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Abstract
This study evaluated the protective effects of celecoxib on epilepsy and explore its potential involvement in regulating pyrop-
tosis and the high mobility group box 1 (HMGB1)/Toll-like receptor 4 (TLR4) signaling pathway. Adult male Sprague–Daw-
ley rats were injected with ferrous chloride (FeCl2) with or without celecoxib for 7 consecutive days. After sacrifice, tissues 
were collected for neurological function assessments, magnetic resonance imaging, and multiple tissue analyses. Intracerebral 
injection of FeCl2 in rats induced severe seizures, microglial recruitment and polarization, ferroptosis, pyroptosis, and inflam-
mation in the frontal cortex. In the hippocampus, FeCl2 injection led to neuronal loss, reduced synaptic complexity, and 
aberrant HMGB1 expression. Celecoxib treatment delayed seizure onset and significantly reduced the severity and duration of 
seizures, the extent of injury, and neurological impairments caused by FeCl2 exposure. These effects were mediated through 
the suppression of HMGB1/TLR4 signaling and inhibition of key pro-inflammatory cytokines. Celecoxib treatment mitigated 
neuronal loss, improved synaptic complexity, stabilized microglial activity, inhibited astrocyte proliferation, and modulated 
HMGB1 expression. In conclusion, celecoxib effectively attenuated FeCl2-induced inflammation and neural injury partially 
by inhibiting the HMGB1/TLR4 pathway, thereby suppressing pyroptosis and reactive gliosis. These effects improved seizure, 
highlighting the therapeutic potential of celecoxib for managing epilepsy following hemorrhagic brain injury.
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Graphical Abstract
Title: Molecular pathological mechanisms of acute brain injury involving brain parenchymal and vascular damage
Legend: Intracranial hemorrhage activates PAMPs and PRPs, whereas iron ions promote ROS accumulation, resulting in 
the downregulation of GSH and GPX4, ultimately inducing ferroptosis. HMGB1, released in response to brain parenchymal 
damage. binds to TLR4, triggering a robust inflammatory cascade that contributes to pyroptosis and neuroinflammation.
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Introduction

Epilepsy is a neurological disease caused by multiple fac-
tors, with intracerebral hemorrhage (ICH) and traumatic 
brain injury (TBI) being the major causes of acquired epi-
lepsy (Maas et al. 2008; Thijs et al. 2019). Key inflamma-
tory mediators are highly expressed in the brain during 
epilepsy, and they can potentially affect neuronal function 

and excitability. Inflammation was found to enhance sei-
zure susceptibility in both preclinical and clinical mod-
els (Vezzani et al. 2011). Cyclooxygenase-2 (COX-2), an 
enzyme involved in the synthesis of the pro-inflammatory 
mediator prostaglandin, plays a critical role in brain 
inflammation (Morgan et al. 2020), and it has emerged as 
a potential target for epilepsy treatment (Dedeurwaerdere 
et al. 2012). Celecoxib (CCX), a nonsteroidal sulfonamide 
anti-inflammatory drug that selectively inhibits COX-2 
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(Puljak et al. 2017), has demonstrated efficacy in alleviat-
ing neuroinflammation (van Vliet et al. 2018) and lower-
ing susceptibility to various types of chronic epilepsies 
(Rawat et al. 2019; Zhou et al. 2018). Iron accumulation 
and iron-induced neurotoxicity are common features of 
both ICH and TBI (Conrad et al. 2021). The degradation of 
hemoglobin results in heme release, leading to excessive 
Fe2+ accumulation. Iron overload triggers oxidative lipid 
damage, resulting in neuronal death via apoptosis, pyrop-
tosis, and ferroptosis (Hirano et al. 2019; Qureshi et al. 
2009). Cellular damage and inflammation contribute to the 
onset and propagation of epilepsy (Vezzani et al. 2008). 
However, the role of COX-2 in iron-induced epilepsy and 
the effect of CCX on epilepsy following acute ICH or TBI 
remain unclear.

Ferroptosis is a recently identified form of programmed 
cell death that occurs in the early stages of hemorrhagic 
injury, and it is associated with multiple secondary injuries 
(Chen et al. 2021; Yan et al. 2021). It is primarily driven by 
the depletion of intracellular glutathione (GSH) and sub-
sequent inactivation of glutathione peroxidase 4 (GPX4) 
(Jiang et al. 2021). Ferroptotic cells release damage-related 
molecular patterns (DAMPs), which initiate other forms of 
programmed cell death (Frank and Vince 2019). Pyropto-
sis is another type of programmed cell death that induces 
inflammation (Shi et al. 2017), and it is widely involved in 
the progression of several organ diseases (Loveless et al. 
2021). It is triggered when pattern recognition receptors 
(PRRs) recognize DAMPs, leading to the formation and 
activation of inflammasomes (Burdette et al. 2021). There 
are two pyroptosis pathways, namely the classical caspase-1 
pathway and the nonclassical pathway that activates cas-
pase-4, caspase-5, and caspase-11 (Frank and Vince 2019). 
Inflammation-mediated pyroptosis activates the NLRP3 
inflammasome through DAMPs, resulting in activation of 
the classical caspase-1 pathway (Hsu et al. 2021). Sub-
sequently, the activation of gasdermin D (GSDMD) and 
release of inflammatory factors, such as interleukin (IL)-1β 
and IL-18, contribute to pathological progression after ICH 
and the development of epilepsy (Atabaki et al. 2023; Corps 
et al. 2015; Tanaka et al. 2023). Whether CCX can affect fer-
roptosis and pyroptosis warrants further investigation.

High mobility group box 1 (HMGB1) is an alarmin pro-
tein that acts through several receptors, such as PRRs and 
receptor for advanced glycation end-products, to mediate 
inflammation and immune responses (Tang et al. 2023). 
It participates in the inflammatory cascade through both 
passive release from dying cells and active secretion from 
immune cells (Tang et al. 2023). In the intercellular space, 
HMGB1 binds to Toll-like receptor 4 (TLR4) on glial 
cells, inducing glial activation and proliferation, exacer-
bating inflammation, and ultimately promoting multiple 
forms of cell death (Banks et al. 2023). Numerous studies 

have reported the essential role of HMGB1/TLR4 sign-
aling in inflammation following brain injury (Andersson 
et al. 2018a, 2018b; Kamaşak et al. 2020; Ping et al. 2021; 
Ravizza et al. 2018; Sun et al. 2020; Tian et al. 2020). In 
experimental models of epilepsy and brain injury, activa-
tion of the HMGB1/TLR4 pathway promoted the onset of 
epilepsy by triggering tissue damage and inflammatory 
responses (Paudel et al. 2019). In the brain tissues and 
peripheral blood of patients with epilepsy, both HMGB1 
and TLR4 are upregulated, highlighting their potential as 
epileptic seizure biomarkers (Yang et al. 2017). Moreover, 
a recent study confirmed that ferroptotic cells release high 
levels of DAMPs, primarily HMGB1 (Wen et al. 2019). 
Thus, investigating the role of HMGB1 in the pathogenesis 
of epilepsy might provide insights into the complex inter-
play among hemorrhage, injury, and epilepsy.

