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Abstract

Background: Subarachnoid hemorrhage (SAH) induces early brain injury (EBI) characterized by neuronal apoptosis, inflammation,
and neurological dysfunction, yet the underlying mechanisms remain incompletely understood. Although absent in melanoma 2 (AIM2)
has been implicated in post-SAH pathology, its role in neuronal injury remains unclear. Methods: Transcriptomic analyses of Gene
Expression Omnibus (GEO) datasets (GSE36791 and GSE73378) were performed to investigate the association between AIM2 and
nuclear factor κB (NF-κB)-related signaling. An oxyhemoglobin (OxyHb)-induced in vitro SAH model, Aim2 knockdown, and Rela
co-silencing experiments were used to evaluate neuronal apoptosis, viability, and NF-κB activation. In vivo validation was performed
in SAH brain tissues. Results: Transcriptomic analyses showed a positive association between AIM2 expression and NF-κB signaling.
In OxyHb-treated neurons, AIM2 expression and p65 phosphorylation were increased, accompanied by enhanced neuronal apoptosis
and reduced viability. Aim2 knockdown attenuated NF-κB activation, reduced neuronal apoptosis, and improved cell viability, whereas
co-silencing of Aim2 and Rela exerted stronger neuroprotective effects. Aim2 silencing showed limited effects on pyroptosis-related
responses, and in vivo analyses further supported a positive association between AIM2 expression and NF-κB activation after SAH.
Conclusions: AIM2 contributes to OxyHb-induced neuronal apoptosis, at least in part, through NF-κB signaling. These findings provide
new insight into the molecular mechanisms underlying EBI after SAH.
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1. Introduction
Subarachnoid hemorrhage (SAH) represents a life-

threatening type of stroke caused by hemorrhage into the
subarachnoid space, typically following rupture of a cere-
bral aneurysm. Despite advances in surgical and medical
management, SAH continues to carry high rates of mortal-
ity and long-term neurological disability [1,2]. Early brain
injury (EBI), which develops within the first 72 hours af-
ter SAH, has been recognized as a major determinant of
poor outcome [3,4]. EBI involves a cascade of patholog-
ical events, including neuronal apoptosis, oxidative stress,
blood–brain barrier (BBB) disruption, cerebral edema, and
neuroinflammation [5,6]. Among these, inflammation and
programmed cell death are pivotal contributors to sec-
ondary neuronal injury and are closely linked to activation
of cytosolic pattern-recognition receptors such as inflam-
masomes [7,8].

Absent in melanoma 2 (AIM2), a critical cytosolic
double-stranded DNA sensor andmember of the AIM2-like
receptor (ALR) family, forms an inflammasome complex
with apoptosis-associated speck-like protein containing a
CARD (ASC) and caspase-1 to induce the maturation of
Interleukin(IL)-1β and IL-18, leading to pyroptotic or apop-
totic cell death [9,10]. Recent studies have demonstrated

that AIM2 is markedly upregulated in ischemic stroke and
intracerebral hemorrhage, contributing to neuroinflamma-
tion and neuronal death. In experimental SAH models,
AIM2 inflammasome activation has been linked to exacer-
bation of early brain injury, mostly via pyroptotic pathways
[11,12,13]. However, the molecular mechanisms through
which AIM2 regulates neuronal apoptosis (rather than py-
roptosis) after SAH remain incompletely understood.

The nuclear factor κB (NF-κB) signaling pathway,
a canonical mediator of inflammatory and apoptotic re-
sponses, is rapidly activated after SAH and contributes to
neuronal injury andBBBdysfunction [14]. AlthoughAIM2
has been shown to interact with NF-κB signaling in other in-
flammatory contexts, whether AIM2 drives neuronal apop-
tosis through NF-κB activation in the setting of SAH is un-
known.

In this study, we aimed to elucidate the role of AIM2
in oxyhemoglobin (OxyHb)-induced neuronal injury and
to define its relationship with NF-κB signaling. First,
transcriptomic analyses of GEO datasets (GSE36791 and
GSE73378) were performed to examine the association be-
tween AIM2 expression and NF-κB-related pathways. Sec-
ond, an in vitro OxyHb-induced SAH model was estab-
lished to investigate the effects of AIM2modulation on neu-
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ronal apoptosis, viability, and pyroptosis-related responses.
Finally, co-silencing of Aim2 and Rela was conducted to
determine whether AIM2-mediated neuronal injury is de-
pendent on NF-κB activation. In addition, in vivo analyses
were performed to validate the association between AIM2
expression andNF-κB activation in SAH brain tissues. This
study provides new insight into the molecular mechanisms
underlying early brain injury after SAH and highlights the
AIM2-NF-κB axis as a candidate pathway involved in neu-
ronal injury.

