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Abstract
Importance  Radiation-induced oral mucositis (RIOM) is a prevalent complication arising from radiation therapy for 
tumors or combined radiotherapy, but the therapeutic options available remain limited. Understanding its underlying 
mechanisms is crucial for developing effective interventions.

Objectives  To investigate whether keratinocyte necroptosis contributes to RIOM pathogenesis and evaluate the 
effects of RIPK3/MLKL inhibition.

Methods  A mouse model of RIOM was established with varying irradiation doses. Tongue tissues were analyzed 
via histological staining, immunohistochemistry, and Western blot. In vitro, keratinocytes were irradiated and treated 
with RIPK3 or MLKL inhibitors. Subsequently, cell viability, necroptosis, and inflammatory cytokine expression were 
assessed using CCK-8, LDH release, Western blot, flow cytometry and RT-qPCR.

Results  In irradiated mouse tongues, p-RIPK3/RIPK3 and p-MLKL/MLKL ratios were significantly elevated (P < 0.01), 
accompanied by heightened expression levels of IL-1β and IL-6. Similar findings were observed in keratinocytes, 
which, after 12 Gy irradiation for 2.5 days, reduced cell viability (P < 0.001), enhanced necroptotic marker expression 
(P < 0.001), and increased inflammatory cytokine levels (P < 0.001). Furthermore, treatment with RIPK3 inhibitor 
GSK’872 or MLKL inhibitor GW806742X significantly reduced irradiation-induced keratinocyte cell death (P < 0.001), 
LDH release (P < 0.001) and the expression of inflammatory cytokines (P < 0.01).

Conclusions  This study provides evidence that RIPK3/MLKL-mediated necroptosis in keratinocytes contributes to 
the pathogenesis of RIOM. Inhibiting this pathway reduces cell death and inflammation, suggesting a promising 
therapeutic target for the treatment of RIOM.
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Introduction
Radiation-induced oral mucositis (RIOM), a common 
complication of tumor radiation therapy or combined 
radiotherapy, is an acute and chronic injury to the oral 
mucosa caused by ionizing radiation. It manifests as per-
sistent oral mucosal erosion or ulceration, often accom-
panied by severe pain and diminished oral function 
[1]. RIOM affects over 80% of patients with head and 
neck cancers undergoing radiotherapy [2, 3]. The risk of 
developing RIOM increases with higher radiation doses 
[4], leading to debilitating symptoms such as oral pain, 
taste disturbances, and malnutrition, all of which greatly 
reduce patients’ quality of life [3].

The pathogenesis of RIOM is complex and is typically 
described in five stages: initiation, upregulation and acti-
vation (primary damage response), signal amplification, 
ulceration, and healing [5]. Notably, keratinocyte death 
plays a pivotal factor in the pathogenesis of RIOM. Dur-
ing the progression of RIOM, ionizing radiation causes 
keratinocyte death, disrupting epithelial integrity and 
leading to ulcer formation [6]. Subsequently, in the heal-
ing phase, signals from the submucosal layer stimulate 
keratinocytes in the basal and part of the stratum spino-
sum to migrate and proliferate, promoting tissue re-epi-
thelialization [5]. This model merely offers a fundamental 
framework for gaining an understanding of the condition. 
Consequently, further investigation into its pathogenesis 
is crucial to identify new treatment targets.

The mode of cell death is critical for disease progres-
sion. Current therapies for keratinocyte death in RIOM 
focus on apoptosis, a non-inflammatory, immunose-
lected and non-cleaved form of cell death [7]. However, 
a considerable number of inflammatory cytokines are 
produced during the progression of RIOM [8]. Necrop-
tosis is a more effective mechanism for triggering inflam-
matory and immune responses than apoptosis. This 
inflammatory cell death typically results in the release of 
a multitude of inflammatory cytokines. To put it more 
specifically, necroptosis is a form of lysogenic, inflamma-
tory cell death mediated by receptor-interacting protein 
kinase 3 (RIPK3), which phosphorylates mixed lineage 
kinase domain-like protein (MLKL) [9]. The oligomer-
ization and translocation of phosphorylated MLKL to 
the plasma membrane results in cell swelling, membrane 
rupture, and eventual cell death [10].