Based on this information, we hypothesized that CCX 
protects against seizures and neurological dysfunction fol-
lowing hemorrhagic brain injury by inhibiting glial activa-
tion, neuroinflammation, and pyroptosis through suppres-
sion of the HMGB1/TLR4 pathway. This hypothesis was 
tested using a rat model of FeCl2-induced epilepsy.

Materials and Methods

Animals and Grouping

Adult male Sprague–Dawley (SD) rats weighing 
220 ± 30 g were obtained from the Experimental Animal 
Center of Ningxia Medical University (Yinchuan, China). 
The study protocol was approved by the Medical Ethics 
Committee of Ningxia Medical University and performed 
in accordance with the guidelines for animal use and care 
issued by the Science and Technology Ministry of China. 
All measures were taken to minimize the suffering of the 
animals.

Rats were housed under a 12-h/12-h light/dark cycle and 
standard laboratory conditions, including room tempera-
ture of 23 ± 1 °C and ad libitum access to food and water. 
After 1 week of acclimation, animals were randomized 
into one of three groups: sham surgery (sham group), 
FeCl2 injection model (FeCl2 group), and FeCl2 + CCX 
(CCX group). CCX (catalog number: 169590–42-5; 
MedChemExpress, Monmouth Junction, NJ, USA) was 
prepared as a suspension in saline and administered via 
the esophagus (20 mg/kg) 1 h after FeCl2 injection, fol-
lowed by daily doses for 7 consecutive days. At the end 
of the experiment, rats were euthanized, and brain tissues 
surrounding the injection sites were collected and stored 
at − 80 °C for further experiments.
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FeCl2 Injection Model

Following anesthetization with isoflurane and stereotaxic 
placement, a burr hole was drilled into the skull of each 
SD rat at a predetermined coordinate. FeCl2 (catalog num-
ber: 45093, Sigma-Aldrich, St. Louis, MO, USA; 5 μL of 
0.2 mol/L FeCl2 in saline) was injected stereotactically over 
5 min using a micro-syringe (Gaoge, Dongguan, China, 0–10 
μL) into the right motor cortex (area M1; coordinates: anter-
oposterior, − 3.0 mm; lateral, 2.0 mm; and ventral, 2.0 mm). 
The needle remained in place for an additional 10 min post-
injection to prevent reflux. Cortical electroencephalography 
was performed using stainless steel screw electrodes (coor-
dinates: anteroposterior, − 6.0 mm; lateral, − 4.0 mm), with 
a reference electrode placed in the cerebellar region (coor-
dinates: anteroposterior, − 7.0 mm; lateral, 0 mm). Rats in 
the sham group received injections of saline solution. The 
ipsilateral hemisphere (right side) was used for all subse-
quent morphological analyses and western blotting (WB).

Rats were allowed to recover for 20 min after surgery. 
Successful modeling was determined by a seizure score of 
4 or higher as assessed by the Racine scale. The scale is 
graded as follows (Lüttjohann et al. 2009): 0 = no abnor-
mality; 1 = staring; 2 = head nodding or wet-dog shaking, 
with or without facial tics; 3 = unilateral forelimb clonus; 
4 = bilateral forelimb clonus with continuous head nodding; 
and 5 = severe bilateral forelimb clonus with loss of balance, 
falling, or generalized tonic–clonic seizures. Latency to epi-
leptic seizure onset and daily seizure severity were recorded 
for 7 consecutive days.

Neurological Function Tests

Neurological deficits were assessed using the modified Gar-
cia scoring system, a neurobehavioral test used to quantify 
neurological dysfunction. This system evaluates six catego-
ries: spontaneous activity, limb movement symmetry, fore-
paw outstretching, climbing ability, body proprioception, 
and vibrissae response. Each category was scored from 0 
(worst) to 3 (best), with the total score ranging from 0 to 18.

Motor recovery was evaluated by the Terzis grooming test 
(TGT). Approximately 5 mL of water were sprayed on the 
nose and mouth of each rat using a syringe to induce groom-
ing behavior in both upper limbs. The grooming response 
was rated according to the highest reach of the contralateral 
forelimb as follows: class 0, no response in the upper limb; 
class 1, elbow flexion below the nose; class 2, reaching the 
nose; class 3, below the eye; class 4, reaching the eye; and 
class 5, reaching the ear or higher.

Muscle strength was measured by the grip strength test. 
Rats grasped a grid connected to a grip strength meter with 
each forelimb separately, and each forelimb’s grip strength 
was recorded three times. The average grip strength per 

forelimb was then calculated. The values before and after 
the intervention were compared to assess motor function 
changes. All measurements were conducted by the same 
examiner to minimize bias.

Magnetic Resonance Imaging (MRI)

Imaging was performed using a SIGNA Architect 3.0 T 
superconducting MRI scanner (GE Healthcare, Chicago, 
IL, USA) equipped with an eight-channel dedicated small 
animal coil (Shanghai Chengguang Medical Technology 
Co., Ltd., Shanghai, China). Following anesthesia with iso-
flurane, rats were placed in a prone position with their heads 
centered within the coil, permitting spontaneous breath-
ing. T1-weighted imaging was performed with a spin-echo 
sequence using a repetition time of 470 ms and an echo time 
of 10 ms. T2-weighted imaging was performed with a fast 
spin-echo sequence using a repetition time of 2500 ms and 
an echo time of 85 ms. Scans were acquired in the coronal 
plane, obtaining 12 slices, each with a thickness of 2 mm 
and an interslice gap of 0.2 mm. The resolution matrix was 
128 × 128, and the field of view was 80 × 80 mm2. Imaging 
analysis was performed using the ADW 4.7 workstation (GE 
Healthcare) and processed using READY VIEW software. 
Injury areas in the right frontal lobe were measured at dif-
ferent time points. All measurements were independently 
performed by two experienced physicians, and the average 
values were recorded.

Histopathological Analysis

For Nissl staining, tissue sections were immersed in Nissl 
staining solution (catalog number: C0117; Beyotime, 
Haimen, China) for 5 min, washed with double-distilled 
water, and mounted with Permount. Images were captured 
under a microscope (Nikon, Tokyo, Japan).

Hematoxylin–eosin (H&E) staining was performed using 
a commercial kit (Beyotime) following the manufacturer’s 
protocol.

For Golgi staining, fresh rat brain tissues were immersed 
in solutions A and B for 2 weeks, followed by solution C for 
3 days. Sections were cut at a thickness of 100 μm using a 
vibratome (Leica, Wetzlar, Germany), washed with double-
distilled water for 8 min, and dehydrated in a graded ethanol 
series (50%, 75%, 95%, and 100%) for 16 min. Finally, the 
sections were sealed with neutral gum and imaged at × 200 
and × 1000 magnification using an Eclipse Ci-L microscope. 
Analysis was performed using Image-Pro Plus 6.0 software.