2. Materials and Methods
2.1 Mice

At the experimental endpoint, mice were anesthetized
with xylazine (10 mg/kg; Xyla-Ject, 20 mg/mL, NDC
57319-362-26, Phoenix Pharmaceutical, Inc., St. Joseph,
MO, USA) and ketamine (100 mg/kg; Ketaject, 100
mg/mL, NDC 57319-542-02, Phoenix Pharmaceutical,
Inc., St. Joseph, MO, USA) prior to euthanasia and tis-
sue collection. Euthanasia was performed by carbon diox-
ide (CO2) inhalation in accordance with institutional guide-
lines. Death was confirmed by the absence of respiration
and heartbeat.

2.2 Cell Culture and Treatment
Primary cortical neurons were isolated from the cere-

bral cortex of foetal C57BL/6J mice (E16-18; Beijing Vi-
tal River Laboratory Animal Technology Co., Ltd., Beijing,
China) using a modified protocol as previously described
[13]. Briefly, foetal mice were decapitated and briefly im-
mersed in 75% ethanol for sterilization. The brains were
rapidly dissected in HBSS (Cat. No. 14175095, Gibco,
Thermo Fisher Scientific, Waltham, MA, USA) under a
stereomicroscope (SMZ745; Nikon, Tokyo, Japan). Af-
ter careful removal of the leptomeninges and white matter,
the cortical tissues were enzymatically digested in 0.125%
trypsin (prepared fromTrypsin-EDTA; Cat. No. 25200056,
Gibco, Thermo Fisher Scientific) at 37 °C for 5 min in a wa-
ter bath. The dissociated tissues were filtered through a 40
μm cell strainer and centrifuged at 1500 r/min for 5 min.
The resulting cell pellets were resuspended in Dulbecco’s
modified Eagle’s medium (DMEM, Cat. No. 11965092,
Gibco, Thermo Fisher Scientific) supplemented with foetal
bovine serum (FBS; Cat. No. 10099141C, Gibco, Thermo
Fisher Scientific) and penicillin-streptomycin (Cat. No.
15140122, Gibco, Thermo Fisher Scientific). Cells were
then plated onto poly-D-lysine-coated culture plates (Cat.
No. 354413, Corning, Corning, NY, USA). After 2 h, the
medium was replaced with Neurobasal medium (Cat. No.
21103049, Gibco, Thermo Fisher Scientific) supplemented
with GlutaMAX-I (Cat. No. 35050061, Gibco, Thermo
Fisher Scientific), B27 (Cat. No. 17504044, Gibco,
Thermo Fisher Scientific), and penicillin-streptomycin.
Cells were maintained at 37 °C in a humidified incuba-
tor (Heracell 150i, Gibco, Thermo Fisher Scientific) con-

taining 5% CO2 and 95% air, and half of the medium
was refreshed every 2 days. The identity of primary cor-
tical neurons was confirmed by microscopic examination
based on their characteristic neuronal morphology, includ-
ing typical neuronal cell bodies and extensive neurite net-
works. Mycoplasma contamination was assessed before
experiments using a PCR-based Mycoplasma Detection
Kit (Cat. No. 13100-01, SouthernBiotech, Birmingham,
AL, USA) according to the manufacturer’s instructions.
No mycoplasma-specific amplification was detected in the
tested neuronal cultures, whereas the internal control was
successfully amplified, confirming that all tested samples
were negative formycoplasma contamination. Primary cor-
tical neurons were cultured for 7 days in vitro prior to sub-
sequent experiments. To establish the in vitro SAH model,
neurons were treated with 10 μMOxyHb purity≥90%, Cat.
No. 07109, Ruibio/Bomei Biotechnology Co., Ltd., Hefei,
China.