As evidenced by studies, necroptosis has been found 
to play a crucial role in inflammatory conditions, includ-
ing pancreatitis and inflammatory bowel disease [11–13]. 
Likewise, in the context of radiation-induced tissue dam-
age, necroptosis has been implicated in disorders such 
as radiation-induced lung injury and radiation-induced 
intestinal injury [14, 15]. It is noteworthy that keratino-
cytes represent a potential cell type in which necrop-
tosis may take place, as observed in conditions such 

as psoriasis [16]. Nevertheless, few studies investigat-
ing whether necroptosis occurs in keratinocytes within 
RIOM.

Consequently, the objective of this study was to inves-
tigate whether keratinocyte necroptosis is involved in the 
pathogenesis of RIOM, with the ultimate goal of provid-
ing new insights into disease mechanisms and potential 
therapeutic targets for its prevention and treatment.

Methods
Mice
Six- to eight-week-old male SPF C57BL/6J mice (19–
23  g) were obtained from the Experimental Animal 
Center of Southern Medical University. The mice were 
housed in the Laboratory Animal Center with free access 
to pellet food and water. They were kept in a conventional 
environment with controlled temperature (22 ± 2 °C) and 
humidity (55 ± 10%), and a 12/12-hour day/night cycle. 
All experiments were conducted in accordance with the 
Medical Ethics Committee and Biosafety Management 
Committee (Ethical number: KY2024-986-02).

X-ray irradiation
The mice were divided into four groups: control (no irra-
diation), 9  Gy irradiation, 17  Gy irradiation, and 25  Gy 
irradiation (n = 9/group). Prior to irradiation, mice were 
anesthetized (Pentobarbital sodium, 50  mg/kg, IP) and 
measures were taken to minimize animal suffering. Mice 
in the control group were maintained under normal con-
ditions throughout the study, and tongue samples were 
collected on days 7 and 9. The oral cavities of the mice 
were subjected to irradiation using the Faxitron Multi-
Rad 225 Irradiation System. It ensured that only the oral 
cavity was exposed to radiation, while the remainder of 
the body was protected by lead shielding. Prior to irra-
diation, the mouse tongues were protruded gently. Mice 
were exposed to single-dose X-rays of 9  Gy, 17  Gy, or 
25 Gy at a rate of 2 Gy/min and SSD (source-to-surface 
distance) of 50 cm, except for the control group. Follow-
ing irradiation, the mice were allowed to recover on a 
heating pad before being returned to their cages. The oral 
mucosa was examined and weighed daily, photographs 
were taken every other day, and tongue samples were col-
lected on days 7 and 9.

Evaluation of oral mucositis
Upon completion of the experiment, mice were humanely 
euthanized (Pentobarbital sodium, 100  mg/kg, IP), and 
the entire tongue was removed. Gross photographs were 
taken for macroscopic analysis of RIOM. The severity 
of tongue mucositis in mice was evaluated utilizing the 
VRTOG score, with the entire assessment procedure 
adhering to the principles of blinding and randomiza-
tion. A portion of the excised tongue was stained with 
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0.05% toluidine blue (TB, Macklin) for 10 min and rinsed 
with 10% acetic acid for 5  min for further observation. 
After staining observations, half of the tongue tissues 
were stored at -80 °C for protein extraction and Western 
blot analysis, while the other half were fixed 4% parafor-
maldehyde for histological and immunohistochemical 
examinations.

Histological and immunohistochemistry staining
Paraffin sections were prepared for histologic analy-
sis. The specimens were fixed in 4% paraformaldehyde, 
embedded in paraffin. After sections were performed, 
they were stained with hematoxylin and eosin (H&E) 
for confirm histological changes. To assess epithelial 
thickness, measurements were taken at different ran-
domly selected sites from three tongue tissues. To con-
firm whether necroptosis occurred in the tongue tissues, 
immunohistochemistry was performed using mono-
clonal antibodies against p-MLKL (Invitrogen), IL-1β 
(Abclonal), and IL-6 (Abclonal). After incubation with 
the primary antibody described above, further incuba-
tion was performed with the appropriate horseradish 
peroxidase-coupled secondary antibody (Jackson Immu-
noResearch; ZSGB-BIO). Subsequently, after a series of 
steps such as DAB (3,3’-diaminobenzidine tetrahydro-
chloride) staining, hematoxylin restaining, dehydration 
transparency, and sealing, images were captured using a 
slide scanner.

