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Abstract 
Objective: A model of inflammatory damage was induced by radiation to investigate whether ferulic acid (FA) can reduce the 
inflammatory response through the Sirt1-NLRP3 inflammatory pathway. This will help discover radiation-protective drugs and 
elucidate the molecular mechanisms related to radiation-induced inflammatory damage.

Methods: A mouse model of radiation-induced immunoinflammatory injury was established to verify the anti-inflammatory effects 
of FA in vivo. C57BL/6J mice were randomly divided into six groups, and 5 Gy whole-body irradiation was used for modeling. Mice 
were administered a gastric solvent, amifostine, or 25, 50, or 100 mg/kg FA daily for 12 days, consecutively, before irradiation. The 
serum of mice was collected 24 hour after irradiation to observe the content of inflammatory factors interleukin (IL)-1β, IL-18, IL-6, 
and tumor necrosis factor (TNF)-α. The spleen and thymus tissues of mice were weighed and the organ index was calculated for 
pathological testing and immunofluorescence detection.

Results: FA reduced the radiation-induced decrease in the spleen and thymus indices. FA significantly reduced the secretion of 
inflammatory factors in the serum and reversed the radiation-induced reduction in lymphocytes in the spleen and thymus of mice. 
FA activated Sirt1 and inhibited the expression of the NLRP3 inflammasome to alleviate the inflammatory response.

Conclusions: FA reduced radiation-induced inflammation in animals, possibly by activating Sirt1 and reducing nucleotide 
oligomerization domain (NOD)-like receptor thermal protein domain associated protein 3 (NLRP3) inflammasome expression, 
thereby reducing the secretion of inflammatory factors.

Keywords: Ferulic acid, NLRP3 inflammasome, Radiation inflammation, Sirt1

Graphical abstract: http://links.lww.com/AHM/A110

Introduction

With the development of science and technology as 
well as the nuclear industry, ionizing radiation has been 
widely used in the fields of scientific research, medi-
cine, military, and industry. Along with its application, 
the number of individuals involved in radiation-related 
work has increased significantly, and various biological 
effects of ionizing radiation have gradually attracted 
public attention[1]. Individuals are widely exposed to 
low-dose radiation from natural sources, medical radia-
tion diagnosis and treatment, aerospace navigation, and 
high-background environments, whereas exposure to 
high-dose radiation accidents such as nuclear leakages 
and nuclear weapon explosions are rare; both pose a 
serious threat to human health[2]. When killing tumor 
cells, radiation damages normal cells, including circu-
lating cells in the peripheral blood, especially immune 

cells, leading to tumor progression and recurrence[3–4]. 
Radiation interacts with the immune system in various 
ways, affecting the homeostasis and functional integrity 
of immune cells, thereby inducing tissue damage and 
inflammation[5–7].

Therefore, immunomodulators that improve immunity 
may reverse or prevent radiation-induced immune dam-
age. Ferulic acid (FA, 4-hydroxy-3-methoxycinnamic 
acid) is a phenolic acid widely found in plants. It is 
an effective component of traditional Chinese med-
icine (TCM), such as Angelicae Sinensis Radix and 
Chuanxiong Rhizoma. It is also found in food such as 
coffee, wheat bran, and corn husks[8]. FA has a variety 
of physiological functions, among which the widely 
used ones are: (1) anti-thrombotic function: inhibition 
of platelet aggregation, inhibition of tryptamine, and 
thromboxane-like substance release. Currently, marketed 
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sodium ferulate is primarily used for the treatment of 
cardiovascular and cerebrovascular diseases and leuko-
penia. (2) Antioxidant function: scavenging free radicals, 
and inhibiting and scavenging enzymes that produce free 
radicals. Its application in food, healthcare products, 
cosmetics, and other industries is increasing[9]. In addi-
tion, FA has a strong anti-radiation effect that improves 
the survival rate of irradiated mice[10], increases periph-
eral blood counts[11], and promotes the recovery of bone 
marrow hematopoietic function[12]. However, few studies 
have analyzed the signaling pathways and target mecha-
nisms of FA in terms of its radioprotective effects.

