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Abstract 
Objective: To investigate the protective effect and underlying mechanism of Eleutheroside E (EE), derived from Acanthopanax 
senticosus, against γ-ray radiation-induced splenic injury.

Methods: The Cell Counting Kit-8 assay was used to determine the toxicity of the drug. Hematoxylin and eosin, terminal 
deoxynucleotidyl transferase dUTP nick end-labeling, and live/dead cell double staining assays were used to evaluate the protective 
effects of EE on the spleen. Immunofluorescence, immunohistochemical, and enzyme-linked immunosorbent assays (ELISA) were 
used to investigate the underlying mechanisms of EE. Cross-talk between the absent in melanoma 2 (AIM2) inflammasome and the 
protein kinase A (PKA) signaling pathway was clarified using selective inhibitors.

Results: EE reduced IR-induced splenic injury—the increased apoptosis rates and the levels of γ-H2AX and inflammatory factors 
in splenic cells were significantly alleviated. ELISA showed that EE reduced the level of interferon-γ (IFN-γ), interleukin-1β (IL-1β), 
interleukin-6 (IL-6), interleukin-18 (IL-18), and tumor necrosis factor-α (TNF-α) in irradiated tissues. The radioprotective effects of 
EE were mediated by inhibition of the AIM2 inflammasome and stimulation of PKA signaling, in which EE inhibited the increased 
levels of AIM2, apoptosis-associated speck-like protein containing a CARD (ASC), and cleaved caspase-1 proteins upon ionizing 
radiation damage but rescued the decreased protein levels in PKA signaling. Suppression of AIM2 signaling was dependent on the 
activation of PKA signaling by EE treatment.

Conclusions: EE exerts a significant radioprotective effect on the spleen in vitro and in vivo. Activation of the PKA signaling pathway 
leads to AIM2 inflammasome inhibition, thereby attenuating radiation-induced DNA damage. This was demonstrated to be the mechanism 
involved in the radioprotective effects of EE. Thus, EE can be used as a potential radioprotective drug in clinical practice.
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Introduction

With the rapid development of nuclear technology, ioniz-
ing radiation has been widely used in medical diagnosis, 
nuclear medicine, and radiation therapy. However, the 
adverse effects of radiation exposure on radiation-sensitive  
tissues are of great concern[1]. In recent years, with the 
tense nuclear security situation worldwide and rapid devel-
opment of radiation therapy, research on radiation damage 
protection drugs has attracted considerable attention.

The spleen is the largest peripheral immune organ 
in the body and contains many lymphocytes and plays 
important roles in immune regulation[2–3]. Because of the 
high sensitivity of the spleen to radiation, lymphocytes 
die within a few hours of exposure to ionizing radiation, 
thus affecting normal hematopoietic and immune func-
tions[4–5]. Although the body’s self-repair mechanisms 
can mitigate detectable damage, spleen function may 
already be impaired after irradiation, which can lead to 
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a significantly higher risk of mortality from advanced 
infection-related diseases[6]. Thus, the development of 
therapeutic agents to mitigate radiation-induced spleen 
damage is of great importance.

Eleutheroside E (EE), a phenolic glycoside, is one of 
the main active ingredients of the traditional Chinese 
medicinal plant Acanthopanax senticosus in the family 
Araliaceae and has various pharmacological effects, such 
as anti-inflammatory and anti-fatigue effects and enhance-
ment of the adaptive capacity of the organism[7–9]. EE has 
therapeutic effects on osteoporosis and plateau pulmo-
nary edema[10–11]. In addition, it has positive effects on 
the nervous system, such as enhancement of memory in 
sleep-deprived mice[12], alleviation of isoflurane-induced  
cognitive dysfunction[13], improvement of intestinal 
flora[14], and a protective effect on neural atrophy[15]. It 
also has a protective effect on radiation-induced cogni-
tive and memory impairments[16]; however, whether EE 
plays a role in protecting the spleen against radiation 
damage remains unclear. In this study, we found that EE 
attenuates irradiation-induced damage to lymphocytes 
and splenic tissues and inhibits absent in melanoma 2 
(AIM2) inflammatory signaling by activating the protein 
kinase A (PKA) signaling pathway, thereby attenuating 
irradiation-induced cellular DNA damage.