Cell culture and treatment
Human immortalized keratinocytes (HaCaT cells) were 
obtained from the American Type Culture Collection 
(ATCC, Manassas, VA). HaCaT cells, a commonly used 
model for RIOM [17, 18], were maintained in high-glu-
cose Dulbecco’s modified Eagle medium (DMEM, Gibco, 
Grand Island, NY) supplemented with 10% fetal bovine 
serum and 100 U/mL penicillin-streptomycin (Gibco, 
Paisley, PA) at 37 °C and 5% CO2.

HaCaT cells were treated with single-dose X-rays 
of 6 Gy, 12 Gy, 18 Gy, and 24 Gy at a rate of 2 Gy/min, 
with an SSD of 50  cm for direct irradiation. To further 
determine the involvement of necroptosis, irradiated 
cells were treated with 10 µM RIPK3-specific inhibitor 
GSK’872 (Selleckchem) or 2 µM MLKL-specific inhibitor 
GW806742X (Selleckchem), while the control cells were 
treated with an equal volume of dimethyl sulfoxide.

Cell viability and cytotoxicity assay
HaCaT cells were inoculated at a density of 9 × 103 cells/
well in 96-well culture plates and treated with a single 
dose of 6  Gy, 12  Gy, 18  Gy, 24  Gy X-ray direct irradia-
tion for 1d, 1.5d, 2d, 2.5d, 3d, 3.5d, 4d. The control wells 
were not subjected to any form of treatment. The viabil-
ity of the cells was determined by applying the CCK-8 

Cytotoxicity Assay Kit (Dojindo Laboratories). Mean-
while, the cells were pretreated with inhibitor for a period 
of 2  h prior to irradiation, while an equal volume of 
dimethyl sulfoxide was applied as a control. Cytotoxicity 
was evaluated using the Lactate Dehydrogenase (LDH) 
Assay Kit (Beyotime). The calculations of cell viability 
and cytotoxicity were performed in accordance with the 
instructions provided by the manufacturer.

Western blotting
Protein lysates were extracted from mouse tongue tis-
sues using radioimmunoprecipitation assay (RIPA) buffer 
containing protease and phosphatase inhibitors (Bimake) 
via grinding and sonication. After quantification of pro-
teins using the bicinchoninic acid (BCA) protein assay 
kit (Thermo Fisher Scientific), protein sample were elec-
trophoresed on a 10% SDS-PAGE gel and transferred 
to a PVDF membrane (Bio-Rad). Following the sealing 
process, the membranes were blocked and incubated 
overnight at 4 °C with primary antibodies against RIPK3 
(1:1,000, Cell Signaling Technology), p-RIPK3 (1:1,000, 
Cell Signaling Technology), MLKL (1:1,000, Cell Signal-
ing Technology), p-MLKL (1:1,000, Cell Signaling Tech-
nology), and β-actin (1:5,000, Abclonal). Membranes 
were then incubated with horseradish peroxidase-conju-
gated secondary antibodies (1:3,000, Proteintech). Sub-
sequently, immunoblots were visualized using enhanced 
chemiluminescence (Bio-Femto, Fudebio) and analyzed 
with a chemiluminescence imaging system (Tanon 5200). 
The optical density of the bands was ultimately quantified 
using the ImageJ software.

Reverse transcription-quantitative PCR
Total RNA was extracted from HaCaT cells using RNAiso 
Plus (TaKaRa) and quantified with a Nanodrop (Thermo 
Fisher Scientific). cDNA synthesis was performed using 
a reverse transcriptase kit (TaKaRa). The obtained tem-
plates were amplified by real-time quantitative PCR on 
a LightCycler 480 system (Roche) using SYBR Premix 
Ex Taq (TaKaRa). The relative gene expression levels 
of IL-1β, IL-6 and TNF-α were normalised to β-actin 
expression and quantified using the 2-ΔΔCT method.

