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Abstract 

Background  Radiation-induced lung injury (RILI) is the most common complication experienced by patients 
with thoracic tumors after radiotherapy. Among patients receiving thoracic tumor radiotherapy, 14.6–37.2% develop 
RILI. RILI is characterized by an acute inflammatory response; however, the exact mechanism remains unclear 
and an ideal drug is still lacking. In this study, we investigated the protective effects of flagellin A with linked C- 
and N-terminal ends (FlaA N/C) against the development of RILI.

Methods  Mice and bronchial epithelial cells were exposed to radiation (15 Gy) after FlaA N/C treatment. Lung injury, 
bronchial epithelial cell injury, and RILI were assessed by histological evaluation in vivo and cell viability and cell death 
detection in vitro. Pyroptosis was assessed by western blotting (WB), immunofluorescence (IF), and immunohisto-
chemistry (IHC). To explore the molecular mechanisms by which FlaA N/C inhibits RILI, conditional Beclin 1 (Beclin1+/−) 
and NLR family CARD domain-containing protein 4 (Nlrc4)-knockout (Nlrc4−/−) mice were generated. An autophagy 
inhibitor was used for in vitro cell assays, and pyroptosis indicators were detected. Data were analyzed using one-way 
analysis of variance.

Results  FlaA N/C attenuated radiation-induced lung tissue damage, pro-inflammatory cytokine release, and pyropto-
sis in vivo and cell viability, cell death, and pyroptosis in vitro. Mechanistically, FlaA N/C activated the neuronal apopto-
sis inhibitory protein (NAIP)/NLRC4/apoptosis-associated speck-like protein containing a caspase recruitment domain 
(ASC) inflammasome, which was then degraded during Beclin 1-mediated autophagy. Deletion of the FlaA N/C D0 
domain reversed the inhibitory effect of FlaA N/C on radiation-induced pyroptosis in vivo and in vitro. Similarly, Nlrc4-
knockout in vivo or inhibition of autophagy in vitro eliminated the protective effects of FlaA N/C against radiation-
induced pyroptosis.
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Conclusions  These results indicate that FlaA N/C attenuates RILI by promoting NAIP/NLRC4/ASC inflammasome 
autophagy and inhibiting pyroptosis. This study provides a potential approach for RILI intervention.

Keywords  Radiation-induced lung injury, Flagellin A N/C, Inflammasome autophagy, Beclin 1, Pyroptosis

Introduction
Thoracic radiotherapy serves as a key therapeutic 
approach for treating thoracic tumors [1, 2]. However, 
it also exerts secondary effects on healthy lung tissue. 
Radiation-induced lung injury (RILI) is one of the most 
common and serious radiation injuries in patients with 
thoracic tumors after radiotherapy [3]. RILI is divided 
into two stages: early radiation pneumonia and late irre-
versible pulmonary fibrosis [4]. Among patients receiv-
ing thoracic tumor radiotherapy, 14.6–37.2% develop 
RILI, which seriously limits treatment effects and affects 
patients’ quality of life [5]. Currently, alternative, safe, and 
effective clinical treatment strategies and drug options 
are lacking. Therefore, the identification of effective drugs 
or methods to treat RILI during radiotherapy is vital. Sev-
eral agents have been developed to protect against radia-
tion exposure. Amifostine, approved by the Food and 
Drug Administration, has been used to protect patients 
with tumors receiving high-dose radiotherapy. However, 
owing to the limited route of administration, narrow 
protection window, and major adverse effects, the wide-
spread use of this radiation-protection agent is limited 
[6, 7]. We previously synthesized a recombinant protein 
named flagellin A with linked C- and N-terminal ends 
(FlaA N/C) based on flagellin isolated from Legionella 
pneumophila, and found that FlaA N/C could attenu-
ate radiation-induced intestinal injury and experimental 
autoimmune encephalomyelitis via pyroptosis inhibition 
[8, 9]. However, the role and mechanism of FlaA N/C in 
RILI remains unclear. Therefore, we hypothesized that 
FlaA N/C may act as a protective agent against RILI by 
inhibiting pyroptosis.

Ionizing radiation (IR) acts directly on tumor cells, 
damaging DNA and ionizing reactive oxygen spe-
cies (ROS) within cells to cause indirect DNA damage, 
thereby achieving the goal of radiation therapy [10]. 
During radiation therapy, the radiation field inevitably 
includes healthy tissue. This may lead to increased ROS 
levels and DNA damage in normal cells. Studies have 
shown that ROS and DNA damage can induce NLR 
family pyrin domain containing (NLRP) 3 and apopto-
sis inhibitor of macrophage 2 (AIM2) inflammasome 
activation, mediating radiation-induced cell pyropto-
sis [11, 12]. Pyroptosis is a novel mode of inflammatory 
cell death that has only recently been discovered and 
confirmed [13]. During pyroptosis, the inflammasome 
complex is primarily composed of three components: 

pattern recognition receptors, adapter protein ASC, 
and caspase-1 precursor. Moreover, pyroptosis pro-
motes the release of inflammatory factors and aggravates 
the inflammatory response [14]. Recent findings high-
light the critical role of pyroptosis in RILI [15, 16]. For 
instance, Zhang et al. demonstrated that dsDNA-cGAS-
STING-NLRP3 axis-mediated pyroptosis contributes 
to RILI [15]. Zhang et al. found that the NLRP3 inflam-
masome mediates pyroptosis of alveolar macrophages to 
induce RILI [16]. Therefore, the inhibition of pyroptosis 
is expected to be a novel and effective treatment for RILI.

Autophagy is a common protective homeostatic mech-
anism in cells. It is a cyclic process in which cells use 
enzymes in the lysosome to target and degrade necrotic 
organelles and biomacromolecules, thereby providing 
basic molecules for organelle renewal or cell metabo-
lism [17]. Previous studies have shown that activating 
autophagy can effectively alleviate radiation-induced 
tissue damage, including damage to the lungs [18], skin 
[19], and brain [20], whereas inhibiting autophagy may 
potentially worsen radiation injury [21]. Studies have 
also shown that activation of inflammasome autophagy 
can significantly inhibit pyroptosis [22, 23]. Although 
the links between autophagy, pyroptosis, and RILI have 
not been fully examined, the activation of autophagy to 
inhibit pyroptosis is expected to become a new treatment 
strategy for RILI.