2.3 SAH Model
For in vivo experiments, the SAH model was estab-

lished as previously described [13]. Male C57BL/6J mice
were anesthetized with 2% isoflurane (R510-22, RWD Life
Science Co., Ltd., Shenzhen, China) in 100% O2 and main-
tained under 1% isoflurane during the procedure. SAH was
induced by stereotaxic injection of arterial blood into the
prechiasmatic cistern. Briefly, a needle was inserted 4.5
mm anterior to the bregma along the midline at a 40° angle
in the sagittal plane. Meanwhile, a donor mouse was euth-
anized, and arterial blood was collected via left ventricular
cardiac puncture. A total of 60 μL of non-heparinized arte-
rial blood was slowly injected into the prechiasmatic cistern
over 10 s using a 27-gauge needle (Cat. No. 305109, BD,
Franklin Lakes, NJ, USA). The needle was left in place for
5 min to minimize reflux and prevent cerebrospinal fluid
leakage. The burr hole was then sealed immediately with
bone wax. Sham-operated mice underwent the same surgi-
cal procedure but received an equivalent volume of physi-
ological saline instead of arterial blood.

2.4 ELISA
The concentrations of IL-1β and IL-18 in neuronal

culture supernatants were measured using commercially
available mouse ELISA kits for IL-1β (Cat. No. E-
EL-M0037, Elabscience Biotechnology Co., Ltd., Wuhan,
Hubei, China) and IL-18 (Cat. No. E-EL-M0730, Elab-
science Biotechnology Co., Ltd.), respectively. Follow-
ing the indicated treatments, culture supernatants were col-
lected and centrifuged to remove cellular debris. ELISA
assays were performed according to the manufacturer’s in-
structions. Absorbance was measured at 450 nm using
a microplate reader (ELx800; BioTek Instruments, Inc.,
Winooski, VT, USA), and cytokine concentrations were
calculated from the corresponding standard curves.
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2.5 Nissl Staining

Brain tissues were fixed in 4% paraformaldehyde, de-
hydrated, embedded in paraffin, and cut into 5-μm-thick
coronal sections. Sections containing the peri-hemorrhagic
cortical region were deparaffinized, rehydrated, and sub-
jected to Nissl staining using a cresyl violet-based Nissl
Stain Kit (Cat. No. G1430, Beijing Solarbio Science
& Technology Co., Ltd., Beijing, China) according to
the manufacturer’s instructions. After staining, sections
were dehydrated, cleared, and mounted. Images were ac-
quired under a light microscope, and neuronal density in the
peri-hemorrhagic cortical region was quantified using Im-
ageJ software (version 1.53t, National Institutes of Health,
Bethesda, MD, USA). Neurons with intact cell bodies and
clearly visible Nissl substance were considered viable neu-
rons.

2.6 Transfection

To achieve stable knockdown of target genes, short
hairpin RNAs (shRNAs) targeting AIM2 or p65 (RELA)
were designed and synthesized by GenePharma (Shanghai,
China). The shRNA sequences were cloned into a lentiviral
vector under the control of the U6 promoter. Primarymouse
cortical neurons were seeded in 6-well plates (Cat. No.
3516, Corning) and transfected with sh-AIM2, sh-p65, or a
non-targeting negative control shRNA using Lipofectamine
2000 (Cat. No. 11668019, Invitrogen, Thermo Fisher Sci-
entific, Waltham, MA, USA) according to the manufac-
turer’s instructions. After 48 h of transfection, total protein
and RNA were extracted to evaluate knockdown efficiency
by Western blotting and quantitative reverse transcription
polymerase chain reaction (qRT-PCR), respectively. The
final concentration of shRNA was 50 nM. The sequences
used for gene silencing are listed in Table 1.

Table 1. shRNA sequences targeting Aim2 and Rela.

sh-Aim2
Sense: 5′-GGAAGAAAGTTCTGGAAGA-3′
Antisense: 5′-TCTTCCAGAACTTTCTTCC-3′

sh-Rela
Sense: 5′-GGACTTCTATGAGGCTGGA-3′

Antisense: 5′-TCCAGCCTCATAGAAGTCC-3′
shRNA, short hairpin RNA; Aim2, absent in melanoma 2.