Flow cytometry analysis
HaCaT cells were inoculated in 6-well cell culture plates 
at a density of 7 × 105 cells per well and treated with sin-
gle-dose 6 Gy, 12 Gy, 18 Gy, 24 Gy X-ray direct irradia-
tion with inhibitor. Cells were harvested after a 2.5-day 
irradiation period and stained with propidium iodide (PI) 
and fluorescein isothiocyanate (FITC)-labeled Annexin V 
(KeyGEN). A FACSCalibur flow cytometer (BD Biosci-
ences) and FlowJo software were used to analyse the per-
centage of double positive cells.
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Hoechst 33342/PI fluorescent staining
Cells were treated according to the kit instructions and 
double stained with Hoechst 33342 and PI (Solarbio) for 
20 min at 4 °C under light protection. Fluorescent images 
were then captured using a fluorescence microscope 
(Nikon).

Statistical analysis
Each experimental condition was assessed in triplicate, 
and all experiments were independently repeated three 
times. Data were expressed as mean ± standard deviation. 
Statistical analysis was performed using SPSS software 
(version 23.0; IBM SPSS Inc.). Student’s t-test was used 
for the comparison of two groups. A one-way analysis 
of variance (ANOVA) followed by a least significant dif-
ference (LSD) post hoc test was used for multiple group 
comparisons. Statistical significance was defined as a 
two-tailed P value < 0.05.

Results
Establishment of radiation-induced oral mucositis model 
in mice
A single - dose RIOM was initially established in irra-
diated mice with three doses of 9 Gy, 17 Gy, and 25 Gy. 
A single dose of 17 Gy or 25  Gy irradiation resulted in 
a considerable reduction in body weight. In the group 
irradiated with 17  Gy, the most noticeable weight loss 
occurred on day 9, followed by gradual recovery. How-
ever, the 25 Gy group experienced complete mortality by 
day 9 (Fig. 1A). In addition to the effects on body weight, 
research findings that a single dose of X-rays at 17  Gy 
and 25  Gy reliably caused substantial mucositis, par-
ticularly in the tongue mucosa. Mice exposed to 17  Gy 
showed erythema on the ventral tongue mucosa on day 
3, flaky pseudomembranes on day 7, and ulceration on 
day 9. While Mice irradiated with 25 Gy exhibited severe 
oedema on day 3, followed by localized mucosal exfo-
liation on day 7, and ulceration on day 9 (Fig.  1B). The 
VRTOG score for mucositis showed a clear correlation 
between the severity of mucosal injury in mice not only 
with duration and dose, but also with body weight loss 
(Fig. 1C).

To assess the extent of mucositis more accurately, TB 
staining was employed to visualize the mucosal defects. 
The stained area, relative to the entire tongue area, was 
observed to quantify the extent of injury. TB stain-
ing revealed severe mucosal damage in the tongues of 
mice exposed to 17  Gy and 25  Gy, compared to con-
trols (Fig. 1B). In contrast, mice irradiated with the 9 Gy 
dose exhibited minimal effects on both body weight and 
tongue mucosa.

Given the systemic impact on the mice and the degree 
of tongue mucosal damage, a single dose of 17  Gy was 
selected for further experiments. To further evaluate 

histopathological changes in the tongue mucosa, tis-
sue sections from mice on days 7 and 9 were stained 
with H&E for analysis to examine the thickness of the 
remaining epithelium (Fig. 1D). Histological examination 
revealed that the integrity and continuity of the epithe-
lial layer in the dorsal mucosa of the tongue in irradiated 
mice were compromised. Tongue mucosal epithelium 
has revealed marked atrophic changes, including thin-
ning of the epithelial layer, loss of basal epithelial cells, 
and even partial epithelial ablation, particularly on day 9 
post-irradiation with 17 Gy (P < 0.001). Similarly, the ven-
tral lingual mucosal epithelium of these irradiated mice 
exhibited thinning at day 9 (P < 0.001) (Fig.  1E, F). Fur-
thermore, the basal layer of the tongue mucosa in irradi-
ated mice displayed various pathological alterations, such 
as cell enlargement, disordered cellular arrangement, and 
the infiltration of numerous inflammatory cells.