Materials and methods

Chemicals and reagents

EE was purchased from MedChemExpress (Monmouth 
Junction, NJ, USA). Calcein-acetoxymethyl ester (AM)/
propidium iodide (PI) Double Staining Kit was purchased 
from Dojindo Laboratories (Kumamoto, Japan). Tumor 
necrosis factor-α (TNF-α), interleukin-6 (IL-6), interleukin- 
1β (IL-1β), interleukin-18 (IL-18), cyclic adenosine mono-
phosphate (cAMP), cAMP response element-binding 
protein (CREB), and phosphorylated cAMP response 
element-binding protein (p-CREB) were purchased from 
Meimian (Jiangsu, China). γ-H2AX (ab81299) was pur-
chased from Abcam (Cambridge, UK). Apoptosis-associated 
speck-like protein containing a CARD (ASC) (67824S) 
and AIM2 (63660S) were purchased from Cell Signaling 
Technology (Danvers, MA, USA). CREB (R381013) 
and p-CREB (340731) were purchased from Chengdu 
Zhengneng Biologicals (Chengdu, China). PRKACα (2798-
1-AP) and PRKACβ (12232-1-AP) were purchased from 
Proteintech (Wuhan, China). Cleaved caspase-1 was pur-
chased from Signalway Antibody (College Park, MD, USA).

Animals and treatments

Six- to 8-week-old C57BL/6J mice were sourced from 
Beijing Vital River Laboratory Animal Technology Co., 
Ltd. (Beijing, China), all mice used in this study were male. 
All animal procedures were approved by the Animal Care 
and Use Committee of the Animal Center of the Academy 
(IACUC-DWZX-2021-557). The mice were housed under 
controlled conditions (temperature: 25 ± 1°C, humidity: 
50%–60%, with a 12 h:12 h light-dark cycle) and had 
unrestricted access to a standard rodent diet (American 
Institute of Nutrition Rodent Diets-93G) and water. 
After 1 week of acclimatization, the mice were randomly 

assigned to one of three groups (n = 10): vehicle control 
group, irradiation control group (12 hours before irradia-
tion and 0.5, 12, 24, and 48 hours after irradiation), and 
IR + EE groups (12 hours before irradiation and 0.5, 12, 
24, and 48 hours after irradiation). Mice in the control 
group were intraperitoneally injected with oil, whereas 
other mice were intraperitoneally injected with 30 mg/kg 
EE (EE dissolved in corn oil).

Irradiation exposure

The 60Co γ radiation facility of the Institute of Radiation 
Medicine, Academy of Military Medical Sciences, 
Academy of Military Sciences, Beijing, China, was used 
for the irradiation. Mice were exposed to 5 Gy at a rate 
of 67.0 ± 0.5 cGy/min.

Cell culture and treatment

AHH-1 cells were obtained from normal adult blood 
tissue provided by the Department of Pharmaceutical 
Sciences, Beijing Institute of Radiation Medicine. They 
were cultured at 37°C with 5% CO2 until reaching 70% 
to 80% confluency. EE was administered 12 hours before 
irradiation at a concentration of 10 μmol/L. Cells in both 
control and experimental groups were subjected to distinct 
treatments, including specific treatments. All the treated 
cells were subsequently collected for further experiments.

Calcein-AM/PI staining assay

AHH-1 cells (5 × 105) were seeded into six-well plates 
and incubated for 24 hours. Each group received its 
respective treatment. After incubation, cell suspensions 
were collected and stained with AM/PI dye in the dark. 
Subsequently, 150 μL of each stained suspension was 
transferred to a 24-well plate and incubated for 30 min-
utes. The fluorescence was observed using a fluorescence 
microscope (Cytation 5; Bio-Tek, Winooski, VT, USA).