In this study, we established mouse and cell injury 
models of RILI and demonstrated that FlaA N/C pro-
tects against RILI and inhibits pyroptosis. Furthermore, 
we found that FlaA N/C activated the NAIP/NLRC4/
ASC inflammasome via its D0 domain and mediated 
autophagy-dependent degradation. D0 domain deletion 
or inhibition of autophagy reversed FlaA N/C-induced 
inhibition of pyroptosis in  vitro. In addition, condi-
tional knockdown of Beclin 1 and knockout of Nlrc4 in 
mice were used to verify the effect of Beclin 1-medi-
ated autophagy on FlaA N/C-induced pyroptosis inhibi-
tion. Collectively, our findings suggest that FlaA N/C is a 
promising therapeutic agent for RILI.

Methods
Antibodies and reagents
Primary antibodies anti-NLRP3 (ab263899), anti-
NLRC4 (ab201792), anti-NAIP (ab129079), anti-ASC 
(ab155970), and anti-microtubule-associated protein 
1A/1B-light chain 3 (LC3; ab243506) were purchased 
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Fig. 1  Effects of FlaA N/C on radiation-induced lung epithelial cell injury. a BEAS-2B cell viability was determined using CCK-8 assay. b Lactate 
dehydrogenase (LDH) release. c–e Levels of IL-1β, TNF-α, and IL-6 in cell supernatants. f, h Cell proliferation was evaluated using the EDU assay. g, 
j 7AAD staining showing cell death. All experiments were repeated three times, and the data are shown as the mean ± SD. # vs. control group, ### 
P < 0.001; * vs. IR group, *, **, and *** indicate P < 0.05, P < 0.01, and P < 0.001, respectively
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Fig. 2  Protective effects of FlaA N/C against RILI in mice. a Representative hematoxylin and eosin (H&E)-stained lung tissue images (scale 
bars = 100 μm). b Lung injury score. c TUNEL-positive cell rate. d Representative TUNEL-stained lung tissue images (scale bars = 100 μm). e, f Total 
protein concentrations and cell count in BALF. g MPO activity in lung tissues. h–j Levels of IL-1β, IL-6, and TNF-α in BALF. The data are shown 
as the mean ± SD. # vs. control group, ### P < 0.001; * vs. IR group, *, **, and *** indicate P < 0.05, P < 0.01, and P < 0.001, respectively
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from Abcam. Anti-gasdermin D (GSDMD; #39754) 
and anti-GSDMD-N (#36425) antibodies were obtained 
from Cell Signaling Technology. Anti-caspase 1 
p20  (PA5-99390) and anti-interleukin (IL)-1β (PA5-
105048) antibodies were obtained from Thermo Fisher 
Scientific. Anti-IL-18 (10663-1-AP), anti-Beclin 1 
(11306-1-AP), anti-LC3 (81004-1-RR), AIM2 (66902-
1-Ig), His-Tag (66005-1-Ig), anti-GAPDH (60004-1-Ig), 
and horseradish peroxidase-conjugated goat anti-
mouse (SA00001-1) and rabbit anti-goat (SA00001-2) 
secondary antibodies were obtained from Proteintech 
(Wuhan, China). FLaAN/C and D0 domain deletion 
FLaAN/C (ΔFLaAN/C) recombinant proteins were 
generated by Beijing Protein Innovation Co., Ltd. (Bei-
jing, China). The autophagy inhibitor, 3-methyladenine 
(3-MA), was obtained from Selleck Chemicals.

Animals and thoracic radiation
Male C57BL/6 mice (8–10  weeks old) were purchased 
from GemPharmatech (Chengdu, China). Lung-specific 
Nlrc4-knockout (KO) transgenic (Nlrc4−/−) and Bec-
lin1 haploinsufficiency (Beclin1+/−) mice were gener-
ated by Beijing Viewsolid Biotech Co., Ltd. All mice 
were maintained in cages with free access to food and 
water at 24 ± 2  °C under 40–70% relative humidity with 
a 12:12-h light/dark cycle. All animal experiments were 
approved by The Animal Policy and Welfare Commit-
tee of Chengdu Medical College (Approval No: CMC-
IACUC-2021024). For thoracic IR, mice were placed 
horizontally after intraperitoneal injection of pentobar-
bital sodium (50 mg/kg), and the other parts outside the 
chest were covered with lead plates. The lungs of each 
mouse were irradiated with a single 15-Gy X-ray dose 
according to previous research [24, 25] using an X-RAD 
160–225 instrument (Precision X Ray Inc., Branford, 
CT, USA; filter: 2 mm, AI; 42 cm, 225 kv/s, 12.4 mA, and 
2.0 Gy/min).

Mice were randomly divided into five groups (n = 6 
mice/group) for lung injury detection: control, IR (each 
mouse received 15-Gy radiation), and IR + FlaA N/C 
(0.5, 1, or 2  mg/kg). For the loss-of-function study, 
wild-type (WT) and Nlrc4−/− (or Beclin1+/−) mice were 
randomly divided into six groups (n = 6 mice/group): 

WT, Nlrc4−/− (or Beclin1+/−), WT + IR, Nlrc4−/− (or 
Beclin1+/−) + IR, WT + IR + FlaA N/C (1  mg/kg), and 
Nlrc4−/− (or Beclin1+/−) + IR + FlaA N/C (1 mg/kg). Four-
teen days after irradiation, the mice were euthanized 
via intraperitoneal injection of sodium pentobarbital 
(120 mg/kg), and their lungs and bronchoalveolar lavage 
fluid (BALF) were collected.