Activation of the RIPK3/MLKL signaling pathway in mice 
with radiation-induced oral mucositis
To explore whether necroptosis is involved in RIOM, key 
necroptosis markers in the tongue mucosal epithelium 
were further investigated. Western blot analysis revealed 
a significant increase in the phosphorylation of RIPK3 
and MLKL on days 7 and 9 post-irradiation, and a sig-
nificant increase in the p-RIPK3/RIPK3 and p-MLKL/
MLKL ratios (P < 0.01) (Fig.  2A, B). In order to provide 
further clarification regarding the range of expression of 
key proteins associated with necroptosis, immunohis-
tochemistry revealed strong expression of p-MLKL in 
both the dorsal and ventral tongue mucosa of irradiated 
mice, with higher expression observed on day 9 in com-
parison to unirradiated controls (Fig.  2C). These results 
indicate dysregulation of necroptosis-related pathways 
in the tongue mucosal epithelium of irradiated mice. 
Additionally, immunohistochemical staining revealed 
elevated levels of inflammatory cytokines IL-1β and IL-6 
in the tongue mucosa of irradiated mice (Fig. 2D). Nota-
bly, p-MLKL and these inflammatory cytokines were pri-
marily localized to keratinocytes in the upper layers of 
the mucosa, suggesting that radiation exposure induces 
overexpression of necroptotic proteins and triggers a 
substantial inflammatory response in keratinocytes. This 
finding provides evidence that inflammatory cell death is 
involved in the pathological mechanisms of RIOM.

Necroptosis activation in irradiated HaCaT cells
The high expression of key necroptosis-associated mol-
ecules in the lingual mucosal epithelium of mice with 
RIOM suggests that keratinocytes undergo necrop-
tosis. To simulate necroptotic keratinocytes in radia-
tion-induced oral mucositis lesions, HaCaT cells were 
irradiated with various radiation doses. The cell viabil-
ity was assessed using CCK-8 at different time points 
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in HaCaT cells. The results demonstrated a significant 
reduction in cell viability when cells were irradiated 
for more than 2.5 days (P < 0.001). At this time point, 
the cell viability of 12 Gy irradiated group had declined 
to 73.85%, whereas the cell viability of 24  Gy irradiated 

group had dropped to 69.87% (Fig.  3A). These results 
suggest that cell activity was suppressed in a manner 
dependent on both the dose of irradiation and the dura-
tion of exposure.

Fig. 1  Irradiation induced ulcers on the tongue mucosa of mice and establishment of a radiation-induced oral mucositis (RIOM) mouse model. (A) Daily 
body weight changes in mice following irradiation with 9, 17, and 25 Gy. (B) Gross photographs and TB staining of mouse tongue mucosa at days 7 and 
9 post-irradiation. (C) VRTOG scoring of RIOM in mice. (D) H&E staining of the dorsal and ventral tongue mucosa in mice irradiated with 17 Gy, observed 
on days 7 and 9. Scale bar: low magnification 100 μm, high magnification 50 μm. (E, F) Respectively quantitative analysis of the thickness of the dorsal 
and ventral tongue mucosa of the above sample sections. Data are presented as mean ± SEM. Statistical significance was assessed using one-way ANOVA 
followed by LSD post hoc test. NS, not significantly different. *P < 0.05, **P < 0.01 and ***P < 0.001
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Furthermore, at 2.5 days post-irradiation, the expres-
sion levels of inflammatory markers IL-1β, IL-6, and 
TNF-α in HaCaT cells were progressively elevated with 
increasing radiation doses, with the higher expression 
observed at 12  Gy (P < 0.001) (Fig.  3B). The expression 
of these inflammatory markers in HaCaT cells was also 
measured at different time points in cells irradiated with 
12 Gy, showing a time-dependent increase, peaking at 2.5 

days post-irradiation (P < 0.001) (Fig. 3C). These findings 
indicate that irradiation induces inflammatory cell death 
in HaCaT cells in a dose- and time-dependent manner.

To determine whether radiation triggers necroptosis 
via the RIPK3/MLKL signaling pathway, samples were 
collected 2.5 days after irradiation at different doses. 
Western blot analysis revealed that phosphorylation of 
the necroptosis-related proteins RIPK3 and MLKL began 