2.7 Western Blotting

Total protein was extracted from cultured cells and
mouse tissues and separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS–PAGE). The pro-
teins were subsequently transferred onto polyvinylidene di-
fluoride (PVDF) membranes (0.45 μm; Cat. No. 88518,
Thermo Scientific, Waltham, MA, USA). After blocking,
membranes were incubated with the indicated primary an-
tibodies, followed by incubation with horseradish peroxi-
dase (HRP)-conjugated anti-rabbit IgG secondary antibody

(1:5000; Cat. No. ab6721, Abcam, Cambridge, UK).
The primary antibodies used in this study included AIM2
(1:1000; Cat. No. ab93015, Abcam), NF-κB p65 (1:1000;
Cat. No. ab76311, Abcam), phospho-NF-κB p65 (1:1000;
Cat. No. ab28856, Abcam), GAPDH (1:1000; Cat. No.
5174, Cell Signaling Technology, Danvers, MA, USA),
Bax (1:1000; Cat. No. 14796, Cell Signaling Technology),
Bcl2 (1:2000; Cat. No. ab182858, Abcam), N-GSDMD
(1:1000; Cat. No. ab215203, Abcam), cleaved Caspase-
1 (1:1000; Cat. No. 89332, Cell Signaling Technology,
Danvers, MA, USA) and cleaved caspase-3 (1:500; Cat.
No. ab32042, Abcam). Protein bands were detected us-
ing enhanced chemiluminescence (ECL; Cat. No. 32106,
Thermo Scientific) reagents and quantified with ImageJ
software (version 1.53t, National Institutes of Health).

2.8 TUNEL Staining
Neuronal apoptosis was assessed using a termi-

nal deoxynucleotidyl transferase dUTP nick-end label-
ing (TUNEL) assay. Following the indicated treatments,
primary mouse cortical neurons were fixed with 4%
paraformaldehyde (Cat. No. P0099, Beyotime, Shanghai,
China) in PBS for 20 min and permeabilized with 0.2% Tri-
ton X-100 (Cat. No. T8787, Sigma-Aldrich, St. Louis,
MO, USA) for 10 min. Cells were subsequently incubated
with the TUNEL reaction mixture at 37 °C for 1 h ac-
cording to the manufacturer’s instructions. After washing
three times with PBS, nuclei were counterstained with 4',6-
diamidino-2-phenylindole (DAPI; Cat. No. C1002, Bey-
otime) for 5 min in the dark. TUNEL-positive cells were
then visualized and imaged using a fluorescence micro-
scope (C2 Si; Nikon, Tokyo, Japan).

2.9 Cell Viability Assay
Cell viability was evaluated using the Cell Counting

Kit-8 (CCK-8; Cat. No. C0038, Beyotime) in accordance
with the manufacturer’s instructions. Primary mouse cor-
tical neurons were seeded into 96-well plates at a density
of 6 × 103 cells per well and maintained at 37 °C in a hu-
midified incubator containing 5% CO2. Following the in-
dicated treatments, 10 µL of CCK-8 solution was added to
each well containing 90 µL of fresh culture medium and in-
cubated for 1.5 h. Absorbance was measured at 450 nm us-
ing a microplate reader (ELx800; BioTek Instruments, Inc.,
Winooski, VT, USA). Each group included three technical
replicates, and all experiments were independently repeated
three times. Cell viability was normalized to the control
group and expressed as a fold change.

2.10 Transcriptomic Correlation Analysis
Transcriptomic data were obtained from the publicly

available GEO datasets GSE36791 and GSE73378, which
include gene expression profiles from peripheral blood
mononuclear cells of patients with subarachnoid hemor-
rhage (SAH) and healthy controls. Correlation analysis
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between AIM2 expression and NF-κB signaling pathway
activity was performed using R software (version 4.3.2;
R Foundation for Statistical Computing, Vienna, Austria).
Pearson correlation coefficients (r) and corresponding p-
values were calculated using the cor.test() function in the
stats package. Correlation plots and visualization of en-
richment scores were generated using the ggplot2 (version
3.5.1) and ggpubr (version 0.6.0) packages.

2.11 Statistical Analysis
All statistical analyses were performed using Graph-

Pad Prism 8 software (GraphPad Software, San Diego, CA,
USA). Comparisons between two groups were conducted
using an unpaired Student’s t-test. Differences among mul-
tiple groups were analyzed by one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test for multiple
comparisons. Data are presented as mean ± standard error
of the mean (SEM). A value of p < 0.05 was considered
statistically significant, whereas p < 0.01 indicated a highly
significant difference.