For Perls staining, paraffin-embedded sections were 
treated sequentially with xylene I and xylene II for 8 min 
each, followed by a graded ethanol series (absolute ethanol 
I, absolute ethanol II, 90% ethanol, 80% ethanol, and 70% 
ethanol for 5 min each). Next, the sections were washed with 
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deionized water and incubated in Perls solution (1:1 ratio of 
Perls A and B solutions) for 20 min.

ImmunoFluorescence (IF)

The heart of each rat was perfused transcardially with 4% 
paraformaldehyde, after which the brain tissue was removed 
and post-fixed with 4% paraformaldehyde. The tissue was 
then dehydrated in a sucrose gradient for 48 h and sectioned 
coronally after freezing. Sections were washed, blocked with 
5% bovine serum albumin for 30 min, and then incubated 
overnight at 4 °C with the following primary antibodies (all 
from Abcam, Cambridge, UK): ionized calcium-binding 
adapter molecule 1 [Iba-1 (1:200)], glial fibrillary acidic pro-
tein [GFAP (1:200)], HMGB1 (1:300), and TLR4 (1:200). 
After PBS washes, sections were incubated for 1 h at room 
temperature with the secondary antibody Alexa Fluor 647 
(1:500, goat anti-rabbit, Abcam). Subsequently, sections 
were counterstained with 4′,6′-diamino-2-phenylindole 
(DAPI, Invitrogen, Waltham, MA, USA) for 5 min before 
imaging on a fluorescence microscope (Nikon). Digital 
images around regions of interest were randomly captured 
for each section. The cell count and fluorescence intensity 
were quantified using ImageJ software (US National Insti-
tutes of Health, Bethesda, MD, USA).

Transmission Electron Microscopy (TEM)

The frontal cortex of each rat’s brain was surgically removed 
and immediately fixed in glutaraldehyde. Subsequently, sam-
ples were post-fixed with osmium tetroxide, dehydrated in 
a graded ethanol series, and embedded in epoxy resin for 
ultrastructural analysis. Ultrathin sections (approximately 
50–70  nm thick) were then prepared using an ultrami-
crotome, followed by staining with uranyl acetate and lead 
citrate for visualization via TEM. The stained sections were 
examined at an accelerating voltage of 80 kV, and digital 
images were captured for analysis.

WB

The cortex of each rat brain was carefully micro-dissected 
from euthanized animals and immediately frozen in liquid 
nitrogen. The tissue samples were then homogenized and 
lysed in RIPA buffer supplemented with a protease inhibi-
tor mixture for WB. Equal amounts of protein (8 μg) were 
loaded into each lane for 8% SDS–PAGE and transferred to 
0.22-μm polyvinylidene fluoride membranes preactivated 
with methanol (MilliporeSigma, Burlington, MA, USA). 
The membranes were blocked with 5% nonfat milk, incu-
bated in Tris-buffered saline with Tween-20 at room tem-
perature for 2 h, and then stained with specific primary anti-
bodies at 4 °C overnight against HMGB1 (1:1000, Abcam), 

TLR4 (1:400, Abmart, China), GFAP (1:1000, Abcam), 
Iba-1 (1:1000, Abcam), GSDMD (1:1000, Abcam), cleaved 
caspase-1 (1:1000, Affinity, China), GPX4 (1:1000, Abcam), 
xCT (1:500, Affinity), and glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH; 1:1000, Affinity), with β-actin 
(1:1000, Affinity) serving as an internal control. After pri-
mary antibody incubation, the membranes were washed and 
incubated for 1 h with the secondary antibody IRDye 700w 
(1:5000, goat anti-rabbit, LI-COR, Lincoln, NE, USA). 
Band intensities were quantified using Image Lab software 
(Bio-Rad), with target protein signals normalized to those 
of GAPDH or β-actin.

Fluorescence Quantitative Reverse Transcription 
PCR (RT‑qPCR)

Total mRNA was isolated from hippocampal tissues using 
an RNA kit (TIANGEN, Beijing, China), and the concen-
tration and purity of RNA were determined using a Nan-
odrop 2000C spectrophotometer. The extracted RNA was 
reverse-transcribed into cDNA using a reverse transcription 
kit (TaKaRa, Shiga, Japan). SYBR green-based RT-qPCR 
was conducted on a CFX96 PCR system (Bio-Rad, Hercules, 
CA, USA) to quantify the mRNA expression of target genes, 
with β-actin serving as an internal control. Primers were 
synthesized by Shanghai Sangon Biotech Co., Ltd. (Shang-
hai, China), and their sequences were as follows:

HMGB1 forward, 5′-AAG​GCT​GAC​AAG​GCT​CGT​
TATG-3′; HMGB1 reverse, 5′-GGC​GGT​ACT​CAG​AAC​
AGA​ACAAG-3′;

TLR4 forward, 5′-GAA​TGA​GGA​CTG​GGT​GAG​AAA​
TGA​G-3′; TLR4 reverse, 5′-TGG​ATG​ATG​TTG​GCA​GCA​
ATGG-3′;

β-actin forward, 5′-ACT​GCC​GCA​TCC​TCT​TCC​TC-3′; 
and β-actin reverse, 5′-AAC​CGC​TCG​TTG​CCA​ATA​
GTG-3′.

The reaction protocol consisted of 40 cycles of 95 °C for 
30 s and 60 °C for 30 s. The Ct values were obtained, and 
the relative expression of target genes was calculated using 
the 2−ΔΔCt method.

Enzyme‑Linked Immunosorbent Assay (ELISA)

The levels of IL-1β, IL-18, nuclear factor kappa B, NLRP3, 
HMGB1, TLR4, and ASC were measured using ELISA kits 
(JONLNBIO, Shanghai, China) according to the manufac-
turer’s instructions.

TUNEL Staining

Antigen-retrieved brain sections were incubated with a 
TUNEL reaction mixture (catalog number: C1089, Beyo-
time) for 1 h at room temperature. Following 20-min PBS 
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washes, the slides were counterstained with DAPI for 5 min. 
The sections were then washed twice with PBS and observed 
under an inverted fluorescence microscope. TUNEL-posi-
tive cells were quantified by ImageJ software. The apoptosis 
index was calculated as the ratio of TUNEL-positive cells to 
DAPI-stained nuclei.

Caspase‑1 Activity Assay

Activated caspase-1 levels were assessed using a colorimet-
ric assay kit (Beyotime). Briefly, damaged cortical tissues 
were lysed in ice-cold RIPA buffer containing 1 mM phenyl-
methylsulfonyl fluoride and centrifuged at 2000 × g at 4 ℃ 
for 10 min. The supernatant was collected and incubated 
with 2 mM acetyl-Tyr-Val-Al-Asp-nitroaniline at 37 ℃ for 
2 h. Caspase-1 activity was quantified by measuring pep-
tide nucleic acid release at 405 nm using an M2 microplate 
reader (Molecular Devices, San Jose, CA, USA). Activity 
levels were normalized to total protein, which was measured 
by the Bradford method.