Cell culture and transfections
Bronchial epithelial BEAS-2B cells were obtained from 
the Cell Bank of the Chinese Academy of Sciences 
(Shanghai, China). The cells were cultured in RPMI-1640 
medium containing 10% fetal bovine serum and 5 mg/mL 
penicillin/streptomycin at 37  °C under 5% CO2. NLRC4 
silencing lentivirus shNLRC4 (5′-GGA​TGA​ACG TGC​
TAG​AACA-3′) and negative control lentiviral shNC 
(5′-TTC​TCC​GAAC GTG​TCA​CGT-3′) were obtained 
from Genomeditech (Shanghai, China), and cell trans-
fection was performed according to the manufacturer’s 
instructions.

Radiation‑induced cell injury models
BEAS-2B cells were cultured in a 10-cm plate for 24  h 
and divided into control (Con) and IR groups according 
to experimental requirements. The IR group received 
15 Gy of X-rays. The supernatant was collected and the 
cytokine concentration was measured 24 h after irradia-
tion. Cells were collected for subsequent experiments.

Cell Counting Kit‑8 assay and lactate dehydrogenase 
release assay
Cell Counting Kit-8 (CCK-8; Beyotime, C0043) and lac-
tate dehydrogenase (LDH; Beyotime, C0017) release 
assays were performed to measure cell injury according 
to the manufacturer’s instructions [26].

Enzyme‑linked immunosorbent assay
The concentrations of IL-6, tumor necrosis factor 
(TNF)-α, IL-18, and IL-1β in BALF, mouse serum, and 
cell culture supernatants were determined using com-
mercial enzyme-linked immunosorbent assay (ELISA) 

(See figure on next page.)
Fig. 3  FlaA N/C inhibits pyroptosis in a radiation-induced lung epithelial cell injury model. a CCK-8 assay was used to determine changes 
in BEAS-2B cell viability. b Level of LDH release. c Viability of caspase-1 in cell supernatants. d, e Levels of IL-1β and IL-18 in cell supernatants 
determined using ELISA. f, g 7AAD staining showing cell death. h WB was used to detect the protein expression of IL-1β, IL-18, Caspase-1 p20, 
and GSDMD-N in BEAS-2B cells. i, j Representative IF images and quantification of fluorescence intensity of GSDMD-N in BEAS-2B cells (scale 
bars = 20 μm). All experiments were repeated three times, and the data are shown as the mean ± SD. # vs. control group, ### P < 0.001; * vs. IR group, *, 
**, and *** indicate P < 0.05, P < 0.01, and P < 0.001, respectively
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Fig. 3  (See legend on previous page.)
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kits (Mlbio, Shanghai, China) according to the manufac-
turer’s instructions.

Histopathologic analysis
Hematoxylin and eosin (H&E) staining was performed 
as previously described [26]. Lung sections were stained 
with H&E (G1120; Solarbio, Beijing, China), and all 
images were captured using a DM4000 microscope 
(LEICA, Wetzlar, Germany) equipped with 20 × and 
40 × objective lenses (LEICA) and a DFC450 C camera 
(LEICA). The degree of lung injury was scored using a 
five-point scoring system (0–4) by measuring neutrophil 
infiltration, edema, disorganization of the lung paren-
chyma, and hemorrhage [27]. Up to four categories were 
added to obtain the total lung injury score (maximum 
score, 16).

Western blotting, immunofluorescence, 
and immunohistochemical analysis
Western blotting (WB), immunofluorescence (IF), and 
immunohistochemical (IHC) assays were performed, 
as previously described, to measure the expression of 
pyroptosis-related proteins [26]. All primary antibodies 
were used at a 1:1000 dilution for WB and 1:100 for IF 
and IHC.

Cell death assay
Cells were collected, washed twice with phosphate-buff-
ered saline (PBS), and stained using a 7-AAD detection 
kit (Beyotime, Shanghai, China) according to the manu-
facturer’s instructions. The cells were then analyzed using 
a flow cytometer (FACSCalibur; Becton, Dickinson and 
Company), and the data were processed using CytExpert 
software (Beckman Coulter, Inc.).

5ʹ‑Ethynyl‑2ʹ‑deoxyuridine assay
The 5ʹ-ethynyl-2ʹ-deoxyuridine (EdU) assay was per-
formed as previously described [26]. Briefly, BEAS-2B 
cells were seeded in 24-well plates and incubated with 
EdU working solution (Beyotime) at 37  °C for 30  min. 
After washing thrice with PBS, DAPI (1:5 000) was added 
to the samples, which were then incubated at 37  °C for 
5  min in the dark. Images were randomly captured at 

200 × magnification using a fluorescence microscope 
(Leica Microsystems Inc.).

Transmission electron microscopy
Autophagy of BEAS-2B cells and lung tissue cells was 
analyzed via transmission electron microscopy (TEM; 
FEIG2; Thermo Fisher Scientific, Inc.) as previously 
described [26]. Briefly, the cells or lung tissues were 
fixed in 2.5% glutaraldehyde and then incubated in 0.1 M 
osmium tetroxide for 2  h or longer at 25  °C. After fur-
ther dehydration, permeation, and embedding, 65  nm 
ultrathin sections were obtained and viewed using TEM.

Real‑time fluorescent quantitative polymerase chain 
reaction
Real-time fluorescent quantitative polymerase chain 
reaction (RT-qPCR) was performed as previously 
described [26]. The sense and antisense primer sequences 
for NLRC4 were as follows: forward, 5ʹ-GAT​GTG​TCC​
AGC​GTG​AAT​GAGG-3ʹ; reverse, 5ʹ-GAG​AAG​GCA​
GCC​GTG​TTG​ATAC-3ʹ. The sense and antisense primer 
sequences for ASC were as follows: forward, 5ʹ-GTC​AGC​
TTC​TAA​CTG​GAG​ACC​TAC​-3ʹ and reverse, 5ʹ-GAC​
CTT​CCC​GTA​CAG​AGC​ATCC-3ʹ. GAPDH was used 
as an internal control. The sense and antisense primer 
sequences for GAPDH were as follows: forward, 5ʹ-CAG​
GAG​GCA​TTG​CTG​ATG​AT-3ʹ; reverse, 5ʹ-GAA​GGC​
TGG​GGC​TCA​TTT​-3ʹ. The relative expression levels 
were calculated using the 2–ΔΔCT method.