3. Results
3.1 AIM2 Expression Positively Correlates With NF-κB
Signaling Activity in Datasets Simulating Subarachnoid
Hemorrhage

To explore the potential involvement of AIM2 in
the inflammatory response following SAH, we first ana-
lyzed its relationship with the NF-κB signaling pathway,
a key mediator of inflammation and apoptosis. Using the
GSE36791 dataset, which models inflammatory transcrip-
tional profiles in SAH-related blood samples, gene set en-
richment analysis (GSEA) revealed that high AIM2 ex-
pression was associated with increased enrichment of mul-
tiple NF-κB–related pathways, including canonical, non-
canonical, and tumor necrosis factor-α (TNF-α)-mediated
signaling cascades (Fig. 1A). Consistently, AIM2 expres-
sion exhibited significant positive correlations with several
gene sets related to NF-κB signaling (Fig. 1B), suggesting
a strong linkage between AIM2 activation and NF-κB path-
way activity.

To validate these findings, similar analyses were con-
ducted using the GSE73378 dataset. The results showed
comparable enrichment patterns, where AIM2 expression
was again positively associated with canonical and TNF-α-
dependent NF-κB signaling (Supplementary Figs. 1,2,3).
Correlation analysis further confirmed that AIM2 expres-
sion levels were significantly correlated with the activity
scores of NF-κB signaling components, supporting the ro-
bustness of this association across independent datasets.
Together, these data indicate that AIM2 expression is
tightly linked to NF-κB pathway activation, implicating
AIM2 as a potential upstream regulator of inflammatory
signaling in OxyHb-induced SAH models.

3.2 OxyHb Exposure Upregulates AIM2 Expression and
Promotes Neuronal Apoptosis in the In Vitro SAH Model

To further validate the potential involvement of AIM2
in OxyHb-induced neuronal injury, we established an in
vitro subarachnoid hemorrhage (SAH)model using increas-
ing concentrations of oxyhemoglobin (OxyHb). Cell vi-
ability analysis using the CCK-8 assay showed a dose-
dependent decline in neuronal survival following OxyHb
exposure, with a significant reduction observed at concen-
trations of 10 μM and 20 μM (Fig. 2A). Western blotting
analysis revealed a gradual elevation of AIM2 protein ex-
pression with increasing OxyHb concentration (Fig. 2B),
indicating that AIM2 is activated in response to OxyHb-
induced stress.

To investigate whether AIM2 upregulation contributes
to neuronal apoptosis, we examined the expression of
apoptosis-related proteins. As shown in Fig. 2C, OxyHb
stimulation led to decreased expression of the anti-apoptotic
protein Bcl2, while the pro-apoptotic protein Bax and
cleaved caspase-3 were markedly increased. Quantitative
analysis confirmed that the Bcl2/Bax ratio was significantly
reduced, whereas cleaved caspase-3 levels were elevated in
a concentration-dependent manner. Together, these find-
ings demonstrate that OxyHb exposure induces AIM2 ex-
pression and promotes neuronal apoptosis, suggesting that
AIM2 may play a critical role in OxyHb-induced neuronal
injury in the SAH model.

3.3 Knockdown of Aim2 Alleviates OxyHb-Induced
Neuronal Apoptosis and Inhibits NF-κB Activation in the
In Vitro SAH Model

To elucidate the functional role of AIM2 in OxyHb-
induced neuronal injury, AIM2 expression was silenced us-
ing a specific shRNA construct in the in vitro SAH model.
Western blotting analysis confirmed that Aim2 knockdown
markedly reduced the phosphorylation level of p65, in-
dicating suppression of NF-κB pathway activation (Fig.
3A). Consistently, AIM2 silencing significantly decreased
the expression of pro-apoptotic markers Bax and cleaved
caspase-3, while restoring the Bcl2/Bax ratio (Fig. 3B),
suggesting that AIM2 promotes neuronal apoptosis through
NF-κB signaling activation.

To further determine whether AIM2 is involved in py-
roptosis, key pyroptosis-related markers were examined.
OxyHb stimulation slightly increased the expression of
cleaved caspase-1 and N-GSDMD, whereas Aim2 knock-
down did not significantly reverse these changes (Fig. 3C),
indicating that AIM2 has a limited effect on pyroptosis un-
der these conditions.