Gene Ontology (GO) Functional Enrichment Analysis

The Comparative Toxicogenomics Database (CTD) was 
used to identify gene targets associated with epilepsy, injury, 
inflammation, hemorrhage, and pyroptosis. An intersection 
analysis of these genes was conducted and visualized using 
the VennDiagram package in R. The intersection targets 
were then uploaded to the STRING database, and the result-
ing file was imported into Cytoscape 3.9.0 software to build 
a protein–protein interaction (PPI) network and screen core 
target genes. The CTD Set Analyzer platform was used for 
GO functional enrichment analysis of the intersection targets 
and hub genes. The results were visualized using the ggplot2 
and ggrepel packages in R.

Molecular Docking

Molecular docking was conducted using AutoDock 4.2 
software to assess the binding affinity of CCX for HMGB1. 
Human HMGB1 X-ray crystal structures (PDB code: 2LY4) 
were obtained from the Protein Data Bank to complete 
the docking simulation. The resulting conformations and 

binding energies were saved to a molecular database file, 
and the ligand–protein complexes were visualized using 
PyMOL. The interplay between HMGB1 and CCX was 
detected using ZDOCK and RDOCK, which are common 
tools for detailed protein–protein docking prediction.

Statistical Analysis

Data are presented as the mean ± standard deviation based 
on at least three independent experiments. ELISA results 
were analyzed by two-way analysis of variance (ANOVA) 
followed by Bonferroni’s post hoc multiple comparisons test. 
Other datasets were compared by one-way ANOVA followed 
by least significant difference post hoc analysis or Student’s 
t-test. Statistical significance was set at p < 0.05.

All analyses were conducted under a triple-blind design: 
tissue samples were randomly coded and provided to ana-
lysts, measurements followed a standardized operating 
procedure, and statisticians performed analyses using only 
coded datasets without group identifiers. No outliers were 
identified in the dataset.

Results

CCX prolongs Seizure Latency and Reduces 
the Severity and Duration Of Seizures Induced 
by FeCl2 Injection

Previous studies utilized FeCl2 at doses of 0.2–0.4 mol/L 
(Chen et al. 2022a; Das et al. 2017; Willmore and Rubin 
1982; Willmore et al. 1978a, 1978b). To determine the opti-
mal dose for our model, we administered stereotactic injec-
tions of 0.2 (3, 5, or 10 μL) and 0.4 mol/L (5 or 10 μL) FeCl2 
into the frontal cortex in each rat. As presented in Table 1, 
the injection of both 3 and 5 μL of 0.2 mol/L FeCl2 resulted 
in 0% mortality (six animals/group), indicating stable model 
survival.

Comparing seizure severity in the two groups (Table 2), 
the 3-μL group had an initial Racine seizure score lower 
than 4 (3.5 ± 0.5, six animals/group), which progressively 
decreased to less than 2 (1.7 ± 0.8, six animals/group) by 
day 7 (Fig. 1A). The 5-μL group had a Racine seizure score 

Table 1   Effects of different 
doses of FeCl2 on male SD rats

Treatment Dose (μL) Seizure (n) Death (n) Mortality (%)

Stage 3 Stage 4 Stage 5

0.4 mol/L FeCl2 10 0 0 6 5 83.3
0.4 mol/L FeCl2 5 0 1 5 3 50
0.2 mol/L FeCl2 10 0 0 6 2 33.3
0.2 mol/L FeCl2 5 0 2 4 0 0
0.2 mol/L FeCl2 3 2 3 1 0 0
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exceeding 4 (4.4 ± 0.5, eight animals/group) on day 7, with 
most rats reaching a score of 3 (2.9 ± 0.3, eight animals/
group). Furthermore, the epileptic seizure duration was sig-
nificantly longer in the 5-μL group than in the 3-μL group 
(Fig. 1B), although seizure latency was not significantly dif-
ferent between the two groups (Fig. 1C). Based on these 
results, we identified 5 μL and 0.2 mol/L as the optimal 
injection volume and dose, respectively.

On the day of surgery, rats in the CCX group had a sig-
nificantly lower average maximum Racine seizure score than 
those in the FeCl2 group (3.8 ± 0.9 vs. 4.4 ± 0.5, eight ani-
mals/group; Fig. 1D). Additionally, the duration of seizures 
with Racine scores higher than 4 was significantly shorter 
in the CCX group (Fig. 1E), and seizure onset was delayed 
(Fig. 1F). Epilepsy scores were significantly reduced in the 
CCX group from day 4 to day 7 post-surgery (Fig. 1D). By 
day 7, the average Racine seizure score in the CCX group 

was lower than 2 (1.8 ± 0.7, eight animals/group). These 
results suggest that CCX treatment significantly reduced 
seizure scores, delayed seizure onset, and shortened seizure 
duration in rats injected with FeCl2.

Improves Neurological Function Following FeCl2 
Exposure

To investigate the protective effect of CCX, we evaluated 
sensory and motor function recovery using the 18-point Gar-
cia test before (0 h) and after FeCl2 injection (12, 24, 36, 48, 
60, and 72 h). The average score in the sham group was 18, 
indicating intact motor function (Fig. 2C). Rats in the FeCl2 
group exhibited the greatest motor function impairment at 
24 h post-injection, with gradual improvement afterward. 
By 36 h, the CCX group displayed significant motor func-
tion recovery, with a Garcia score greater than 10 points 
(Table 3), which was notably higher than that in the FeCl2 
group (eight animals/group). There was no significant differ-
ence in the average scores in the FeCl2 group at 60 and 72 h, 
indicating that motor recovery plateaued, with the average 
score being lower than 11 at 72 h. By contrast, continued 
improvement was noted in the CCX group, with the average 
score at 72 h exceeding 14, which was significantly higher 
than that in the FeCl2 group (eight animals/group).

To determine the location of neuromotor dysfunction, the 
TGT (Fig. 2A) was performed to evaluate bilateral forelimb 
motor function and grip strength in the rats (Fig. 2B). At 
12 h, 1 day, and 3 days post-surgery, rats in the FeCl2 group 
demonstrated marked muscle weakness in the contralat-
eral (left) limbs and paws, with the lowest average value 

Table 2   Daily maximum Racine seizure scores in each group

Time (days) Saline 0.2 mol/L 
FeCl2 (3 
μL)

0.2 mol/L 
FeCl2 (5 
μL)

CCX + 0.2 mol/L 
FeCl2 (5 μL)

1 0 3.5 ± 0.5 4.4 ± 0.5 3.8 ± 0.9
2 0 3.3 ± 0.5 3.7 ± 0.5 3.4 ± 0.5
3 0 2.5 ± 0.5 3.4 ± 0.8 3.0 ± 0.6
4 0 2.7 ± 0.8 3.5 ± 0.5 2.5 ± 0.5
5 0 2.8 ± 0.4 3.4 ± 0.5 2.4 ± 0.5
6 0 1.8 ± 0.4 3.1 ± 0.4 2.1 ± 0.7
7 0 1.7 ± 0.8 2.9 ± 0.3 1.8 ± 0.7

Fig. 1   Seizure scores, duration, and latency following FeCl2 injec-
tion. A–C Daily maximum Racine scores, seizure duration, and 
latency (min) following the administration of different doses of FeCl2. 