In recent years, studies have reported that the 
up-regulation of nucleotide oligomerization domain 
(NOD)-like receptor thermal protein domain associated 
protein 3 (NLRP3) inflammasome expression plays a key 
role in radiation immune injury[13–15], which can promote 
the maturation and secretion of inflammatory cytokines 
interleukin (IL)-1β and IL-18[13,16]. The question remains 
whether FA can alleviate radiation-induced immune 
damage by inhibiting inflammatory responses. Therefore, 
in the present study, we evaluated the role and mecha-
nism of action of FA in attenuating radiation-induced 
immune-mediated inflammatory injury in animals.

Materials and methods

Drugs and materials

IL-1β, IL-18, IL-6, and tumor necrosis factor (TNF)-α 
mouse enzyme-linked immunosorbent assay (ELISA) Kits 
were purchased from Nanjing Jiancheng Bioengineering 
Institute. Rabbit anti-IL-1β, anti-IL-18, anti-NLRP3, and 
anti-Sirt1 antibodies were purchased from Abcam (USA). 
FA was purchased from Shanghai Yuanye Biotechnology 
Co., Ltd. and amifostine for injection was purchased 
from Ark Pharm, USA. 

Animals and radiation

One hundred and twenty 6-week-old single pathogen- 
free (SPF) C57BL/6J mice (half male and half female) 
were purchased from Beijing Weitong Lihua Laboratory 
Animal Technology Co., Ltd. The mice were housed 
in the SPF animal room of the Animal Center of the 
Academy of Military Medical Sciences. The feeding con-
ditions were as follows: the temperature was 26 ± 0.5°C, 
the relative humidity was 50% ± 5%, the light was a 
12-hour day/night cycle, each room had an independent 
air purification system, and the mice were provided with 
sterile distilled water.

Mice were randomly divided into six groups. Group 
I was administered 1% sodium carboxymethyl cellu-
lose as the normal control group. Group II received 5 
Gy radiation and 1% sodium carboxymethyl cellulose 
as radiation model group. In Group III, 1% sodium 
carboxymethyl cellulose was administered orally for 
12 days. On the 12th day, amifostine (0.1 mg/10 g) 
was injected intraperitoneally 30 to 40 minutes before 
5 Gy radiation[17–18]. Group IV received 5 Gy radiation 
and low-dose FA (25 mg/kg + 5 Gy) as the low-dose FA 
group. Group V received 5 Gy radiation and a medium 
dose of FA (50 mg/kg + 5 Gy), and was the medium-dose 

FA group. Group VI received 5 Gy radiation and a high 
dose of FA (100 mg/kg + 5 Gy)[19].

Thirty to 40 minutes after the last administration, the 
mice were transferred to the radiation center and sub-
jected to a single whole-body irradiation at a dose of 
5 Gy[20–21]. The single irradiation dose rate was 68.34 
cGy/min; this was provided by the Institute of Radiation 
Medicine, Academy of Military Medical Sciences.

Organ index analysis

The mice in each group were euthanized 24 hours after 
irradiation. The spleen and thymus tissues were weighed 
and the corresponding organ indices were calculated 
using the following equation[22]:

Organ index = organ weight (mg)/mg/animal weight (g).

Hematoxylin & eosin (H&E) staining

Spleen and thymus tissues were fixed in neutral formalin 
(10%) buffer for 24 hours, dehydrated, and embedded 
in paraffin after routine dehydration, sectioned at 5 μm, 
deparaffinized, and stained with H&E. Then, patho-
logical changes in tissues were observed using a light 
microscope.