Functionally, enzyme-linked immunosorbent assay
(ELISA) analysis showed that OxyHb markedly increased
IL-1β and IL-18 levels, while Aim2 knockdown showed no
significant reduction in these inflammatory cytokines (Fig.
4A,B). In contrast, CCK-8 assays demonstrated that Aim2
silencing significantly improved neuronal viability follow-

4

https://www.imrpress.com


Fig. 1. Correlation between AIM2 expression and nuclear factor κB (NF-κB) signaling pathway activity in the GSE36791 dataset.
(A) Heatmap showing the enrichment scores (Z-score transformed) of representative NF-κB-related gene sets, including canonical, non-
canonical, and TNF-α-mediated signaling pathways, in relation to AIM2 expression; (B) Bubble plot depicting the Pearson correlation
between AIM2 expression and NF-κB-related signaling pathways. The size of each bubble indicates the number of genes included in
each gene set. Data are derived from the GSE36791 dataset.

ing OxyHb exposure (Fig. 4C). Furthermore, TUNEL
staining revealed that Aim2 knockdown markedly reduced
the proportion of apoptotic cells (Fig. 4D).

Collectively, these findings suggest that AIM2 primar-
ily promotes neuronal apoptosis rather than pyroptosis in
OxyHb-induced injury, at least in part through activation
of the NF-κB signaling pathway.

3.4 AIM2 Promotes OxyHb-Induced Neuronal Apoptosis
Through NF-κB Signaling, Which Is Further Suppressed
by Rela Knockdown

To confirm that AIM2-mediated neuronal injury oc-
curs via activation of the NF-κB pathway, we performed co-
silencing experiments targeting Aim2 and Rela in OxyHb-
treated neurons. Western blotting analysis revealed that
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Fig. 2. AIM2 expression is upregulated by OxyHb stimulation and promotes neuronal apoptosis. (A) Cell Counting Kit-8 (CCK-8)
assay showing reduced cell viability in response to increasing concentrations of oxyhemoglobin (OxyHb); (B)Western blotting and quan-
tification demonstrating that AIM2 protein expression increases in a dose-dependent manner following OxyHb exposure; (C) Western
blotting analysis of apoptosis-related proteins (Bax, Bcl2, and cleaved caspase-3) and corresponding quantification, showing enhanced
pro-apoptotic signaling with higher OxyHb concentrations. Data are expressed as mean ±standard error of the mean (SEM); Data are
derived from three independent biological replicates (n = 3). Statistical differences among multiple groups were analyzed by one-way
ANOVA followed by Tukey’s post hoc test.; * p < 0.05, ** p < 0.01, *** p < 0.001.

AIM2 knockdown significantly decreased p65 phosphory-
lation, whereas co-silencing of Rela further inhibited p-p65
expression without altering AIM2 levels (Fig. 5A). This in-
dicates that AIM2 functions upstream of NF-κB signaling.

As shown in Fig. 5B, Aim2 knockdown restored the
Bcl2/Bax ratio and reduced cleaved caspase-3 expression,
while additional suppression of p65 produced a more pro-
nounced reduction in pro-apoptotic signaling. Consistently,
cell viability assays demonstrated that simultaneous inhibi-
tion of AIM2 and p65markedly improved neuronal survival
compared with Aim2 knockdown alone (Fig. 5D).

Moreover, TUNEL staining confirmed that co-
silencing Aim2 and Rela further reduced neuronal apopto-
sis relative to Aim2 silencing alone (Fig. 5C). Collectively,
these results demonstrate that AIM2 aggravates OxyHb-
induced neuronal apoptosis primarily through activation of
the NF-κB signaling pathway, and inhibition of NF-κB ef-
fectively counteracts AIM2-mediated neurotoxicity.

3.5 AIM2 Expression Is Positively Associated With NF-κB
Activation in SAH

To validate the in vitro findings in vivo, brain tissues
were collected from the peri-hemorrhagic cortical region of
SAH mice and the corresponding cortical region of Sham
controls. Nissl staining revealed a significant reduction in
neuronal cell density in the cortex of SAH mice compared
with the Sham group (Fig. 6A), indicating substantial neu-
ronal injury following SAH. Consistently, Western blotting
analysis demonstrated that AIM2 expression was markedly
increased in the cortical tissue of SAH mice, accompanied
by elevated phosphorylation of p65, suggesting activation
of the NF-κB pathway (Fig. 6B). Furthermore, correlation
analysis demonstrated a significant positive association be-
tween AIM2 expression and NF-κB activation (p-p65/p65)
in SAH tissues (Fig. 6C), further supporting that AIM2 reg-
ulates NF-κB signaling in vivo.

