrophils
	Transwell experiments
	Co-IP experiment
	Data acquisition
	GO and KEGG enrichment analysis
	Selection of NRDEGs
	Gene correlation analysis
	ROC curves
	Immune infiltration analysis
	Relationship between immune infiltration and necroptosis
	STRING analysis
	Statistical analysis

	Results
	Increased necroptosis in human inflamed dental pulp
	Enrichment analysis of DEGs
	Screening of Hub NRDEGs
	Identification and validation of Hub NRDEGs
	Necroptotic DPCs promote neutrophil migration
	Necroptotic DPCs release CXCL8 to engage with the neutrophil transmembrane receptor C3AR1

	Discussion
	Conclusion
	Conflict of interest
	CRediT authorship contribution statement
	Data availability
	Funding

	Supplementary materials
	References