Fig. 2  Upregulation of the RIPK3/MLKL signaling pathway in mice with RIOM. (A) Western blot analysis of p-RIPK3, RIPK3, p-MLKL, and MLKL expression 
levels in tongue mucosal specimens, along with their corresponding optical density analysis (B). β-actin was used as an internal standard for protein 
normalization. Results are presented as mean ± standard deviation (SD) from three independent experiments. Statistical significance was assessed using 
one-way ANOVA followed by LSD post hoc test. *P < 0.05, **P < 0.01 and ***P < 0.001. (C) Representative immunohistochemical staining of p-MLKL in 
tongue tissue of irradiated mice. Scale bar: low magnification 100 μm, high magnification50 μm. (D) Representative immunohistochemical staining of the 
inflammatory cytokines IL-1, IL-6 in tongue tissue of irradiated mice. Scale bar: low magnification 100 μm, high magnification 50 μm
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Fig. 3  Radiation-induced necroptosis in HaCaT cells. (A) Effect of irradiation on HaCaT cell viability. (B and C) Expression of mRNA for inflammatory 
cytokines, including IL-1β, IL-6 and TNF-α, following (B) different irradiation doses (Gy) and (C) different time points. (D) Western blot analysis of p-RIPK3, 
RIPK3, p-MLKL, and MLKL expression in HaCaT cells 2.5 days post-irradiation at different doses and (E) respective optical density analysis. (F) Western blot 
analysis of necroptotic markers in HaCaT cells irradiated with 12 Gy at various time points and (G) respective optical density analysis. β-actin was used 
as an internal standard for protein normalization. Results are shown as ± SD means of three replicates from three independent experiments. Statistical 
significance was determined using one-way ANOVA and LSD post hoc tests. *P < 0.05, **P < 0.01 and ***P < 0.001
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to increase in HaCaT cells irradiated with a single 6 Gy 
dose, with higher expression observed in cells irradiated 
with 12  Gy (Figs.  3D, E). The ratios of p-RIPK3/RIPK3 
and p-MLKL/MLKL exhibited a notable increase at the 
12  Gy dose (P < 0.001). Additionally, elevated phosphor-
ylation of RIPK3 and MLKL was detected at 1.5 days 
after 12  Gy irradiation, reaching peak levels at 2.5 days 
(P < 0.001) (Figs.  3F, G). Based on these results, a single 
12 Gy irradiation followed by 2.5 days of incubation was 
chosen for subsequent experiment. Taken together, these 
data suggest that radiation induces necroptosis in kerati-
nocytes through activation of the RIPK3/MLKL signaling 
pathway.

Inhibition of RIPK3/MLKL attenuates radiation-induced 
necroptosis in vitro
To further determine the effect of necroptosis in radia-
tion-induced cell death and inflammation, HaCaT cells 
were treated with either the RIPK3 inhibitor GSK’872 
or the MLKL inhibitor GW806742X before irradiation. 
The release of LDH from HaCaT cells subjected to irra-
diation increased, reaching a level of 37.11%. However, 
upon treatment with the GSK’872 inhibitor, this LDH 
release was significantly curtailed, dropping to 16.80% 
(P < 0.001). Similarly, in irradiated cells treated with the 
GW806742X inhibitor, LDH release was also mitigated, 
decreasing to 14.47% (P < 0.001). These findings collec-
tively indicate that the inhibition of RIPK3 and MLKL is 
effective in preventing LDH release (Fig.  4A). Further-
more, the proportion of cells exhibiting double-positivity 
for annexin V and propidium iodide, as induced by irra-
diation, increased to 22.30%. In contrast, this proportion 
decreased significantly following inhibitor treatment 
(P < 0.001) (Fig. 4B, C).

Similarly, Hoechst 33342/PI double staining further 
confirmed that GSK’872 or GW806742X substantially 
reduced the proportion of necrotic cells in the irradiated 
group (Fig. 4D). These results suggest that the inhibition 
of RIPK3 or MLKL can effectively mitigate radiation-
induced necroptosis. To further explore the anti-inflam-
matory effects of the two inhibitors in HaCaT cells, 
qRT-PCR was performed to analyse the mRNA expres-
sion of inflammatory cytokines, including IL-1β, IL-6 and 
TNF-α, which were significantly reduced upon inhibitor 
treatment (P < 0.01) (Fig. 4E, F). Overall, these findings 
demonstrate that inhibiting RIPK3 or MLKL not only 
prevents necroptosis but also attenuates the inflamma-
tory response induced by radiation in HaCaT cells.

Discussion
Dysregulated inflammatory responses and keratino-
cyte death are crucial in the pathophysiology of RIOM 
[19]. The current study shows that necroptosis occurs 
in RIOM, with the necroptosis-related protein p-MLKL 

predominantly expressed and localized in the tongue 
mucosal epithelium, especially in keratinocytes. Inhi-
bition of necroptosis markedly reduced cell death and 
inflammatory responses in this context.