D–F Effects of CCX on Racine scores, seizure duration, and seizure 
latency (min) in the FeCl2-induced seizure model. ***p < 0.001, 
**p < 0.01, *p < 0.05
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observed on day 1, compared with the findings in the sham 
group (n = eight animals/group; Fig. 2D, F). This pattern 
aligned with the Garcia test results. Rats in the CCX group 
did not exhibit significant improvement in forelimb muscle 
strength at 12 h post-surgery (Fig. 2F). However, notable 
recovery of grip strength was observed at 1 and 3 days post-
surgery (eight animals/group; Fig. 2F). Motor deficits on 
the contralateral side were alleviated at 2 days post-surgery 
(eight animals/group, Fig. 2F). On the ipsilateral (right) side, 
no significant difference was observed in TGT results com-
pared with those in the Sham group, excluding day 1 (eight 
animals/group; Fig. 2G). No significant difference in grip 

strength was found on the ipsilateral side at any time point 
(Fig. 2E). These findings suggested that FeCl2 injection-
induced damage predominantly affected the contralateral 
(left) side. Treatment with CCX significantly improved neu-
rological dysfunction induced by FeCl2 injection.

CCX Reduces the Cortical Injury Area in Rats After 
FeCl2 Injection

We further explored whether FeCl2-induced tissue dam-
age is related to iron overload. In full-brain images 
(fresh and perfused) of FeCl2-injected rats, extensive 

Fig. 2   Neurofunctional impairment analysis. A Schematic of the 
TGT. B Grip strength test. C Motor function evaluation using the 
18-point Garcia test over 72  h post-surgery. D–E Measurement of 
contralateral (left) and ipsilateral (right) forelimb grip strength within 

3 days post-surgery using the grip strength test. F–G Average TGT 
scores in different groups within 1 week post-surgery. ***p < 0.001, 
**p < 0.01, *p < 0.05

Table 3   Garcia scores within 
72 h post-injection

Time 0 h 12 h 24 h 36 h 48 h 60 h 72 h

Sham 18.00 ± 0.00 18.00 ± 0.00 18.00 ± 0.00 18.00 ± 0.00 18.00 ± 0.00 18.00 ± 0.00 18.00 ± 0.00
FeCl2 18.00 ± 0.00 9.71 ± 0.95 7.14 ± 1.46 8.00 ± 1.00 8.29 ± 1.25 10.29 ± 1.98 10.71 ± 1.50
CCX 18.00 ± 0.00 10.88 ± 0.83 8.63 ± 1.92 10.88 ± 1.25 11.38 ± 1.06 13.50 ± 1.07 14.50 ± 0.76
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hemosiderin deposition was observed across the brain. 
Compared with the findings in the FeCl2 group, rats in 
the CCX group displayed a markedly reduced injury area. 
To further confirm the protective effect of CCX, an MRI 
was performed on days 3 and 7 post-injection to quan-
tify cortical injury in FeCl2-injected rats. Four coronal 
levels (bregma − 3.96, 0.00, 1.08, and 2.08) associated 
with the FeCl2 injection site were examined (Fig. 3A). 
On day 3 post-injection, the injured area displayed low 

signal intensity on both T1- and T2-weighted imaging, 
with an injury level of 3 (Fig. 3B, C). The average injury 
area in the CCX group was significantly smaller than 
that in the FeCl2 group (1.77 ± 0.55 mm2 vs. 3.83 ± 0.52 
mm2; Fig. 3F). On day 7 post-injection, the injury had 
expanded, as illustrated by an increased area at level 
3 in both the FeCl2 and CCX groups (7.46 ± 0.56 and 
5.70 ± 0.49 mm2, respectively; Fig. 3D, E). The injury 
also extended to level 2 in these groups (4.74 ± 0.46 and 

Fig. 3   MRI of brain injury. A T1- and T2-weighted brain imaging of 
rats in the control and treatment groups. B–C MR images of rats in 
the FeCl2 and CCX groups at 3 days post-surgery. D–E MR images 
of rats in the FeCl2 and CCX groups at 7  days post-surgery. F–G 

Quantification of the injury area over time in all groups. H Progres-
sion of the injury area in the FeCl2 and CCX groups. ***p < 0.001, 
**p < 0.01



	 Cellular and Molecular Neurobiology           (2025) 45:91    91   Page 10 of 22

4.55 ± 0.33 mm2 respectively; Fig. 3D, E). This progres-
sion indicates that FeCl2-induced injury is dynamic and 
progressive over time. However, when averaging the 
injury areas at levels 2 and 3, the overall injury area was 
significantly smaller in the CCX group than in the FeCl2 
group on day 7 post-injection (Fig. 3G). Collectively, 
CCX treatment effectively reduced the cortical injury area 
at both 3 and 7 days after FeCl2 injection, decelerating the 
progression of injury (Fig. 3H).

CCX Alleviates Hemosiderin‑Induced Cell Loss, 
Cellular Damage, Synaptic Alterations, and Iron 
Accumulation

To investigate the specific impact of FeCl2-induced brain 
injury, we first validated the injection site. Figure 4A pre-
sents the injection site at 24 h post-surgery, confirming the 
accurate injection of FeCl2 into the motor cortex (area M1). 
At day 7 post-surgery, Nissl staining and H&E staining were 
performed in both the frontal cortex and CA1 hippocampal 
region. Nissl staining (Fig. 4B) revealed significant cell loss, 
swelling, and deformation in the frontal cortex in the FeCl2 

Fig. 4   Morphological injury in rat brain tissues. A Injection site ver-
ification at 24  h post-surgery. B Nissl staining of the frontal cortex 
and CA1 hippocampal region. C H&E staining of the frontal cortex 
and CA1 hippocampal region. D Sholl analysis of neuronal morphol-

ogy in the hippocampus. E Perls iron staining of the frontal cortex. F 
Neuron counts in CA1 using Nissl staining. G Neuron counts in CA1 
using H&E staining. H Dendritic intersection analysis of hippocam-
pal neurons. ***p < 0.001, **p < 0.01, *p < 0.05
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group, indicating severe neuronal damage compared with 
that in the sham group. These changes were notably miti-
gated by CCX treatment. Similar patterns were observed in 
the CA1 hippocampal region (Fig. 4B). Neuron counts were 
significantly lower in the FeCl2 group than in the sham group 
(six animals/group; Fig. 4F), whereas CCX treatment sig-
nificantly preserved neuronal populations in CA1 after FeCl2 
injection (six animals/group; Fig. 4F). Consistently, H&E 
staining demonstrated that compared with the findings in 
sham-treated rats, FeCl2-treated rats exhibited increased cell 
death, cytoplasmic condensation, nuclear shrinkage or disso-
lution, enlarged intercellular spaces, and disordered cellular 
arrangement in the frontal cortex. In the CCX group, cell 
death was reduced, and fewer cells exhibited cytoplasmic 
swelling and degeneration (six animals/group; Fig. 4G). We 
also analyzed neuronal morphology using Golgi staining. 
The number of pyramidal neurons with dendritic extensions 
reaching 60–80 μm from the soma significantly decreased 
after FeCl2 injection, (three animals/group; Fig. 4E, I), 
whereas CCX administration improved dendritic complex-
ity (three animals/group; Fig. 4E, I).