Cell Counting Kit-8 (CCK8) assay

The CCK8 assay was used to assess drug toxicity. AHH-1 
cells (5 × 103) were seeded into 96-well plates and incu-
bated for 24 hours. Various concentrations of EE (2.5, 5, 
10, 20, and 40 μmol/L) were added and incubated for 24 
and 48 hours. After incubation, the plates were washed 
with phosphate-buffered saline, and 100 μL of RPMI-
1640 containing 10% CCK reagent was added to each 
well. The plates were then incubated in a CO2 incuba-
tor for 3 hours. The optical density of the different wells 
was determined at 450 nm using a microplate reader 
(VICTOR; Perkin Elmer, Waltham, MA, USA) and was 
used to calculate relative cell viability.

Histopathological examinations of splenic tissues

Splenic tissues were fixed in 4% paraformaldehyde, sec-
tioned, and subjected to a graded alcohol dehydration 
series. After dehydration, specimens were cleared in xylene, 
embedded in paraffin, and sectioned into 4 to 6 µm slices. 
For histological analysis, sections were deparaffinized with 
xylene and stained with hematoxylin and eosin (H&E).
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Immunohistochemical and terminal deoxynucleotidyl 
transferase dUTP nick end-labeling (TUNEL) assays

After fixation, splenic tissues were cut into 5 µm sections, 
deparaffinized, and rehydrated using a series of xylene 
and aqueous alcohol solutions. They were then incu-
bated overnight at 4°C with primary antibodies against 
AIM2, cleaved caspase-1, ASC, γ-H2AX, PKACα, 
PKACβ, CREB, and p-CREB. Following incubation with 
biotin-labeled secondary antibodies and streptavidin- 
horseradish peroxidase for 50 minutes at room tem-
perature, immunoreactivity was visualized using 
3-3-diaminobenzidine (DAB) and counterstained with 
hematoxylin. Positive staining localization was analyzed 
via light microscopy.

Cellular apoptosis in the splenic tissue was assessed 
using a TUNEL assay kit (Roche, Sigma-Aldrich, St. 
Louis, MO, USA). Briefly, following dewaxing and 
hydration, tumor sections were digested with proteinase 
K for 30 minutes and labeled with a TUNEL reaction 
mixture for 2 hours at 37°C. The apoptosis index was 
determined by selecting five positive fields per sample, 
counting positive cells in each section (400×), and cal-
culating the average ratio of positive cells to total cells 
across the fields.

Enzyme-linked immunosorbent assay (ELISA)

The supernatant fractions of the spleen and AHH-1 cells 
were analyzed using ELISA kits to measure the levels of 
interferon-γ (IFN-γ), IL-6, TNF-α, cAMP, CREB, and 
p-CREB. The absorbance of each sample was measured 
at 450 nm using a microplate reader (RT-6100; Rayto 
Life and Analytical Sciences, Shenzhen, China). Standard 
curves were established using diluted standard solutions 
to calculate relative targets in the samples. All standards 
and samples were analyzed in duplicate.

Immunofluorescence assay

AHH-1 cells were cultured in 48-well plates and treated 
with EE for 24 hours. After washing three times, the cells 
were fixed with 4% paraformaldehyde for 10 minutes, 
permeabilized with 0.5% Triton X-100, and blocked 
with 1% goat serum. They were then incubated over-
night at 4°C with the primary antibody γ-H2AX (1:200). 
Following a 1-hour incubation at room temperature with 
GoraLite488-conjugated goat anti-rabbit IgG antibody 
(1:200), nuclei were counterstained with 4′,6-diamidino- 
2-phenylindole. Cell images were captured using a 
fluorescence microscope (LSM980; Carl Zeiss AG, 
Oberkochen, Germany).

Immunofluorescence staining

White slices 2 µm thick were prepared, dewaxed, rehy-
drated, and repaired with 10% fetal bovine serum (FBS). 
They were then incubated with primary γ-H2AX anti-
bodies for 12 hours at 4°C, followed by incubation with 
horseradish peroxidase-conjugated secondary antibodies 
for 1 hour at 37°C. Hoechst33342 nucleating agent was 
blocked with an anti-fluorescence quencher, and images 
were captured using a ZEISS LSM980 imager (ZEISS, 
Oberkochen, Germany).

Statistical analysis

Experimental data were processed and analyzed using 
GraphPad Prism 8.0.1 statistical analysis software. 
Statistical significance of the differences between the 
means was established using analysis of variance. 
Significance was set at P value ≤0.05.