Statistical analysis
All in  vitro experiments were performed independently 
at least thrice, and all animals were randomly assigned 
to the experimental groups. Data are presented as the 
mean ± standard deviation and were analyzed using 
GraphPad Prism 7 software (GraphPad Software; Dot-
matics). Significance was determined using one-way 
analysis of variance (ANOVA), followed by Tukey’s post-
hoc test. Statistical significance was set at P < 0.05.

Fig. 4  FlaA N/C activates the NAIP/NLRC4/ASC inflammasome and induces autophagy. a Western blotting (WB) results showing the effect of FlaA 
N/C on NLRP3, AIM2, NLRC4, and ASC protein levels. b WB results showing the effect of FlaA N/C on ASC and NLRC4 expression. c WB results 
showing the effect of radiation on the expression of caspase-1 p20 and GSDMD-N. d ASC and NLRC4 mRNA expression levels were assayed using 
qRT-PCR. e The effect of FlaA N/C on the activation of NAIP/NLRC4/ASC was determined using Co-IP. f WB results showing the effect of FlaA N/C 
on the expression of LC3. g TEM was used to determine the effect of FlaA N/C on autophagosome formation (scale bars = 1 μm). h Autophagy 
of the NAIP/NLRC4/ASC inflammasome was detected using fluorescence colocalization (scale bars = 5 μm)

(See figure on next page.)
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Fig. 4  (See legend on previous page.)
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Results
FlaA N/C protected against radiation‑induced bronchial 
epithelial cell injury
To explore the role of FlaA N/C in radiation-induced 
bronchial epithelial cell injury in  vitro, a radiation-
induced cell injury model was established after FlaA N/C 
pretreatment for 2 h. As expected, the radiation-induced 
inhibition of cell activity (Fig.  1a) and proliferation 
(Fig.  1f, h), LDH release (Fig.  1b), secretion of inflam-
matory cytokines (Fig.  1c–e), and increased cell death 
(Fig.  1g, j) were abrogated by FlaA N/C pretreatment 
in a dose-dependent manner. The results also indicated 
that 50 and 100 ng/mL FlaA N/C had similar protective 
effects on cell viability and LDH release from BEAS-2B 
cells. Therefore, 50  ng/mL FlaA N/C was selected for 
subsequent cell experiments. These results suggested that 
FlaA N/C protects against radiation-induced bronchial 
epithelial cell injury.

FlaA N/C attenuated RILI in a mouse model
The role of FlaA N/C in RILI in  vivo was investigated 
in an RILI mouse model. FlaA N/C markedly decreased 
morphological changes and cell death in irradiated mice 
in a dose-dependent manner, as determined using H&E 
(Fig.  2a and b) and TUNEL (Fig.  2c and d) staining, 
respectively. Furthermore, the protein concentrations 
and total cell counts in the BALF increased significantly 
after exposure to radiation compared with those in 
the control group (Fig.  2e and f ). FlaA N/C markedly 
decreased protein leakage and the total number of cells in 
the BALF. Moreover, FlaA N/C decreased myeloperoxi-
dase activity in mouse lung tissue compared with that in 
the IR-only group (Fig. 2g) and effectively reduced IL-1β, 
IL-6, and TNF-α levels in the BALF (Fig.  2h–j). Over-
all, these results indicate that FlaA N/C protected mice 
against RILI. In addition, our results indicate that 1 and 
2 mg/kg FlaA N/C had similar protective effects against 
RILI. We determined the biosafety of FlaA N/C (1  mg/
kg); FlaA N/C treatment (1  mg/kg) exhibited minimal 
toxicity in  vivo ((supplementary Fig.  1). Based on these 

findings, 1 mg/kg FlaA N/C was selected for the subse-
quent mouse experiments.

FlaA N/C attenuated RILI by inhibiting pyroptosis
Pyroptosis is a major mechanism responsible for RILI 
[16]. We have previously shown that FlaA N/C attenuates 
radiation-induced intestinal injury by inhibiting pyrop-
tosis. In this study, pyroptosis parameters were evalu-
ated in vivo and in vitro to investigate whether FlaA N/C 
inhibits pyroptosis in RILI. Consistent with our previ-
ous findings, the present results showed that FlaA N/C 
significantly inhibited radiation-induced decreases in 
BEAS-2B cell activity (Fig. 3a), LDH release (Fig. 3b), and 
cell death (Fig. 3f and g). In the mouse model, the intense 
morphological changes observed via H&E staining 
were significantly reduced by FlaA N/C (supplementary 
Fig.  2a). Moreover, the significant increase in caspase-1 
activity in BEAS-2B cells after irradiation was attenu-
ated by FlaA N/C pretreatment (Fig. 3c). Consistent with 
the changes in caspase-1 activity, FlaA N/C significantly 
inhibited the radiation-induced secretion of IL-1β and 
IL-18 in vivo ((supplementary Fig. 2d and e) and in vitro 
(Fig. 3d and e). Furthermore, the increased protein levels 
of caspase-1 p20, IL-1β, IL-18, and GSDMD-N, as quan-
tified using WB, IF, and IHC, were suppressed by FlaA 
N/C pretreatment (supplementary Fig. 2b and c; Fig. 3h 
and i). These results indicate that FlaA N/C alleviates 
RILI by inhibiting pyroptosis.