Quantification of IL-1β, IL-6, IL-18, and TNF-α levels

The IL-1β, IL-6, IL-18, and TNF-α levels in the serum of 
mice were detected using the corresponding ELISA kits 
according to the manufacturer’s instructions. Briefly, the 
corresponding serum samples were added to a 96-well 
plate and the blank wells were left untreated. Except for the 
blank wells, 100 μL horseradish peroxidase (HRP)-labeled 
antibody was added to the rest of the wells, incubated for 1 
hour, then the liquid was discarded, 350 μL washing solu-
tion was added to the detection wells, the plate was left to 
stand for 60 seconds, the washing solution was removed, 
and this process was repeated five times. Fifty microliters 
of each substrate (A and B) were added to each well and 
incubated at 37°C in the dark for 15 minutes. Termination 
solution was added to each well and proteins were detected 
within 15 minutes at a wavelength of 450 nm.

Immunofluorescence analysis

Paraffin sections of the spleen and thymus were removed, 
deparaffinized in water before antigen repair, and 
blocked with serum. Primary anti-sirtuin 1 (SIRT1) or 
NLRP3 antibody was added and incubated at 4°C over-
night, then HRP-labeled secondary antibody was added. 
The sections were washed thrice with phosphate-buff-
ered saline (PBS) for 5 minutes each time, ReadiUse 
Tyramide (TSA) was added, and the tissues were incu-
bated at room temperature in the dark for 10 minutes. 
Next, the samples were washed thrice with tris-buffered 
saline with Tween (TBST) for 5 minutes each time before 
the second primary antibody, nuclear factor-kappa B 
(NF-κB), was added and incubated at 4°C overnight. 
After incubation with secondary antibodies, the sec-
tions were stained with 4’,6-diamidino-2-phenylindole 
(DAPI), observed using a fluorescence microscope, and 
images were captured.
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Statistical analysis

All experiments were repeated at thrice for statistical 
analyses. The data were expressed as mean ± standard 
deviation (SD) and plotted using GraphPad software. 
Statistical analysis of data between multiple groups 
was performed using one-way way analysis of variance 
(ANOVA), and statistical analysis of data between two 
groups was performed using the t test.

Results

Effect of FA on organ index in mice after radiation

Compared to the control group, the organ index of each 
group of mice in the irradiation model group was signifi-
cantly reduced (Figure 1), indicating successful establish-
ment of the model. Compared to the irradiation group, 
the spleen indices of male mice in the 25 and 50 mg/kg 
FA groups and female mice in the 100 mg/kg FA group 
were significantly increased (Figure 1A), indicating that 
FA had a significant protective effect on the spleens of 
mice 24 hours after irradiation. Simultaneously, com-
pared to the irradiation group, the thymus index of the 
positive drug group and the 50 and 100 mg/kg FA groups 
was significantly increased (Figure 1B), indicating that 
FA had an obvious protective effect on the thymus of 
the irradiated mice. Collectively, 50 mg/kg FA exhibited 
a better protective effect on the spleen and thymus than 
the other two doses.

Effect of FA on the histopathological changes of spleen and 
thymus in mice after radiation

In the control group, the boundary between the red 
and white pulps of the spleen was explicit, the shape of 
splenic bodies in the white pulp was regular, the num-
ber of lymphocytes was abundant, and a large area of 

extramedullary hematopoiesis was observed in the red 
pulp. In the thymus, the structure of the thymic lobules 
and the boundary between the cortex and medulla were 
clearly visible and the number of lymphocytes in the cor-
tex was high. In the spleen tissues of the radiation group, 
the volume of splenic bodies in the white pulp decreased 
significantly, as did the number of lymphocytes showing 
apoptosis and nuclear fragmentation. Simultaneously, 
the number of neutrophils and multinucleated giant cells 
in the red pulp dramatically increased. The thymus tis-
sue was replaced by a large area of proliferative con-
nective tissue with numerous local calcium foci. Large 
tracts of lymphocyte necrosis, nuclear fragmentation, 
or lysis, accompanied by a small amount of neutrophil 
infiltration, were observed. In the positive drug group, 
the boundary between the red and white pulps was 
sharp, and the number of splenic corpuscle lympho-
cytes increased. In the 50 mg/kg FA group, the degree of 
radiation damage was reduced compared to that in the 
radiation group, the boundary between the red pulp and 
white pulp was clearly visible, the volume of the white 
pulp spleen body was reduced, the number of lympho-
cytes was reduced, and the number of neutrophils was 
increased in the red pulp, indicating that 50 mg/kg FA 
played a favorable protective role. In the positive control 
group and the FA low- and high-dose groups, the degree 
of radiation damage was also reduced (Figures 2 and 3).