Results

EE has significant radioprotective effects

To explore the radioprotective effects of EE in vivo and 
in vitro, we first determined the cytotoxicity of EE in 
AHH-1 cells using a CCK8 assay. The results showed 
that EE was nontoxic, even at a concentration of 40 
μmol/L (Figure 1A and B). The protective effect of EE 
on cells was determined using Calcein-AM/PI staining, 
which showed that EE significantly reduced cell death 
after irradiation (Figure 1C). In addition, H&E and 
TUNEL staining of the spleen were performed to exam-
ine the radioprotective effect of EE on the splenic tis-
sues. The results showed that EE significantly attenuated 
pathological damage to the spleen in mice after whole-
body 5 Gy irradiation (Figure 1D), increased the splenic 
white pulp percentage and the average white pulp area 
(Figure 1F and G), and reduced the number of apoptotic 
cells in the spleen of mice after irradiation (Figure 1E and 
H). These results show that EE significantly improves cell 
death and splenic tissue damage caused by irradiation 
and has a significant protective effect against radiation.

EE attenuates irradiation-induced DNA damage

We found that γ-ray irradiation induced a significant 
upregulation of γ-H2AX expression after 2 h in AHH-1 
cells but induced a significant downregulation of γ-H2AX 
expression in the cells in the EE group (Figure 2A and 
C), which indicated that EE significantly decreased the 
expression of γ-H2AX, a marker of DNA damage, after 
irradiation. The results of in situ γ-H2AX staining of 
spleen also showed that EE was able to reduce DNA 
damage in irradiated tissues (Figure 2B and D).

EE reduces the increased levels of inflammatory factors and 
inflammasome after irradiation

Radiation leads to increased levels of inflammatory fac-
tors in the body. Through ELISA, we found that EE sig-
nificantly reduced the levels of IFN-γ, IL-1β, IL-6, IL-18, 
and TNF-α in cells and tissues 24 and 72 hours after irra-
diation (Figure 3A–J), which reduced the inflammatory 
response of the organism. Immunohistochemical experi-
ments further revealed that EE attenuated the upregula-
tion of AIM2, cleaved caspase-1, and ASC in irradiated 
tissues (Figure 3K–N) and reduced the increase in inflam-
matory levels in irradiated tissues.

Radioprotective effects of EE are dependent on the AIM2 
inflammasome

Previous studies have shown that EE can exert protec-
tive effects against high-altitude pulmonary edema by 
inhibiting the inflammasome and reducing pyroptosis[11]. 



446

Zhang et al.  •  Volume 5  •  Number 4  •  2025� www.ahmedjournal.com

To confirm whether the radioprotective effect of EE was 
dependent on the AIM2 inflammasome, we used the AIM2 
inhibitor poly(da:dt). The results showed that splenic 

radiation damage in mice was exacerbated upon treat-
ment with the AIM2 inhibitor compared with the patho-
logic splenic damage in the EE radiation administration 

Figure 1.  EE exerts significant radioprotective effects. (A) CCK8 assay was used to evaluate drug toxicity 24 h after drug administration. (B) 
CCK8 assay was used to evaluate drug toxicity 48 h after drug administration. (C) Calcein-AM/PI assay was used to examine the cytoprotective 
effect of EE after 5 Gy irradiation. (D) H&E staining was used to examine the protective effect of EE on spleen. (E) Protective effect of EE on the 
spleen determined using TUNEL staining. (F) Statistics on the percentage of H&E-stained white pulp in the spleen. (G) Mean white pulp area of 
H&E staining in the spleen. (H) Number of TUNEL-positive cells in the spleen. **P < 0.01 vs. control group; #P < 0.05, ##P < 0.01 vs. IR group. 
AM: Acetoxymethyl ester; CCK8: Cell Counting Kit-8; DAPI: 4',6-diamidino-2-phenylindole; EE: Eleutheroside E; H&E: Hematoxylin and eosin; IR: 
Irradiation; PI: Propidium iodide; TUNEL: Terminal deoxynucleotidyl transferase dUTP nick end-labeling.