FeCl2 injection can mimic severe cellular damage caused 
by acute hemorrhage (Caliaperumal et al. 2012). Perls iron 
staining confirmed hemosiderin deposits and increased 
positive cell counts at the edge and center of the injury area, 
accompanied by red blood cell clots in intercellular spaces, 
in FeCl2-injected rats (Fig. 4E). CCX-treated rats displayed 
a significant reduction in positively stained cells, with 
improved cellular morphology and quantity relative to the 
findings in the FeCl2 group (three animals/group; Fig. 4I). 
These findings suggested that CCX can reduce injury and 
mitigate epilepsy development by inhibiting the recruitment 
and phagocytosis of acute-phase immune cells, thereby pre-
venting hemosiderin accumulation at the injury site.

CCX Inhibits Glial Cell Activation and Proliferation

FeCl2 injection activated microglia, which migrated toward 
the damaged cortical area (Fig. 5A). In the FeCl2 group, cor-
tical microglia exhibited an ameboid or round morphology, 
indicating an activated state, with significantly increased cell 
counts compared with those in the sham group (Fig. 5B). 
CCX treatment reduced the proportion of activated micro-
glia in the cortical region (Fig. 5D) and inhibited their pro-
liferation (Fig. 5E). Notably, although the hippocampus was 
not directly injured, microglial recruitment was observed in 
the CA1 hippocampal region (Fig. 5C). In FeCl2-injected 
rats, hippocampal microglia migrated towards the cortex, 
displaying a bipolar morphology at the hippocampus–cor-
tex boundary but becoming rounded upon reaching the cor-
tex (Fig. 5C). CCX treatment reduced both the number of 
activated microglia and the extent of migration toward the 
hippocampus–cortex boundary (data not shown). Unlike 

microglia, hippocampal astrocytes mainly exhibited pro-
liferative characteristics (Fig. 6A). Analysis of astrocyte 
proliferation revealed increased fluorescence intensity in 
the DG, CA1, and CA3 regions after FeCl2 injection, with 
the most substantial increase observed in the DG region. 
CCX treatment effectively inhibited astrocyte proliferation 
in these areas (Fig. 6B–D). WB revealed elevated expression 
of Iba-1 (microglia marker) and GFAP (astrocyte marker) 
in the frontal cortex and hippocampus after FeCl2 injection, 
indicating local glial proliferation. CCX treatment markedly 
downregulated these markers (Fig. 6E–G), suggesting that 
glial cell activation plays a key role in the development of 
FeCl2-induced seizures and cortical damage. CCX effec-
tively inhibited glial cell activation, recruitment, and prolif-
eration, thereby reducing glial cell-mediated inflammatory 
responses following FeCl2 injection.

CCX Reduces Inflammation and Caspase‑1–
Mediated Pyroptosis

To determine whether FeCl2 injection induces inflammation, 
we measured the levels of inflammatory factors, including 
HMGB1, TLR4, nuclear factor kappa B, NLRP3, IL-18, and 
IL-1β, in the rat frontal cortex 24 h post-injury using ELISA. 
Although the levels of these factors were changed in the 
FeCl2 group compared with those in sham-operated animals, 
the differences were not significant. Extending the observa-
tion period to 7 days post-surgery, we observed significantly 
increased concentrations of these inflammatory factors in 
both the frontal cortex and hippocampus in the FeCl2 group, 
whereas their levels were notably reduced by CCX treatment 
(Fig. 7A–F). These findings suggested that cell death drives 
inflammation, leading to the upregulation of inflammatory 
factors after FeCl2 injection.

To further elucidate the role of cell death in this pro-
cess, we assessed apoptosis in the frontal cortex using 
TUNEL staining 1 week after FeCl2 injection (Fig. 8A). 
The percentage of dead cells was significantly higher in 
the FeCl2 group than in the sham group, whereas that in 
the CA1 hippocampal region did not significantly dif-
fer between the two groups (Fig. 8B, C). CCX treatment 
markedly reduced cell death in the frontal cortex (Fig. 8B). 
Subsequent TEM of the frontal cortex revealed the type of 
cell death. After FeCl2 injection, cells underwent pyropto-
sis, characterized by cytoplasmic swelling, cell membrane 
disruption, and the formation of bubble-like protrusions 
surrounding the cell membrane, known as pyroptotic bod-
ies (indicated by arrows in Fig. 8F). Molecular analyses 
supported these findings, illustrating that FeCl2 injec-
tion expression the levels of proteins associated with 
the classical pyroptosis pathway, including cleaved cas-
pase-1, GSDMD, and ASC (Fig. 8E, H, I), accompanied 
by increased caspase-1 activity (Fig. 8D). CCX treatment 
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significantly suppressed cleaved caspase-1, GSDMD, and 
ASC expression (Fig. 8E, H, I) and decreased caspase-1 
activity (Fig. 8D) in FeCl2-injected rats.

Furthermore, TEM revealed features of ferroptosis, 
including membrane disruption, cell bubbling, and mito-
chondrial shrinkage (indicated by arrows in Fig. 8J). FeCl2 
injection also led to significant reductions in the expression 
of the ferroptosis-related proteins xCT and GPX4 (Fig. 8L, 
M), lowered GSH levels (Fig. 8N), and increased MDA lev-
els (Fig. 8O). However, CCX treatment did not significantly 
affect xCT or GPX4 expression and GSH or MDA levels 
(Fig. 8L–O).

Overall, after FeCl2 administration, significant pyroptosis 
and ferroptosis were observed in the cortex, along with the 
increased production of inflammatory factors. CCX inhibited 
pyroptosis and downregulated pyroptosis-associated inflam-
matory factors, but it had limited effects on ferroptosis-related 
proteins such as GPX4 and xCT.