Effect of FA on the secretion of inflammatory factors 
in serum

Radiation significantly increased IL-1β, IL-18, IL-6, and 
TNF-α levels in the serum of mice (Figure 4). Amifostine 
injected 40 minutes before irradiation significantly 
reduced IL-18 and TNF-α levels in the serum of mice 
and IL-1β levels specifically in male mice. FA showed 

Figure 1.  Effects of FA on organ indexes of spleen and thymus in mice after radiation. Organ index = organ weight (mg)/mg/animal weight (g).  
(A) Spleen index of mice 24 h after irradiation. (B) Thymus index of mice 24 h after irradiation (x̄± s, n = 10). Statistical analysis of data between multi-
ple groups was performed using one-way way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001 vs. radiation. ANOVA: Analysis of variance; FA: Ferulic acid.
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a strong anti-inflammatory effect on mice (especially 
50 mg/kg), which significantly reduced the content of 
inflammatory factors in serum except IL-1β in female 
mice. With regard to these inflammatory factors alone, 
FA appeared to be more effective in male mice; however, 
further confirmation is needed.

FA increased Sirt1 expression in the spleen

To determine the potential mechanism underlying the 
protective effect of FA on radiation-induced immune 
damage, Sirt1 protein expression in the spleens of male 
mice was measured using fluorescent immunolabel-
ing. Sirt1 was labeled with fluorescein isothiocyanate 
(FITC) and was shown by red fluorescence using a 
fluorescence microscope. The nucleus was blue under 
DAPI staining. As shown in Figure 5, fluorescein was 
expressed in the marginal zone and white pulp area of 
the spleen tissue. The superposition of the two figures 
showed the expression of Sirt1. Compared with the 
radiation group, Sirt1 expression in the spleen of the 
positive drug group and the low- and medium-dose FA 
groups was significantly increased, indicating that FA 
can activate the expression of Sirt1 in vivo, which may 
produce anti-inflammatory and anti-radiation effects 
through the Sirt1-NLRP3 pathway. However, no signif-
icant activation was Sirt1 in the high-dose FA group 
was observed.

FA inhibited NF-κB and NLRP3 activation in 
irradiated mice

To further test whether FA could achieve anti-inflammatory 
and anti-radiation effects by regulating the Sirt1-NF-
κB-NLRP3 inflammasome pathway, we detected the 

expression of NF-κB and NLRP3 in the spleens of male 
mice again using immunofluorescence. The nuclei were 
stained blue, NF-κB appeared red and NLRP3 appeared 
green using a fluorescence microscope (Figure 6). In the 
control group, NF-κB expression occurred primarily in 
the cytoplasm, which was not highly activated. NLRP3 
was also expressed at low levels, primarily distributed 
at the edge of the spleen tissue, and rarely expressed in 
the middle white pulp area. In irradiated mice, NF-κB 
was activated and flood into the nucleus; the expression 
of NLRP3 was significantly increased and was primarily 
distributed in the marginal area of the spleen, as well 
as in the middle section of the white pulp area of the 
spleen. Low and medium doses of FA decreased NLRP3 
expression Green fluorescence was significantly weaker 
in the medium-dose FA group, indicating that the expres-
sion of NLRP3 was notably inhibited. These results were 
consistent with those of Sirt1 fluorescence expression, 
indicating that FA can produce anti-inflammatory and 
anti-radiation effects through the Sirt1-NF-κB-NLRP3 
inflammasome pathway at the cellular level.