447

Zhang et al.  •  Volume 5  •  Number 4  •  2025� www.ahmedjournal.com

group (Figure 4A and B). The results of TUNEL staining 
of the spleen also showed that EE attenuated splenic apop-
tosis, which was exacerbated by AIM2 inhibitor treat-
ment (Figure 4C and D). Next, we investigated γ-H2AX 
expression in cells and tissues after treatment with AIM2 
inhibitors. The results of tissue immunochemical staining 
and cellular immunofluorescence showed that EE could 
not decrease γ-H2AX expression in tissues and cells after 
treatment with the inhibitors (Figure 4E–H). Finally, the 
radioprotective effect of EE was investigated using the 
Calcein-AM/PI cell double staining assay in the presence 
of the AIM2 inhibitor, which also showed that EE did not 
exert radioprotective effects on the cells upon treatment 
with the AIM2 inhibitor (Figure 4I and J).

EE significantly alters PKA signaling after irradiation

ELISA experiments revealed that EE significantly 
upregulated cAMP, CREB, and p-CREB in the PKA 

signaling pathway in cells and tissues after irradiation 
(Figure 5A–H). Immunohistochemical staining was fur-
ther used to examine the expression of PKACα, PKACβ, 
CREB, and p-CREB in tissues, and the results showed that 
EE upregulated PKACα, PKACβ, CREB, and p-CREB in 
irradiated tissues (Figure 5I–M). This indicates that EE 
activates the PKA signaling pathway.

Radioprotective effects of EE are dependent on the PKA 
signaling pathway

We verified the mechanism of radioprotection by EE 
using PKA signaling pathway inhibitors H-8 dihydro-
chloride and PKI-(6-22)-amide trifluoroacetic acid (TFA). 
The number of cell deaths was determined using the 
Calcein-AM/PI cell double staining assay, which showed 
no significant difference in the number of cell deaths 
between the PKA signaling pathway inhibitor group and 
the radiation control group at 24 and 72 hours after 