Fig. 5   Regulatory effect of CCX on microglia. A Migration of micro-
glia toward the injured site. B IF staining of microglia in the frontal 
cortex. C Quantification of microglia in the frontal cortex. D Quan-
tification of activated microglia in the frontal cortex. E Microglial 

recruitment in the hippocampus at 7 days post-surgery. F IF staining 
of microglia in the hippocampus. G Quantification of microglia in the 
hippocampus. ***p < 0.001, **p < 0.01, *p < 0.05
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CCX Regulates Inflammatory Responses 
and Pyroptosis Induced by FeCl2 Injection Via 
the HMGB1/TLR4 Axis

Next, we used the CTD database to identify genes implicated 
in epilepsy, injury, inflammation, hemorrhage, and pyrop-
tosis. By intersecting these categories, we generated a gene 
list that included HMGB1 and TLR4 (Fig. 9A). This selec-
tion yielded 46 relevant genes, which we used to construct 
a PPI network. Notably, HMGB1 appeared in an upstream 
node in this network (Fig. 9B), indicating its involvement 
in various disease-related processes, including pyroptosis. 
Subsequently, GO enrichment analysis was performed on 
this set of genes using the Hipplot platform. The analysis 
identified 11 significantly enriched GO terms, including five 
in molecular function, one in cellular components, and five 
in biological processes (Fig. 9C). Several interactive genes 
were associated with pyroptosis, with the main enriched 
biological processes being pyroptosis, defense response 
to bacteria, and regulation of the innate immune response 
(Fig. 9D). These results indicated that HMGB1, as a key 

factor inducing inflammation, was involved in multiple 
injury-related processes, such as epilepsy, injury, inflamma-
tion, hemorrhage, and pyroptosis. Subsequently, molecular 
docking studies were performed using AutoDock Vina soft-
ware. The result revealed a binding energy of − 5 kcal/mol 
between CCX and HMGB1 (Fig. 9E), suggesting that CCX 
can bind directly to HMGB1 to exert its therapeutic effect.

To further confirm that CCX inhibited pyroptosis via 
the HMGB1/TLR4 pathway, we analyzed the expression 
of HMGB1 and TLR4 in the frontal cortex using WB and 
IF staining (Fig. 10A–G). IF staining revealed a significant 
increase in HMGB1 and TLR4 expression in the FeCl2-injured 
cortex compared with that in sham-operated rats, whereas 
CCX treatment reduced this upregulation (Fig. 10C, D). The 
WB results demonstrated similar trends (three animals/group; 
Fig. 10F, G). RT-qPCR further validated these findings at the 
transcriptional level (three animals/group; Fig. 10H, I). Inter-
estingly, we observed region-specific differences in HMGB1 
expression in the hippocampus. In the ipsilateral (right) 
hippocampus, HMGB1 expression was significantly lower 
in the FeCl2 group than in the sham group (three animals/

Fig. 6   Regulatory effect of CCX on astrocytes. A IF staining of astro-
cytes in different hippocampal regions. B–D Quantification of GFAP 
intensity in the DG, CA1, and CA3 regions. E WB of GFAP and Iba-

1. F–G Relative protein expression of GFAP and Iba-1. ***p < 0.001, 
**p < 0.01, *p < 0.05
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group; Fig. 10J). Although CCX treatment elevated HMGB1 
expression (three animals/group; Fig. 10K), its expression 
remained lower than that in the sham group (three animals/
group; Fig. 10K). Conversely, in the contralateral hippocam-
pus (left), FeCl2 injection led to a significant increase in 
HMGB1 expression relative to that in the sham group (three 
animals/group; Fig. 10K), and CCX treatment effectively miti-
gated this increase (three animals/group; Fig. 10K). However, 
TLR4 expression did not change in either hippocampal region 
(three animals/group; Fig. 10L). The differential expression 
of HMGB1 in the hippocampus might be related to micro-
glial behavior following FeCl2 injection. Taken together, CCX 
regulates pyroptosis and inflammation progression via the 
HMGB1/TLR4 pathway in the frontal cortex, exerting neuro-
protective effects after intracerebral hemorrhage.

Discussion

Iron-induced epilepsy is a well-established model resem-
bling human post-traumatic epilepsy that was initially 
proposed by Willmore et  al. (Willmore et  al. 1978b). 

In this model, iron compounds, such as FeCl3 or FeCl2, 
are injected into the somatosensory cortex to mimic the 
release of iron from hemoglobin following brain injury 
(Willmore et al. 1978a). Excessive iron ions induce cell 
membrane structural damage through the Fenton reaction, 
leading to cell death (Jiang et al. 2021). Because of its sta-
bility, high seizure incidence, and relatively simple patho-
genesis, the iron-induced epilepsy model is commonly 
used in studies of epilepsy following hemorrhagic brain 
injury (Das et al. 2017; Keith and Huang 2019; Komatsu 
et al. 2000; Prakash et al. 2019, 2021). The FeCl2 dose has 
varied across studies, possibly because of differences in 
animal strains, age, and anesthetic methods. In our study, 
isoflurane was used as the anesthetic, as chloral hydrate 
has inhibitory effects on seizures (Fong et al. 2017), which 
could interfere with Racine score evaluations. Isoflurane, 
as an inhalation anesthetic, offers a short duration of 
action and rapid recovery. After assessing both mortality 
and seizure severity, we determined that, under isoflurane 
anesthesia, a dose of 0.2 mol/L FeCl2 in a volume of 5 
μL should be used to establish a stable epileptic model in 
4–6-week-old SD rats.

Fig. 7   Inflammatory cytokine expression. A–F ELISA of inflammatory cytokine levels at 7  days post-surgery. ***p < 0.001, **p < 0.01, 
*p < 0.05
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Early seizure onset following brain injury is associated 
with the development of acute trauma (Wang et al. 2020). In 
addition to severe epileptic seizures, we also observed neu-
rological dysfunction, including somatosensory and motor 
impairments, in model rats attributable to FeCl2-induced 
damage to the motor cortex. Severe epileptic seizures and 
clinical sensorimotor impairments have been reported in 
models of TBI and spinal cord injury (Huang et al. 2022; 
Wu et al. 2019). Furthermore, the severity of seizure activ-
ity is positively correlated with the degree of neurological 
dysfunction, suggesting acute injury as a potential underly-
ing factor in this model. Treatment with CCX reduced the 
severity of trauma, alleviating both seizure activity and neu-
rological dysfunction.

MRI has been widely used to detect abnormal brain 
conditions in vivo, providing a direct quantification of the 

damaged area (Mendoza et al. 2019). Our results indicated 
that the injury area progressively developed and expanded 
following a single FeCl2 injection, suggesting that damage 
continues to progress under the influence of various patho-
logical factors (Magid-Bernstein et al. 2022). Treatment 
with CCX significantly reduced the injury area and inhibited 
the spread of damage, effectively alleviating tissue damage 
caused by FeCl2 injection. Observations of stained tissue 
sections (i.e., H&E, Nissl, Golgi, and Perls) further con-
firmed that CCX exerts neuroprotective effects by inhibiting 
cell damage, cell loss, synaptic changes, and the deposition 
of iron-containing heme.