FlaA N/C activated the NAIP/NLRC4/ASC inflammasome 
and induced autophagy
Previous studies have shown that NLRP3 and AIM2 
inflammasomes, rather than NLRC4 inflammasomes, 
mediate radiation-induced pyroptosis. We validated 
this conclusion further (supplementary Fig.  3). To 
investigate the mechanism by which FlaA N/C inhib-
its pyroptosis, we examined the effects of FlaA N/C 
on the expression of NLRP3, AIM2, NLRC4, and ASC 
proteins. FlaA N/C significantly reduced NLRC4 and 
ASC expression, but had no effect on NLRP3 and 
AIM2 expression; however, this finding may not be 

(See figure on next page.)
Fig. 5  FlaA N/C activates the NAIP/NLRC4 inflammasome through its D0 domain and mediates autophagy by competitive binding with NLRC4 
and Beclin1. a Domains and similar secondary structural regions of Beclin1 and NAIP. b, c Predicted binding model for NLRC4 and Beclin-1. b 
Surface bonding model of NLRC4 and Beclin-1. c 3D combined model of NLRC4 and Beclin-1. The backbone of NLRC4 is shown in pink and that of 
Beclin-1 is indicated in green. d, e Predicted binding models for NLRC4 and NAIP. d Surface binding model of NLRC4 and NAIP. e 3D combined 
model of NLRC4 and NAIP. The backbone of NAIP is shown in blue. f–g Co-IP assay was used to detect the (f) binding of Beclin-1 and NLRC4 
and (g) binding of FlaA N/C and Δ FlaA N/C with NLRC4. h Autophagosome and autolysosome numbers in each group were calculated. i 
Confocal microscopy observation of mRFP-GFP-LC3 adenovirus-transfected BEAS-2B cells treated as indicated (scale bars = 10 μm). j TEM was used 
to determine the effects of ΔFlaA N/C on autophagosome formation (scale bars = 1 μm)
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Fig. 5  (See legend on previous page.)
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related to radiation (Fig.  4a). The effects of FlaA N/C 
on ASC and NLRC4 expression were examined at vari-
ous time points. Our results show that the expression 
of both proteins was significantly inhibited after incu-
bation with FlaA N/C for 8 h (Fig. 4b). The pyroptosis 
activation time after irradiation was also determined. 
There was obvious pyroptosis after 6  h of irradia-
tion, which peaked at 8 h (Fig. 4c). Notably, FlaA N/C 
treatment had no effect on NLRC4 and ASC mRNA 
levels (Fig.  4d). Thus, we hypothesized that FlaA N/C 
reduces ASC and NLRC4 protein expression through 
post-translational modifications, thereby hindering the 
activation of ASC-dependent NLRP3 and AIM2 inflam-
masomes and inhibiting pyroptosis, ultimately alleviat-
ing RILI.

FlaA N/C has a structure similar to that of flagellin 
and may activate the NAIP/NLRC4/ASC inflamma-
some instead of inhibiting protein expression. How-
ever, further investigation is required. NAIP/NLRC4/
ASC inflammasomes were activated after 4  h of FlaA 
N/C treatment. After 6  h, this activation gradually 
reduced the expression of NLRC4 and ASC (Fig.  4e). 
Furthermore, we examined the role of FlaA N/C in 
activating the NAIP/NLRC4/ASC inflammasome fol-
lowing NLRC4 silencing. We confirmed that NLRC4 
silencing reversed the interaction and colocalization of 
NAIP and ASC (supplementary Fig. 4). In recent years, 
autophagy, an important post-translational regulatory 
mechanism of proteins, has been extensively studied for 
its role in the maintenance of pyroptosis homeostasis. 
We hypothesized that FlaA N/C promotes the forma-
tion of NAIP/NLRC4/ASC inflammasomes accompa-
nied by autophagy activation, thereby degrading NAIP/
NLRC4/ASC. Six hours after the addition of FlaA N/C, 
the proportion of LC3II significantly increased and was 
independent of radiation (Fig. 4f ). Electron microscopy 
revealed that FlaA N/C significantly induced autophagy 
(Fig.  4g). Fluorescence confocal microscopy showed 
that LC3 and NAIP/NLRC4/ASC inflammasomes 
were significantly colocalized (Fig.  4h). These findings 
indicated that FlaA N/C induces NAIP/NLRC4/ASC 
inflammasome autophagy.

FlaA N/C activated the NAIP/NLRC4 inflammasome via its 
D0 domain and mediated autophagy via the competitive 
binding of NLRC4 with Beclin 1
Further structural biological analysis showed that 
the autophagy-related protein Beclin 1 had a second-
ary structure similar to that of NAIP, and that both 
could bind to NLRC4 (Fig.  5a–e). Western blot anal-
ysis showed that Beclin 1 and NLRC4 existed in a 
complex under resting conditions, and the binding of 
NLRC4 and Beclin 1 was significantly weakened after 
FlaA N/C treatment (Fig.  5f ). Flagellin recognizes its 
intracellular receptor, NAIP, via the D0 domain and 
forms the NAIP/NLRC4 inflammasome [28]. Con-
sidering that FlaA N/C contains the full-length D0 
domain of flagellin, we hypothesized that FlaA N/C 
activates NAIP/NLRC4 via the D0 domain. Hence, we 
constructed FlaA N/C with a deletion mutation in the 
D0 domain (ΔFlaA N/C) and found that compared to 
FlaA N/C, ΔFlaA N/C could not competitively bind to 
NLRC4 (Fig. 5g). Autophagy flux analysis showed that 
the numbers of autophagosomes and autophagolys-
osomes increased after FlaA N/C treatment, whereas 
ΔFlaA N/C treatment resulted in a significant decrease 
(Fig.  5h–J). These results show that FlaA N/C acti-
vates the NAIP/NLRC4 inflammasome through its 
D0 domain, and that Beclin 1 dissociates and activates 
autophagy.