Figure 2.  EE attenuates irradiation-induced DNA damage. (A) Tissue immunofluorescence detection of splenic γ-H2AX expression 2 and 24 h after 
irradiation. (B) Detection of splenic γ-H2AX expression using cellular immunofluorescence 2 h after irradiation. (C) Mean fluorescence intensity sta-
tistics of immunofluorescence spleen staining. (D) Mean fluorescence intensity statistics of immunofluorescence cell staining. *P < 0.05, **P < 0.01 
vs. control group; ##P < 0.01 vs. IR group. DAPI: 4',6-diamidino-2-phenylindole; EE: Eleutheroside E; IR: Irradiation.
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Figure 3.  EE reduces the increased levels of inflammatory factors and inflammasome after irradiation. (A–E) ELISA was performed to determine 
cellular IFN-γ (A), IL-1 β (B), IL-6 (C), IL-18 (D), and TNF-α (E) expression. (F–J) ELISA was performed to determine IFN-γ (F), IL-1 β (G), IL-6 (H), 
IL-18 (I), and TNF-α (J) expression in tissues. (K) Immunohistochemical detection of AIM2, ASC, and cleaved caspase-1 expression in the tissues. 
(L) Statistics of AIM2-positive regions in the spleen. (M) Statistics of ASC-positive regions in the spleen. (N) Statistics of cleaved caspase-1-positive 
regions in the spleen. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control group; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. IR group. AIM2: Absent in mel-
anoma 2; ASC: Apoptosis-associated speck-like protein containing a CARD; EE: Eleutheroside E; ELISA: Enzyme-linked immunosorbent assay; 
IFN: Interferon; IL: Interleukin; IR: Irradiation; TNF: Tumor necrosis factor.
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Figure 4.  Radioprotective effects of EE are dependent on the AIM2 inflammasome. (A) Detection of pathological splenic injury after treatment with 
AIM2 inhibitors. (B) The percentage of white pulp and the mean area of white pulp in the spleen. (C) Detection of apoptosis in splenocytes after 
treatment with AIM2 inhibitors. (D) Number of TUNEL-positive cells in the spleen. (E) Detection of γ-H2AX expression in spleen after treatment with 
an AIM2 inhibitor. (F) Statistics of γ-H2AX expression in tissues. (G) Detection of cellular γ-H2AX expression after treatment with AIM2 inhibitors. (H) 
Mean fluorescence intensity statistics of cellular γ-H2AX. (I) AHH-1 cell death after irradiation detected via a Calcein-AM/PI assay using an AIM2 
inhibitor. (J) PI-positive cell count. **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. control group; #P < 0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001 
vs. IR group; △P < 0.05, △△P < 0.01, △△△P < 0.001, △△△△P < 0.0001 vs. IR + EE group. AIM2: Absent in melanoma 2; AM: Acetoxymethyl ester; DAPI: 
4',6-diamidino-2-phenylindole; EE: Eleutheroside E; IR: Irradiation; PI: Propidium iodide; TUNEL: Terminal deoxynucleotidyl transferase dUTP nick 
end-labeling.
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Figure 5.  EE significantly alters PKA signaling after irradiation. (A) ELISA was performed to determine cellular cAMP expression. (B) ELISA was 
performed to determine cellular CREB expression. (C) ELISA was performed to determine cellular p-CREB expression. (D) ELISA was performed 
to determine cellular p-CREB/CREB expression. (E) ELISA was performed to determine cAMP expression in tissues. (F) ELISA was performed to 
determine CREB expression in tissues. (G) ELISA was performed to determine p-CREB expression in tissues. (H) ELISA was performed to deter-
mine p-CREB/CREB expression in tissues. (I) Immunohistochemical detection of CREB, p-CREB, PKACAα, and PKACAβ expression in splenic tis-
sues. (J) Statistics of CREB-positive regions in the spleen. (K) Statistics of p-CREB-positive regions in the spleen. (L) Statistics of PKACAα-positive 
regions in the spleen. (M) Statistics of PKACAβ-positive regions in the spleen. *P < 0.05, **P < 0.01, ****P < 0.0001 vs. control group; #P < 0.05, 
##P < 0.01 vs. IR group. cAMP: Cyclic adenosine monophosphate; CREB: cAMP response element-binding protein; EE: Eleutheroside E; ELISA: 
Enzyme-linked immunosorbent assay; IR: Irradiation; p-CREB: Phosphorylated cAMP response element-binding protein; PKA: Protein kinase A; 
PKACAα: Protein kinase A catalytic subunit α.
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irradiation (Figure 6A–D). Immunofluorescence staining 
results showed no significant difference in γ-H2AX foci 
after treatment with the PKA pathway inhibitors com-
pared with the irradiated group, whereas a significant 

increase was observed in the irradiated plus EE group 
(Figure 6E and F). This suggests that the radioprotective 
effect of EE is also associated with the activation of the 
PKA pathway.

Figure 6.  Radioprotective effects of EE are dependent on the PKA signaling pathway. (A) Radioprotective effect of EE 24 h post-irradiation deter-
mined using a Calcein-AM/PI assay after treatment with PKA inhibitors. (B) Number of PI-positive cells. (C) Radioprotective effect of EE 72 h 
post-irradiation determined using a Calcein-AM/PI assay after treatment with PKA inhibitors. (D) Number of PI-positive cells. (E) Detection of cellular 
γ-H2AX expression 2 h after irradiation using immunofluorescence staining after treatment with PKA inhibitors. (F) Mean fluorescence intensity statis-
tics of cell immunofluorescence staining. ****P < 0.0001 vs. control group; ####P < 0.0001 vs. IR group; △△P < 0.01, △△△P < 0.001 vs. IR + EE group. 
AM: Acetoxymethyl ester; DAPI: 4',6-diamidino-2-phenylindole; EE: Eleutheroside E; IR: Irradiation; PI: Propidium iodide; PKA: Protein kinase A; 
TFA: Trifluoroacetic acid.
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Inhibition of the AIM2 inflammasome by EE via the PKA 
pathway