Discussion

In this study, 5 Gy 60Co γ-ray irradiation was used to 
establish a mouse model of immune inflammation. 
Changes in the levels of inflammatory factors were 
detected in the peripheral blood of C57BL/6J mice. 
Organ index, pathological changes, and the expression 
of inflammasome-related proteins were observed in the 
spleen and thymus tissues. The spleen and thymus are 
important immune organs, and their organ indices reflect 
the immune function of the body to a certain extent. FA 
reduced the radiation-induced decrease in the spleen 
and thymus indices. Simultaneously, the H&E staining 

Figure 2.  Representative pictures of H&E staining of spleen tissues. Spleen sections were stained with H&E 24 h after irradiation to analyze for 
changes in morphology and inflammatory cell infiltration. Scale bar, 100 μm. FA: Ferulic acid; H&E: Hematoxylin & eosin.
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results of the pathological sections of the spleen and thy-
mus tissues showed that the intragastric administration 
of FA before irradiation had a protective effect similar 
to that of amifostine, as it increased the number of lym-
phocytes in the spleen and thymus tissues and exhibited 
an immuno-protective effect. By measuring the expres-
sion levels of inflammatory factors IL-1β, IL-18, IL-6, 
and TNF-α in the serum of mice, it was shown that FA 
showed satisfied anti-inflammatory effect on the irradi-
ated mice, which significantly reduced IL-1β, IL-18, and 
TNF-α secretion. However, notably, that there were dif-
ferences in the secretion of inflammatory factors in the 
sera of female and male mice, which might be related to 
sex and individual differences in mice.

Inflammasomes are a complex of proteins contain-
ing members of the NLR family, including NLRP1, 
NLRP3, and other inflammasomes[23]. After the NLRP3 
inflammasome is activated, it recruits apoptosis- 
associated speck-like protein (ASC) and caspase-1 
to oligomer itself and close the spatial distance 
of procaspase-1, and then clears itself to mature 
caspase-1, which further promotes the secretion of 
IL-1β and IL-18. It is involved in the inflammatory 
and innate immune responses[13]. Ionizing radiation 
increases the reactive oxygen species (ROS) level in 
vivo, activates the NLRP3 protein complex pathway, 
which activates the inactive precursor of Caspase-1, 
clefts it to the bioactive Caspase-1, and enhances the 
production of pro-inflammatory cytokines IL-1β and 
IL-18. This results in the production of chemokines, 
TNF-α, and high mobility group histone 1 (HMGB-
1)[14,24–25]. NF-κB is a transcription factor[26] that also 
acts as a key mediator of inflammatory response and 
can regulate several aspects of innate and adaptive 
immune function[27]. After cells are exposed to ioniz-
ing radiation, proteasomal degradation of inhibitor of 

nuclear factor kappa B (IκB) is phosphorylated, leading 
to abnormal activation and nuclear translocation of 
NF-κB[28]. Simultaneously, NF-κB signaling pathway, as 
a typical immune-inflammatory pathway, participates 
in the regulation of TNF-α and IL-1β expression after 
activation, promotes the production of pro-IL-1β and 
pro-IL-18, and leads to inflammatory response[29]. Sirt1 
is the mammalian homolog of yeast silent information 
regulator 2 (Sir2), which belongs to class III histone 
deacetylases[30]. In addition to histone deacetylation, 
Sirt1 regulates the activity of NF-κB, p53, poly(ADP-
ribose) polymerase 1 (PARP-1), and other transcrip-
tion factors[31]. Sirt1 plays a central role in regulating 
inflammatory responses. In in vitro experiments, Sirt1 
gene silencing has been shown to increase the levels 
of inflammatory factors such as TNF-α, IL-1β, and 
IL-6, and Sirt1 knockout in vivo can promote the 
infiltration of macrophages in adipose tissue[32]. Sirt1 
inhibits the expression of NLRP3 by deacetylating 
inflammation-related transcription factors to achieve 
anti-inflammatory and anti-apoptosis effects[32].