4. Discussion
In this study, we demonstrated that AIM2 is markedly

upregulated after SAH and is associated with activation
of the NF-κB signaling pathway. Through transcriptomic
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Fig. 3. Aim2 knockdown suppresses NF-κB activation and apoptosis and is associated with pyroptosis-related changes in OxyHb-
treated neurons. (A) Western blotting and quantification showing that Aim2 silencing reduces p65 phosphorylation (p-p65/p65) in
OxyHb-treated cells, indicating inhibition of NF-κB activation; (B) Western blot analysis of apoptosis-related proteins (Bax, Bcl2, and
cleaved caspase-3) demonstrating that Aim2 knockdown reverses OxyHb-induced pro-apoptotic signaling; (C) Western blotting analysis
of pyroptosis-related proteins (N-GSDMD and cleaved caspase-1). Data are expressed as mean ± SEM; Data are derived from three
independent biological replicates (n = 3). Statistical differences among multiple groups were analyzed by one-way ANOVA followed by
Tukey’s post hoc test; ns, not significant; * p < 0.05, ** p < 0.01, *** p < 0.001.
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Fig. 4. Aim2 knockdown reducesOxyHb-induced neuronal apoptosis and improves cell viability. (A,B) Enzyme-linked immunosor-
bent assay (ELISA) analysis of IL-1β and IL-18 levels in control and OxyHb-treated neurons with or without Aim2 knockdown; (C) Cell
viability was assessed using CCK-8 assay; (D) Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) staining im-
ages and quantification demonstrating that Aim2 knockdown reduces OxyHb-induced neuronal apoptosis, Scale bar = 50 μm. Data are
expressed as mean ± SEM; Data are derived from three independent biological replicates (n = 3). Statistical differences among multiple
groups were analyzed by one-way ANOVA followed by Tukey’s post hoc test; ns, not significant; ** p < 0.01, *** p < 0.001.
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Fig. 5. AIM2 promotes OxyHb-induced neuronal apoptosis through NF-κB signaling. (A) Western blotting and quantification
showing that Aim2 knockdown reduces phosphorylation of p65, while co-silencing of Aim2 and Rela further reduces NF-κB activation
compared with Aim2 knockdown alone in OxyHb-treated cells; (B) Western blotting analysis of apoptosis-related proteins (Bax, Bcl2,
and cleaved caspase-3) indicating that inhibition of p65 mitigates AIM2-mediated pro-apoptotic effects under OxyHb stimulation; (C)
TUNEL staining and quantification demonstrating that co-silencing Aim2 and Rela further reduces OxyHb-induced apoptosis. Green
fluorescence represents TUNEL-positive cells, and nuclei are stained with DAPI (blue). Scale bar = 50 μm; (D) CCK-8 assay showing
that combined Aim2 and Rela silencing enhances cell viability compared with Aim2 knockdown alone. Data are expressed as mean ±
SEM; Data are derived from three independent biological replicates (n = 3). Statistical differences among multiple groups were analyzed
by one-way ANOVA followed by Tukey’s post hoc test; ns, not significant; * p < 0.05, ** p < 0.01, *** p < 0.001.
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Fig. 6. AIM2 is upregulated in subarachnoid hemorrhage (SAH) brain tissue and correlates with NF-κB activation. (A) Rep-
resentative Nissl staining images and quantification of neuronal cell count in Sham and SAH groups, Scale bar = 50 μm; (B) Western
blotting analysis and quantification of AIM2, p65, and p-p65 in brain tissues from Sham and SAHmice; (C) Correlation analysis between
AIM2 expression and NF-κB activation (p-p65/p65) in SAH brain tissues. Data are expressed as mean ± SEM; n = 6 mice per group.
Differences between the Sham and SAH groups were analyzed using an unpaired two-tailed Student’s t-test; ** p < 0.01.

analyses, OxyHb-induced neuronal injury models, and
Aim2 knockdown experiments, we found that suppression
of AIM2 significantly reduced p65 phosphorylation, re-
stored the Bax/Bcl2 balance, alleviated neuronal apoptosis,
and improved cell viability. Co-silencing of Aim2 and Rela
further enhanced neuroprotective effects, supporting the in-
volvement of NF-κB signaling in AIM2-mediated neuronal
injury. In contrast, Aim2 knockdown exerted limited effects
on pyroptosis-related responses. Moreover, in vivo analy-
ses confirmed a positive association between AIM2 expres-
sion and NF-κB activation in SAH brain tissues. Collec-
tively, these findings suggest that AIM2 contributes to early
brain injury after SAH, at least in part, through NF-κB sig-
naling.