To further validate the reciprocal regulation of the PKA 
pathway and the AIM2 inflammasome, we used the PKA 
signaling pathway inhibitors H-8 dihydrochloride and 
PKI-(6-22)-amide TFA and the AIM2 inflammatory inhib-
itors NOD-like receptor family pyrin domain containing 3 
(NLRP3)/AIM2-IN-2 and shikonin to validate the radio-
protective mechanism of EE. We first used EE in the presence 
of PKA pathway inhibitors to detect the expression of the 
AIM2 inflammasome and inflammatory factors after irra-
diation. Immunofluorescence staining results showed that 
under inhibition of the PKA pathway, EE could not reduce 
the expression levels of AIM2, ASC, and cleaved caspase-1 
in the irradiated AIM2 inflammasome (Figure 7A–C). The 
ELISA results also showed that IL-1β and IL-18 were sig-
nificantly upregulated in the PKA pathway inhibitor group 

compared with the EE administration group (Figure 7D 
and E). These suggest that the AIM2 inflammasome and 
inflammatory factors were significantly upregulated in the 
AIM2 inflammatory group. AIM2 and PKA inhibitors 
were used to verify this regulatory relationship. Under the 
inhibition of the PKA pathway and further inhibition of 
AIM2, the results of Calcein-AM/PI cell double staining 
showed that EE significantly reduced the number of cell 
deaths after irradiation (Figure 7F and G), indicating that 
the radioprotective effect of EE was exerted by activating 
the PKA pathway and inhibiting the AIM2 inflammatory 
vesicles to exert radioprotective effects.

Discussion

The spleen is an important part of the immune system 
and is the primary source of lymphocytes[17]. Studies 

Figure 7.  Inhibition of the AIM2 inflammasome by EE via the PKA pathway. (A) Detection of AIM2 expression in cells using immunofluores-
cence staining after administration of PKA inhibitors. (B) Detection of ASC expression in cells using immunofluorescence staining after adminis-
tration of PKA inhibitors. (C) Detection of cleaved caspase-1 expression in cells using immunofluorescence staining after administration of PKA 
inhibitors. (D) Detection of IL-1β expression in cells using ELISA after administration of PKA inhibitors. (E) Detection of IL-18 expression in cells 
using ELISA after administration of PKA inhibitors. (F–G) Radioprotective effects of EE determined using a Calein-AM/PI assay after concomitant 
administration of PKA and AIM2 inhibitors. ***P < 0.001 vs. control group; ##P < 0.01, ###P < 0.001 vs. IR group; △△P < 0.01, △△△P < 0.001 vs. 
IR + EE group. AIM2: Absent in melanoma 2; AM: Acetoxymethyl ester; ASC: Apoptosis-associated speck-like protein containing a CARD; DAPI:  
4',6-diamidino-2-phenylindole; EE: Eleutheroside E; ELISA: Enzyme-linked immunosorbent assay; IL: Interleukin; IR: Irradiation; NLRP3: NOD-like 
receptor family pyrin domain containing 3; PI: Propidium iodide; PKA: Protein kinase A.
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have shown that radiation disrupts the balance of oxi-
dative stress in the spleen tissues, blocks cell prolifer-
ation, promotes apoptosis, and reduces the number of 
lymphocytes and affects their structure and function, 
ultimately leading to a decline in immune function and 
a series of complications[18–19]. In the present study, we 
found that EE significantly reduced splenic damage after 
irradiation, decreased the apoptosis of splenic cells, and 
reduced irradiation-induced DNA damage.

Ionizing radiation is a high-energy radiation that pro-
duces intermediate ions and free radicals that damage 
genetic material and lead to genomic instability[20–22]. 
The energy generated by IR can lead to DNA damage 
in cells through direct action, triggering DNA single- 
strand[23] and double-strand breaks[24], chromosomal 
rearrangements[25], and other related processes. It can 
also lead to DNA damage through indirect effects, in 
which the energy generated by radiation is absorbed by 
intracellular water molecules, leading to the generation 
of reactive cxygen species (ROS) and other related fac-
tors, which in turn leads to cellular stress and ultimately, 
DNA damage[26–27]. The AIM2 inflammasome plays a key 
role in the DNA damage process[28–29] and is composed 
of AIM2 and ASC, which can recognize double-stranded 
DNA breaks (DSBs) caused by IR and chemotherapeutic 
drugs[30–31]. Under the effect of radiation, AIM2 enters 
the nucleus and localizes to DSB foci, forming speck-
les and recruiting ASC. This leads to caspase-1 activa-
tion, which mediates inflammasome activation and cell 
death[32]. Thus, the mechanism of action of EE may be 
through/via the inhibition of the AIM2 inflammasome. 
Our study confirms that EE inhibits irradiation-induced 
AIM2 inflammatory activation and that the use of a 
specific agonist counters the effect of EE on irradiation- 
induced DNA damage.