Necroptosis has been identified as a key factor in the 
pathogenesis of various diseases, including infections 
[20], inflammatory conditions [21], neurodegenerative 
disorders [22], and cancer [23]. When necroptosis is 
uncontrolled, it leads to the release of damage-associated 
molecular pattern (DAMP) molecules, which trigger sys-
temic immune responses and contribute to tissue dam-
age [24, 25]. Recently, there has been growing attention 
to the role of necroptosis in oral diseases, as evidenced 
by research on periodontitis [26, 27]. Preliminary work 
by our team has also observed necroptosis in refractory 
apical periodontitis [20]. In the case of RIOM, this study 
found that irradiated keratinocytes exhibited increased 
cell death and higher levels of inflammatory cytokines. 
Furthermore, inhibition of RIPK3 or MLKL reduced both 
cell death and inflammatory cytokines secretion.

The phosphorylation status of RIPK3 and MLKL is 
a commonly employed method for the assessment of 
necroptosis [28]. In this study, elevated expression of the 
necroptosis markers p-RIPK3 and p-MLKL was detected 
in the tongues of mice with RIOM, suggesting that kera-
tinocytes undergo necroptosis during the progression of 
RIOM. While MLKL is an executioner protein of necrop-
tosis [29], phosphorylation of MLKL alone may not fully 
indicate necroptosis activation [30]. This study con-
firmed that inhibiting necroptosis-related proteins, using 
the RIPK3 inhibitor GSK’872 and the MLKL inhibitor 
GW806742X, significantly reduced cell death and inflam-
mation in vitro, highlighting the occurrence of necropto-
sis in radiation-induced keratinocytes.

RIPK3 (receptor-interacting protein kinase 3) is a piv-
otal component of the necrosome [31, 32], which classi-
cally functions to stimulate MLKL activation and trigger 
necroptosis [33, 34]. Furthermore, RIPK3 kinase activity 
has the potential to activate the NLRP3 inflammasome 
through RIPK3/MLKL signal, leading to IL-1β secretion 
[35, 36]. It is noteworthy that RIPK3 has the capacity to 
induce inflammation and cell death through a non-clas-
sical pathway that is independent of necroptosis. RIPK3 
has been demonstrated to mediate inflammation by 
inducing cytokines and chemokines in cells to promote 
neutrophil recruitment in a manner that is not depen-
dent on necroptosis [37]. Additionally, RIPK3 has been 
demonstrated to facilitate the NLRP3-caspase1 signaling 
axis triggering GSDMD activity and IL-1β-driven inflam-
mation, whereas these responses are independent of its 
substrate MLKL and necroptosis [35]. Flow cytometry 
analysis revealed that treatment with GSK’872 resulted in 
a lower proportion of double-positive cells for Annexin 
V and PI, in comparison to GW806742X treatment. This 
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was further supported by Hoechst 33342/PI double fluo-
rescence staining. These findings suggest that GSK’872 
may inhibit non-classical RIPK3 pathways that are inde-
pendent of necroptosis.

Prior research has demonstrated that MLKL func-
tions as an execution protein for necroptosis, which can 
be triggered by oligomerization, phosphorylation and 
membrane binding of MLKL [38]. Additionally, MLKL 
can undergo translocation in such a way that it triggers 