SAH remains a devastating form of hemorrhagic
stroke with very high mortality and disability rates. Even
with substantial advances in microsurgical clipping, en-

dovascular coiling, and neurocritical care, there is still no
established pharmacological therapy to prevent secondary
neuronal injury after SAH [15,16]. Early brain injury (EBI)
developing within the first 72 hours post-SAH is now rec-
ognized as a critical determinant of patient outcome, with
neuronal apoptosis and blood–brain barrier disruption be-
ing pivotal contributors to this phase [17]. Standard clini-
cal care, such as nimodipine administration and blood pres-
sure optimization, primarily targets vasospasm and main-
tains cerebral perfusion, but does not effectively address the
molecular cascades of neuronal death [18]. Therefore, in-
vestigating novel molecular regulators of EBI is imperative
for improving neurological outcomes.

AIM2, a cytosolic double-stranded DNA sensor be-
longing to the AIM2-like receptor family, exerts its canon-
ical function by assembling inflammasome complexes and
activating caspase-1-dependent pyroptosis. Recent studies
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have suggested that AIM2 also participates in ischemic and
hemorrhagic brain injury, indicating that its role may ex-
tend beyond classical immune activation [11,13,19]. For
instance, Yuan et al. [13] demonstrated that inhibition of
AIM2 inflammasome activation alleviated gasdermin D-
mediated pyroptosis and improved neurological outcomes
after SAH. Similarly, Zhang et al. [19] and Zheng et
al. [11] reported that AIM2 contributes to early brain in-
jury after SAH through neuronal inflammasome activation,
whereas pharmacological or genetic inhibition of AIM2 ex-
erts neuroprotective effects. Nevertheless, whether AIM2
also contributes to neuronal apoptosis beyond its canoni-
cal inflammasome-related function remains unclear. In the
present study, Aim2 knockdown reduced apoptotic mark-
ers, restored the Bcl2/Bax balance, and improved neuronal
viability under OxyHb stimulation. In contrast, Aim2 si-
lencing exerted only limited effects on pyroptosis-related
responses, suggesting that AIM2 predominantly contributes
to neuronal injury through apoptotic signaling under the
present experimental conditions.

NF-κB is a key transcription factor involved in the
regulation of inflammation, oxidative stress, and apopto-
sis. Upon activation, phosphorylated p65 translocates into
the nucleus and promotes the transcription of pro-apoptotic
and pro-inflammatory genes [20]. Previous studies have
demonstrated that NF-κB activation occurs in neurons and
glial cells following SAH and contributes to neuronal death
and neurological dysfunction [21,22]. In the present study,
transcriptomic correlation analysis revealed a strong posi-
tive association between AIM2 expression and NF-κB sig-
naling activity, suggesting a functional association between
these pathways. In vitro, Aim2 knockdown markedly re-
duced p65 phosphorylation and pro-apoptotic protein ex-
pression, whereas co-silencing Aim2 and Rela further en-
hanced neuroprotective effects compared with AIM2 inhi-
bition alone. Moreover, in vivo analyses demonstrated a
positive association between AIM2 expression and NF-κB
activation in SAH brain tissues. Together, these findings
support the involvement of AIM2-associated NF-κB signal-
ing in neuronal apoptosis following SAH.

Although this study provides evidence that AIM2 con-
tributes to neuronal apoptosis through NF-κB signaling af-
ter SAH, several limitations should be acknowledged. First,
although in vivo validation was performed, the mechanistic
experiments were mainly based on an OxyHb-induced neu-
ronal injurymodel, which cannot fully recapitulate the com-
plex pathological environment after SAH. Second, while
Aim2 knockdown and Rela co-silencing supported the in-
volvement of NF-κB signaling, the precisemolecularmech-
anisms linking AIM2 to NF-κB activation require further
investigation. Finally, the role of AIM2 in inflammasome-
associated responses after SAH and the temporal dynamics
of AIM2/NF-κB activation warrant further exploration in
future studies.

5. Conclusions
In summary, this study demonstrates that AIM2 is up-

regulated after SAH and contributes to neuronal apoptosis,
at least in part, through NF-κB signaling. AIM2 suppres-
sion attenuated neuronal apoptosis, improved cell viability,
and was associated with reduced NF-κB activation in vitro,
while in vivo analyses further supported a positive associa-
tion between AIM2 expression and NF-κB activation after
SAH. These findings provide new insight into the molecu-
lar mechanisms underlying early brain injury after SAH and
suggest that the AIM2-NF-κB axis may represent a promis-
ing pathway for future therapeutic investigation.
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