D0 domain deletion reversed the inhibitory effect of FlaA 
N/C on pyroptosis
After confirming that the D0 domain of FlaA N/C is 
essential for activation of the NAIP/NLRC4/ASC 
inflammasome, we further verified the function of 
ΔFlaA N/C. FlaA N/C significantly inhibited radiation-
induced cell death and LDH release in BEAS-2B cells, 
whereas the opposite effect was observed with ΔFlaA 
N/C (Fig.  6a–c). Moreover, we validated that ΔFlaA 
N/C had no effect on radiation-induced caspase-1 
and GSDMD activation and IL-1β and IL-18 secre-
tion in  vivo (supplementary Fig.  5a–d) and in  vitro 
(Fig. 6d–f, h and i). These results were confirmed using 
in  vivo (supplementary Fig.  5e) and in  vitro (Fig.  6g) 
WB analyses.

Fig. 6  D0 domain deletion reverses the inhibitory effect of FlaA N/C on pyroptosis in vitro. a, b 7AAD staining showing BEAS-2B cell death. c 
Level of LDH release. d Viability of caspase-1 in cell supernatants. e, f Levels of IL-1β and IL-18 in cell supernatants determined using ELISA. g WB 
was used to detect IL-1β, IL-18, caspase-1 p20, and GSDMD-N protein expression in BEAS-2B cells. h, i Quantification of fluorescence intensity 
and Representative IF images of GSDMD-N in BEAS-2B cells (scale bars = 20 μm). All experiments were repeated three times, and the data are shown 
as the mean ± SD. # vs. control group, #, ##, and ### indicate P < 0.05, P < 0.01, and P < 0.001, respectively; * vs. FlaA N/C + IR group. *, **, and *** indicate 
P < 0.05, P < 0.01, and P < 0.001, respectively

(See figure on next page.)
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Beclin1 knockdown reversed FlaA N/C‑induced inhibition 
of pyroptosis
To verify the role of Beclin 1 in the FlaA N/C-mediated 
inhibition of radiation-induced pyroptosis, Beclin1+/− 
mice were generated. Beclin1 knockdown was confirmed 
using WB (Fig. 7f ). Notably, Beclin1 knockdown signifi-
cantly reversed FlaA N/C-mediated protection against 
morphological changes (Fig. 7a and c). Similarly, known 
pyroptosis events, including caspase-1, GSDMD, IL-1β, 
and IL-18 activation (Fig.  7b and d–f), occurred to a 
greater extent in Beclin1+/−  + IR + FlaA N/C mice than in 
WT + IR + FlaA N/C mice. Autophagy was detected after 
Beclin1 knockdown, which significantly attenuated FlaA 
N/C-induced autophagy (Fig.  7f and g). These results 
indicate that Beclin 1-mediated autophagy is essential for 
FlaA N/C-induced inhibition of pyroptosis.

Inhibition of autophagy reversed FlaA N/C‑induced 
inhibition of pyroptosis in vitro
The autophagy inhibitor 3-mA was used in a multiplex 
assay to verify that autophagy is essential for the FlaA 
N/C-induced inhibition of pyroptosis. The results con-
sistently showed that inhibition of autophagy by 3-mA 
significantly reduced the radioprotective and pyropto-
sis-inhibitory effects of FlaA N/C, as determined by cell 
death (Fig.  8a and b), LDH release assay (Fig.  8c), and 
caspase-1, GSDMD, IL-1β, and IL-18 activation assays 
(Fig.  8d–g). In addition, WB and TEM were used to 
measure the expression of the autophagy marker LC3 
and autophagosome formation in each group (Fig. 8g and 
h). Compared with the IR group, autophagy in the FlaA 
N/C + IR group was elevated, but was repressed in the 
FlaA N/C + IR + 3-MA group. These results further indi-
cated that FlaA N/C promotes autophagy and inhibits 
radiation-induced pyroptosis in BEAS-2B cells.

Nlrc4 KO reversed FlaA N/C‑induced inhibition 
of pyroptosis
The results showed that FlaA N/C could clear ASCs by 
promoting the formation of NAIP/NLRC4/ASC inflam-
masomes and autophagy, thereby inhibiting radiation-
induced pyroptosis. This observation was further verified 
using Nlrc4−/− mice to disrupt FlaA N/C-induced for-
mation of the NAIP/NLRC4/ASC inflammasome and 

inhibit autophagy. H&E staining was performed to meas-
ure morphological changes in each group. Nlrc4 KO 
significantly reversed FlaA N/C-mediated protection 
against morphological changes (Fig. 9a and c). IHC, WB, 
and ELISA were performed to determine the expres-
sion of pyroptosis markers in each group (Fig.  9b and 
d–g). The results showed that pyroptosis marker levels 
were lower in the WT + IR + FlaA N/C group than in the 
WT + IR group. However, Nlrc4 KO had an inverse effect 
on pyroptosis, as observed in the Nlrc4−/ + IR + FlaA 
N/C group. These results indicate that Nlrc4 KO reverses 
the FlaA N/C-mediated inhibition of radiation-induced 
pyroptosis.

Discussion
This study showed that FlaA N/C ameliorated RILI both 
in  vivo and in  vitro and concomitantly inhibited pyrop-
tosis. Initially, we observed that FlaA N/C reduced the 
radiation-induced inflammatory response and cell/lung 
injury. Our results clearly show that FlaA N/C signifi-
cantly inhibited radiation-induced pyroptosis. FlaA N/C 
also selectively promoted the formation of the NAIP/
NLRC4/ASC inflammasome and its degradation via acti-
vation of Beclin 1-mediated autophagy. Furthermore, 
Nlrc4 KO or inhibition of autophagy abolished the FlaA 
N/C-induced inhibition of pyroptosis and its protective 
effects against RILI. Collectively, these results indicate 
that FlaA N/C is a promising pharmacological agent that 
can be used to prevent RILI.

Radiation-induced excessive release of pro-inflam-
matory cytokines is the primary cause of tissue dam-
age [29]. The mechanisms underlying radiation-induced 
inflammatory cytokines have not been fully elucidated. 
Pyroptosis is a novel mode of inflammatory cell death 
that is accompanied by the production of large amounts 
of inflammatory cytokines [13]. Previous studies have 
shown that pyroptosis is involved in radiation-induced 
lung [15, 16, 25], brain [30], and skin [31] injury. We pre-
viously demonstrated the involvement of pyroptosis in 
radiation-induced intestinal injury [8]. Consistent with 
previous findings, this study demonstrated that pyropto-
sis was involved in RILI. Therefore, targeting pyroptosis 
may protect against RILI.