Fig. 4  Pretreatment with RIPK3 inhibitor or MLKL inhibitor reduces radiation-induced cell death and inflammation. (A) Lactate dehydrogenase (LDH) 
release was measured in HaCaT cells cultured for 2.5 days post-irradiation with a dose of 12 Gy, in the presence or absence of the RIPK3 inhibitor GSK’872 
or the MLKL inhibitor GW806742X. (B) Flow cytometry analysis of HaCaT cells stained with propidium iodide (PI) and annexin V, and (C) quantification of 
double-positive cells (PI and annexin V staining). (D) Representative fluorescent images of Hoechst 33342 (blue) and PI (red) double staining. Scale bar: 
100 μm. (E, F) The mRNA expression levels of inflammatory cytokines by qRT-PCR, including IL-1β, IL-6, and TNF-α. Results are shown as ± SD means of 
three replicates from three independent experiments. Statistical significance was determined using one-way ANOVA and LSD post hoc tests. *P < 0.05, 
**P < 0.01 and ***P < 0.001
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membrane damage, potassium efflux and NLRP3 activa-
tion to drive IL-1β secretion, a phenomenon that is not 
death-induced DAMP release results [39]. Therefore, 
the translocation of MLKL to the plasma membrane is 
important, yet it does not fully elucidate its multifaceted 
role within the cell. Further studies have demonstrated 
that activated MLKL is capable of translocating to mul-
tiple intracellular compartments, in addition to translo-
cating to and disrupting the plasma membrane. These 
include mitochondria [40], lysosomes [41], the Golgi 
apparatus [42] and endosomes [43]. Furthermore, it has 
been demonstrated that MLKL facilitates its own release 
from extracellular vesicles by interacting with endosomal 
sorting complexes required for transport (ESCRT) pro-
teins [44]. Consequently, these findings emphasize that 
MLKL modulates its own cellular localization, thereby 
influencing cellular function or mediating cell-cell inter-
actions, which in turn regulate disease progression. 
Interestingly, the present study revealed that the MLKL 
inhibitor GW806742X exhibited a more pronounced 
inhibitory effect on irradiation-induced IL-1β inflamma-
tory responses when compared with the RIPK3 inhibi-
tor GSK’872. Therefore, it can be postulated that upon 
activation, MLKL may initiate a mechanism that facili-
tates IL-1β release by translocating to other intracellular 
compartments, an event that is independent of necrop-
tosis. In conclusion, further studies are required to gain a 
more comprehensive understanding of the role of MLKL 
in the regulation of cell death, with a view to uncovering 
other mechanisms involved in its activation and function. 
Nevertheless, this study identifies a pivotal function for 
RIPK3/MLKL in radiation-induced inflammation and 
tissue damage, indicating that RIPK3 and MLKL may be 
promising targets for further investigation.

Notably, different cell death pathways can be viewed 
as a single cell death process, but multiple cell death 
modalities may occur in the same disease. Similarly, this 
study verified that keratinocytes underwent apoptosis 
by Annexin V-FITC/PI flow cytometry analysis, consis-
tent with previous studies [7], which suggests the pres-
ence of a mixed type of death consisting of apoptosis and 
necroptosis. Additionally, the study revealed that NLRP3 
inflammatory vesicles play a pivotal role in radiation-
induced mucosal injury [45]. This indicates that apop-
tosis, pyroptosis, and necroptosis are all involved in the 
pathological process of RIOM. An increasing body of 
evidence now emphasizes that there is extensive crosstalk 
between cell death modalities under specific conditions, 
with the potential for them to regulate each other [46, 
47]. Therefore, exploring how apoptosis, pyroptosis, and 
necroptosis interact and influence disease progression in 
RIOM is an attractive direction for future research.

The above findings indicate that keratinocyte necrop-
tosis plays a pivotal role in the inflammatory cascade 

of RIOM, but limitations remain. Firstly, although this 
study demonstrated the involvement of necroptosis in 
the pathogenesis of RIOM, the upstream regulatory 
mechanisms leading to keratinocyte necroptosis remain 
incompletely elucidated. Future investigations using 
transcriptomic or proteomic profiling may help identify 
upstream regulators or signaling pathways, thereby facili-
tating the development of targeted therapies. Secondly, 
the in vitro experiments within this study concentrated 
on the cellular level, which do not fully recapitulate the 
structural and functional complexity of the oral mucosa. 
Advanced 3D culture systems such as organoid mod-
els may offer more physiologically relevant platforms 
for studying RIOM. Thirdly, mouse model do not fully 
replicate the human condition, particularly in terms 
of immune response. Therefore, further validation in 
humanized models would enhance the translational 
relevance of findings. Nonetheless, this study indicate 
that the inhibition of necroptosis with GSK’872 and 
GW806742X attenuates radiation-induced keratinocyte 
death and inflammation, highlighting the potential of 
necroptosis as a therapeutic target in RIOM.

Conclusions
Overall, this study clarifies that necroptosis occurs in 
keratinocytes in RIOM, enriches mechanistic studies of 
oral mucositis, and highlights the potential of inhibit-
ing keratinocyte necroptosis as a therapeutic target for 
RIOM.
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