To further study the role of Sirt1-NLRP3 inflam-
masome pathway in the anti-radiation function of FA 
in vivo, the expression of Sirt1, NF-κB, and NLRP3 
proteins in the spleen of mice was detected using immu-
nofluorescence. These results further confirm the activa-
tion of Sirt1 by FA. Moreover, the expression of NLRP3 
dramatically decreased, while that of Sirt1 increased. At 
the cellular level, FA significantly reduced the expres-
sion of NLRP3 and Caspase-1 proteins, as well as the 
expression of inflammatory factors IL-1β and IL-18, 
indicating that FA could inhibit the activation of NLRP3 
inflammasome in AHH-1 cells induced by radiation[33]. 
Collectively, these results suggest that FA activates Sirt1 
and inhibits NLRP3 inflammasome expression to allevi-
ate the inflammatory response.

Figure 3.  Representative pictures of H&E staining of thymus tissues. Thymus sections were stained with H&E 24 h after irradiation to check 
changes in morphology and inflammatory cell infiltration. Scale bar, 100 μm. FA: Ferulic acid; H&E: Hematoxylin & eosin.
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FA inhibited the NLRP3 inflammasome by activating 
Sirt1 and regulating NF-κB to achieve anti-inflammatory 
and anti-radiation effects. Sirt1 protein inhibits the tran-
scriptional activity of NF-κB by deacetylation[34–35], and 
the transcriptional expression of NLRP3 is dependent 
on NF-κB[36]. This suggests that activation of Sirt1 may 
effectively regulate the NLRP3 inflammatory complex, 

thereby reducing inflammation by interfering with Sirt1-
NF-κB-NLRP3 inflammasome pathway[37]. However, 
gender-specific differences in inflammatory responses, 
the use of a single mouse strain (C57BL/6J), and a focus 
on only the spleen and thymus limit the generalizabil-
ity of the findings. Additionally, the study's reliance on a 
single radiation dose and in vitro validation necessitates 

Figure 4.  FA had a protective effect on radiation-induced immune inflammation in mice. The mice were administered amifostine or FA by gavage 
for 12 days and then irradiated with 5 Gy on the 12th day. Mice were euthanized 24 h after irradiation, and serum was collected. The content of 
(A) IL-1β; (B) IL-18; (C) IL-6; and (D) TNF-α in serum (x̄± s, n = 3). Statistical analysis of data between multiple groups was performed using one-
way way ANOVA. ###P < 0.001 vs. control. *P < 0.05, **P < 0.01, ***P < 0.001 vs. radiation. ANOVA: Analysis of variance; FA: Ferulic acid; IL: 
Interleukin; TNF: Tumor necrosis factor.

Figure 5.  FA could increase the expression of Sirt1 in the spleen of mice. The mice were administered amifostine or FA by gavage for 12 days and 
then irradiated with 5 Gy on the 12th day. The protein expression of Sirt1 in the spleen and thymus of male mice 24 h after irradiation was detected 
using immunofluorescence. The red fluorescence represented Sirt1 and the blue fluorescence represented nucleus (2.6×). 
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broader validation. Future research would address these 
limitations by including diverse genetic models, conduct-
ing comprehensive organ analysis, exploring long-term 
effects, and performing dose-response studies. These 
steps will enhance the understanding of FA’s efficacy and 
potential clinical application.

Conclusion

In summary, the radioprotective effects of FA on two major 
immune organs, the spleen and thymus, were investigated. 
To the best of our knowledge, our study demonstrated for 
the first time that FA attenuates radiation-induced inflam-
mation by interfering with the Sirt1-NF-KB-NLRP3 path-
way. The results of this study provide a theoretical basis 
for the development of new radioprotective agent targets 
and mechanisms and elucidated a new entry point for the 
treatment of NLRP3 inflammation-related diseases.
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