Previous studies reported that EE can improve radiation- 
induced cognitive deficits and protect against radiation- 
induced neurological damage and that its mechanism 
of action is closely related to the cAMP/PKA signal-
ing pathway[33]. The cAMP/PKA signaling pathway is 
involved in the regulation of working memory and neu-
ronal differentiation, reward, and learning[34–36]. In addi-
tion, PKA can activate CREBs through phosphorylation, 
and activated CREBs are associated with long-term syn-
aptic plasticity, learning, and memory[37]. In addition, 
the activation of PKA/CREB signaling can promote the 
expression of anti-inflammatory genes, which can exert 
anti-inflammatory effects[38–40]. Considering the ability 
of EE to inhibit inflammasomes and reduce the levels of 
inflammatory factors after irradiation, we hypothesized 
that the PKA pathway is a key mechanism that mediates 
the action of EE. We showed that EE activated key mol-
ecules in the PKA signaling pathway, and further vali-
dation using PKA pathway inhibitors revealed that the 
radioprotective effects of EE were dependent on the PKA 
pathway.

Numerous studies have demonstrated the regula-
tory relationship between PKA and inflammatory 
pathways. For example, the activation of PKA reduces 
NLRP3 inflammatory activation and retinal inflam-
mation[41], inhibits NLRP3 inflammatory activation, 
and attenuates inflammatory responses by regulating 
PKA signaling[42]. However, the role of PKA in reg-
ulating the AIM2 inflammasome has not yet been 
reported. To explore the regulatory role of the PKA 
pathway in AIM2, we used PKA pathway inhibitors 
and detected AIM2 inflammatory expression under 
the inhibition of the PKA pathway and found that EE 
could not attenuate cellular inflammatory expression. 
Further inhibition of the AIM2 inflammasome under 

Figure 8.  Diagram of the mechanism of action of EE for radiation protection. AIM2: Absent in melanoma 2; cAMP: Cyclic adenosine mono-
phosphate; CREB: cAMP response element-binding protein; EE: Eleutheroside E; ERK: Extracellular signal-regulated kinase; IL: Interleukin; IR: 
Irradiation; PKA: Protein kinase A.
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PKA inhibition reversed the radioprotective effects of 
EE. The results showed that EE did not reduce the 
expression of cellular inflammasomes upon PKA inhi-
bition. Finally, EE inhibited the AIM2 inflammasome 
by activating PKA, which attenuated radiation- 
induced DNA damage.

In this study, we investigated the protective effects of 
EE against radiation-induced spleen damage, cell apop-
tosis, and DNA damage. However, there are several 
limitations: although we explored the inhibition of the 
AIM2 inflammasome and activation of the PKA signal-
ing pathway as potential mechanisms underlying EE’s 
protective effects, the depth of these mechanistic stud-
ies was limited. Future research should employ more 
refined molecular biology techniques to thoroughly 
elucidate the mechanisms of EE. Besides, this study pri-
marily utilized animal models, and the clinical relevance 
of the findings remains to be further validated. Future 
studies should consider preclinical and clinical trials to 
assess the efficacy and safety of EE in clinical appli-
cations. Despite these limitations, our study provides 
valuable preliminary data on the potential application 
of EE in mitigating radiation-induced spleen damage. 
Future research should address these limitations to fur-
ther validate the therapeutic effects and mechanisms of 
EE.

Conclusion

In conclusion, our study found that EE can reduce 
splenic damage caused by radiation exposure and that 
its protective mechanism involves activation of the PKA 
pathway to inhibit the AIM2 inflammasome, which in 
turn reduces radiation-induced DNA damage (Figure 
8). Thus, EE exerts a protective effect against radiation 
damage, suggesting its potential value as a candidate 
drug for radiation protection.
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