(See figure on next page.)
Fig. 7  Beclin1 knockdown reverses FlaA N/C-induced inhibition of pyroptosis. a Representative hematoxylin and eosin (H&E)-stained mouse lung 
tissue images (scale bars = 100 μm). b Representative images of mouse lung tissues stained for GSDMD-N using immunohistochemistry (scale 
bars = 50 μm). c Lung injury score. d, e Serum Levels of IL-1β and IL-18. f Expression of IL-1β, IL-18, caspase-1 p20, GSDMD-N, and LC3 in lung 
tissues was detected using WB. g TEM was used to determine the effects of Beclin1 knockdown on FlaA N/C-induced autophagosome formation 
in mouse lung tissues (scale bars = 2 μm). The data are shown as the mean ± SD. # vs. WT group, #, ##, and ### indicate P < 0.05, P < 0.01, and P < 0.001, 
respectively; * vs. WT + IR + FlaA N/C group. *, **, and *** indicate P < 0.05, P < 0.01, and P < 0.001, respectively
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Radiation-induced pyroptosis is primarily associ-
ated with NLRP3 and AIM2 inflammasomes [10, 32]. 
In this study, we found that radiation activated NLRP3 
and AIM2 inflammasome-mediated pyroptosis in lung 
epithelial cells, whereas FlaA N/C significantly inhib-
ited pyroptosis and RILI. Importantly, we found that 
monotreatment with FlaA N/C activated NAIP/NLRC4/
ASC inflammasomes and subsequently induced their 
degradation. ASC is essential for NLRP3 and AIM2 
inflammasomes to recruit caspase-1 and activate pyrop-
tosis. Following degradation of the NAIP/NLRC4/ASC 
inflammasome, ASC is consumed, blocking NLRP3 and 
AIM2 inflammasome-mediated pyroptosis signaling 
pathways. In recent years, autophagy has been exten-
sively studied in relation to the regulation of inflamma-
some activation [33]. Sun et  al. showed that autophagy 
maintains normal energy levels and metabolism and 
reduces inflammation by limiting the direct release of 
pro-inflammatory cytokines by eliminating damaged 
mitochondria and activated inflammasomes [34]. Di et al. 
found that autophagy plays an important role in medi-
ating inflammasome homeostasis [35]. A recent study 
highlighted that NLRC4 interacts with Beclin 1 to inhibit 
autophagosome maturation. When flagellin stimulates 
cells, NLRC4 and NAIP form a NAIP/NLRC4 complex, 
thereby reducing the inhibition of NLRC4 on Beclin 1 
and inducing autophagy [36]. However, whether FlaA 
N/C induces NAIP/NLRC4/ASC inflammasome degra-
dation by inducing autophagy and its potential mecha-
nism is unclear.

Therefore, we examined the activation effect and 
mechanism of action of FlaA N/C on autophagy. It is 
well documented that LC3 is a hallmark molecule in 
autophagy research and that the number of autophago-
somes can effectively indicate autophagy [37]. First, elec-
tron microscopy and fluorescence confocal microscopy 
revealed that FlaA N/C significantly increased the num-
ber of autophagosomes in BEAS-2B cells. Fluorescence 
confocal microscopy showed that FlaA N/C promoted 
LC3 and NAIP/NLRC4/ASC inflammasome colocaliza-
tion in BEAS-2B cells. Second, the autophagy inhibitor 
3-MA was used for cell analysis, and the results showed 
that inhibition of autophagy by 3-MA reversed FlaA 
N/C-induced inhibition of pyroptosis in vitro. To clarify 

the radiation-protective effect of FlaA N/C via NAIP/
NLRC4/ASC inflammasome autophagy in  vivo, Bec-
lin1+/− and Nlrc4−/− mice were generated. The results 
showed that Beclin1-knockdown and Nlrc4-KO reversed 
FlaA N/C-induced autophagy and pyroptosis inhibition. 
Considering the importance of the D0 domain in flagel-
lin, we examined its role by constructing ΔFlaA N/C. 
and found that the deletion of the D0 domain reversed 
the inhibitory effect of FlaA N/C on autophagy and 
pyroptosis. Overall, these results confirmed that FlaA 
N/C-induced NAIP/NLRC4/ASC activation relieved the 
inhibitory effect of NLRC4 on Beclin 1, induced inflam-
masome autophagy, and ultimately inhibited radiation-
induced pyroptosis.

This study had certain limitations. First, further inves-
tigation is required to determine whether FlaA N/C 
influences other programmed cell death mechanisms 
such as ferroptosis. Second, there may be other mecha-
nisms by which FlaA N/C regulates pyroptosis that must 
be assessed. Third, RILI typically consists of two phases: 
early radiation pneumonia and late pulmonary fibro-
sis. However, our study focused only on the first phase. 
Finally, the occurrence of radiation-induced pyropto-
sis in clinical RILI samples was not verified. To address 
the limitations of our study, our future research will first 
focus on investigating the regulatory effects of FlaA N/C 
on other cell death pathways in the context of a radia-
tion-induced pulmonary fibrosis model and explore the 
underlying mechanisms. In addition, we will actively col-
laborate with clinicians to collect clinical samples of RILI 
and assess the feasibility of conducting clinical trials.

Conclusions
In this study, we used a combination of in vitro and ani-
mal models to demonstrate that FlaA N/C exerted sig-
nificant protective effects against RILI. The mechanisms 
underlying these effects may involve inhibition of pyrop-
tosis via the promotion of NAIP/NLRC4 inflammasome 
formation and autophagy (Fig.  10). These results eluci-
date a novel role of FlaA N/C as a safe and effective agent 
against RILI. Given the limitations of radioprotective 
agent options, this study may contribute to the devel-
opment of novel radioprotective strategies for clinical 

Fig. 8  Autophagy inhibition reverses the inhibitory effect of FlaA N/C on pyroptosis in vitro. a, b 7AAD staining showing BEAS-2B cell death. c Level 
of LDH release. d, e Levels of IL-1β and IL-18 in cell supernatants detected using ELISA. f Viability of caspase-1 in cell supernatants. g WB was used 
to detect IL-1β, IL-18, caspase-1 p20, GSDMD-N, and LC3 protein expression in BEAS-2B cells. h TEM was used to determine the effect of 3-MA 
on FlaA N/C-induced autophagosome formation in BEAS-2B cells (scale bars = 1 μm). All experiments were repeated three times, and the data are 
shown as the mean ± SD. # vs. control group, #, ##, and ### indicate P < 0.05, P < 0.01, and P < 0.001, respectively; * vs. IR + FlaA N/C group, *, **, and *** 
indicate P < 0.05, P < 0.01, and P < 0.001, respectively

(See figure on next page.)
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Fig. 9  Nlrc4 knockout reverses FlaA N/C-induced inhibition of pyroptosis. a Representative hematoxylin and eosin (H&E)-stained mouse lung tissue 
images (scale bars = 100 μm). b Representative images of mouse lung tissues stained for GSDMD-N using IHC (scale bars = 50 μm). c Lung injury 
score. d, e Levels of IL-1β and IL-18 in the serum. f Viability of caspase-1 in the lung tissue. g Expression of IL-1β, IL-18, caspase-1 p20, GSDMD-N, 
NLRC4, and ASC in lung tissues was detected using WB. The data are shown as the mean ± SD. # vs. WT group, #, ##, and ### indicate P < 0.05, P < 0.01, 
and P < 0.001, respectively; * vs. WT + IR + FlaA N/C group, *, **, and *** indicate P < 0.05, P < 0.01, and P < 0.001, respectively
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applications. However, further investigation of this topic 
is required.
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3-MA	� 3-Methyladenine
EdU	� 5ʹ-Ethynyl-2ʹ-deoxyuridine
AIM2	� Apoptosis inhibitor of macrophage 2
ASC	� Apoptosis-associated speck-like protein containing a caspase 

recruitment domain
BALF	� Bronchoalveolar lavage fluid
CCK-8	� Cell Counting Kit-8
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ΔFLaAN/C	� FLaAN/C and D0 domain deletion FLaAN/C
FlaA N/C	� Flagellin A with linked C- and N-terminal ends
GSDMD	� Gasdermin D

Fig. 10  Diagram of the mechanisms underlying FlaA N/C attenuates RILI. FlaA N/C inhibits radiation-induced pyroptosis by promoting 
autophagy-mediated degradation of the NAIP/NLRC4/ASC inflammasome. A. In the resting state, Beclin-1 and NLRC4 exist as a complex. B. FlaA 
N/C entering the cell recruit NLRC4 to form the hNAIP-NLRC4 inflammasome complex, while free Beclin-1 mediates the autophagic degradation 
of the NAIP-NLRC4 inflammasome, leading to ASC depletion. C. Radiation induces pyroptosis by activating ASC-dependent NLRP3 and AIM2 
inflammasomes. D. FlaA N/C treatment mediates the autophagic degradation of the hNAIP-NLRC4 inflammasome, thereby suppressing 
radiation-induced pyroptosis
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Additional file 1: Fig. S1 In vivo biosafety validation of FlaA N/C. H&E stain-
ing images of the major organs except lung (intestine, liver, spleen, kidney 
and heart) collected from the mice after FlaA N/C treatment (1 mg/kg).

Additional file 2: Fig. S2 FlaA N/C attenuates radiation induced pyroptosis 
in vivo. Representative hematoxylin and eosin (H&E) stained mouse lung 
tissue images (scale bars = 100 μm). (B) Representative images of mouse 
lung tissues stained with GSDMD-N determined by immunohistochemis-
try (scale bars = 100 μm). (C) The expression of IL-1β, IL-18, and caspase-1 
p20 and GSDMD-N in the mouse lung tissues was detected by WB. (D, E) 
Levels of IL-1β and IL-18 in the mouse serum.  # vs. control group, #, ##, 
and ### indicate P < 0.05, P < 0.01, and P < 0.001, respectively; * vs.  IR 
group, *, **, and *** indicate P < 0.05, P < 0.01, and P < 0.001, respectively.

Additional file 3: Fig. S3 NLRP3 and AIM2 inflammasome mediate radia-
tion-induced pyroptosis. A co-IP assay was used to detect the binding of 
ASC with NLRC4, AIM2, and NLRP3 in BEAS-2B cells.

Additional file 4: Fig. S4 NLRC4 silencing reversed the FlaA N/C mediated 
interaction and colocalization of NAIP and ASC. (A) A co-IP assay was used 
to detect the binding of ASC with NLRC4, and NAIP in BEAS-2B cells. (B) 
Colocalization of the NAIP and ASC in BEAS-2B cells was detected using 
fluorescence (scale bars = 10 μm).

Additional file 5: Fig S5 D0 domain deletion reverses the inhibitory effect 
of FlaA N/C on pyroptosis in vivo. (A, B) Levels of IL-1β and IL-18 in the 
mouse serum. (C) Viability of caspase-1 in the mouse lung tissue. (D) 
Representative images of mouse lung tissues stained with GSDMD-N 
determined by immunohistochemistry (scale bars = 50 μm). (E) Expres-
sion of IL-1β, IL-18, caspase-1 p20 and GSDMD-N, and LC3 in mouse lung 
tissues detected by WB. # vs. control group, #, ##, and ### indicate P < 0.05, 
P < 0.01, and P < 0.001, respectively; * vs. IR + FlaA N/C group, *, **, and *** 
indicate P < 0.05, P < 0.01, and P < 0.001, respectively.
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