The widespread activation, proliferation, and recruitment 
of glial cells play critical roles in the development of post-
traumatic epilepsy (Bedner et al. 2015; Eyo et al. 2017). 
Glial scar formation has been recognized as a hallmark of 

Fig. 8   Assessment of cell death. A TUNEL staining of the frontal 
cortex and CA1 hippocampal region. B–C Percentage of apoptotic 
cells in the frontal cortex and hippocampus. D Caspase-1 activity 
(µM/mL). E ASC concentrations. F Representative images reveal 
pyroptosis. G WB of GSDMD and cleaved caspase-1. H–I Relative 

protein expression of GSDMD and cleaved caspase-1. J Representa-
tive ferroptosis images. K WB of xCT and GPX4. L–M Relative pro-
tein expression of xCT and GPX4. N GSH levels (μmol/g). (O) MDA 
concentrations (μmol/g). ***p < 0.001, **p < 0.01, *p < 0.05
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chronic focal epilepsy (Eid et al. 2019; Wu et al. 2020). Fol-
lowing massive intracerebral hemorrhage, primary and sec-
ondary injuries stimulate neurons to rapidly release HMGB1, 
which activates TLRs on neuronal and glial cell membranes 
(Famakin et al. 2020; Waltl et al. 2018). In response, acti-
vated glial cells migrate to the injury site, where they trigger 
an inflammatory cascade that lowers the seizure threshold 
(Fig. 11). IF staining confirmed that FeCl2 injection trig-
gered the activation and recruitment of microglia to the 
injured cortex. Interestingly, despite no direct damage to the 
hippocampus, microglia in this region displayed significant 
activation and a tendency to migrate toward the frontal cor-
tex. This result suggests that signals from the injured cortex 
can induce hippocampal microglial recruitment for phago-
cytosis. In addition to microglial migration, extensive astro-
cyte proliferation was observed in the CA1, CA3, and DG 
regions of the hippocampus. Epileptogenic foci in acquired 
epilepsy can originate from different locations, and glial cell 

proliferation is common across various epilepsy types (Leite 
and Peixoto-Santos 2021). Our data indicate that following 
FeCl2 injection, seizures might expand beyond the injury 
site to involve hippocampal glial proliferation. During the 
early stages of traumatic hemorrhage, modulating glial cell 
behavior might thus represent a potential therapeutic tar-
get for different types of epilepsy (Leite and Peixoto-Santos 
2021). In addition to inhibiting microglial polarization and 
reducing their recruitment to the injury site, CCX treatment 
mitigated astrocyte proliferation in the hippocampus, poten-
tially preventing the formation of epileptogenic foci. These 
findings provide insights into the mechanisms of temporal 
lobe epilepsy induced by brain trauma.

Cell death and lysis in the injury area are key contribu-
tors to inflammation (Tang et al. 2019; Wen et al. 2019). 
Li et al. reported that baicalein inhibited iron-induced cell 
death and alleviated post-traumatic seizures (Li et al. 2019). 
In our study, we found that cells in the frontal cortex were 

Fig. 9   GO functional enrichment analysis. A Venn diagram of selected genes. B PPI network. C–D GO enrichment analysis. E Molecular dock-
ing of CCX and HMGB1
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damaged following FeCl2 injection, leading to programmed 
death. However, there was no significant upregulation of 
inflammatory factors at 24 h post-injection. Ferroptosis is 
known to occur immediately after ICH (Sun et al. 2022). At 
7 days post-injection, a significant increase in inflammatory 

factor levels was observed, indicating the onset of inflamma-
tion. These findings imply that lytic cells release signals that 
activate and recruit microglia to clear cellular debris and that 
microglial activation further amplifies inflammation through 
the secretion of signaling factors (Wang et al. 2020). TUNEL 

Fig. 10   CCX modulates inflammation and the HMGB1/TLR4 axis. 
A–B IF staining images of HMGB1/TLR4 in the frontal cortex at 
7  days post-surgery. C–D Fluorescence intensity of HMGB1 and 
TLR4. E WB of HMGB1 and TLR4 in the frontal cortex at 7 days 
post-surgery. F–G Relative protein expression of HMGB1 and TLR4. 

H–I Relative mRNA expression of HMGB1 and TLR4 in the frontal 
cortex at 7 days post-surgery. J WB of HMGB1 and TLR4 in bilateral 
hippocampi at 7 days post-surgery. K–L Relative protein expression 
of HMGB1 and TLR4. ***p < 0.001, **p < 0.01, *p < 0.05
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staining revealed significant cell death in the cortex follow-
ing FeCl2 injection, which was alleviated by CCX treatment 
through the inhibition of inflammation. Further TEM analy-
sis detected pyroptotic bodies and shortened mitochondria, 
which are key characteristics of pyroptosis and ferroptosis, 
respectively (Li et al. 2020; Shi et al. 2017). Other analyses 
confirmed the activation of the caspase-1–mediated clas-
sical pyroptotic pathway and the depletion of GPX4 and 
xCT in the FeCl2-induced seizure model. Collectively, we 
concluded that after FeCl2 injection, multiple forms of cell 
death occur, and the anti-inflammatory and protective effects 
of CCX are primarily mediated through the inhibition of 
pyroptosis. Notably, the significantly increased recruitment 
and proliferation of astrocytes in the hippocampus were sim-
ilar to that observed in the frontal cortex following FeCl2 
injection, implying the occurrence of similar inflammatory 

processes in the hippocampus. However, we did not observe 
significant cell death or upregulation of inflammatory fac-
tors in the hippocampus, contradicting findings reported in 
chronic epilepsy models (Irrera et al. 2020; Nathalie et al. 
2021; Sun et al. 2020). The discrepancy might be attributa-
ble to distinct inflammatory mechanisms in the hippocampus 
relative to the frontal cortex during the early stages of injury 
(Magid-Bernstein et al. 2022). It can also be speculated that 
late-onset epileptic seizures or temporal lobe epilepsy are 
not driven by inflammation alone.

The HMGB1/TLR4 axis, functioning as both a chemo-
tactic pathway and pro-inflammatory mediator, activates 
pyroptosis, induces tissue damage (Sun et al. 2020; Tang 
et al. 2023), and promotes the transcription and expression 
of inflammasomes (Fig. 11). Previous molecular docking 
studies found that multiple compounds can directly bind 

Fig. 11   Crosstalk among glial cells, pyroptosis, ferroptosis, and the HMGB1/TLR4 axis
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to HMGB1 (Alzokaky et al. 2023; Gao et al. 2022; Trip-
athi et al. 2019). Our results revealed that CCX exerts its 
pharmacological effects by directly binding to HMGB1. 
We further confirmed that CCX significantly suppresses the 
HMGB1/TLR4 axis in the frontal cortex in FeCl2-injected 
rats. These results support that CCX reduces pyroptosis and 
inflammation by inhibiting the HMGB1/TLR4 axis. Interest-
ingly, we also observed an asymmetric pattern of HMGB1 
expression in the hippocampus. Based on the finding that 
HMGB1 is involved in the migration of hippocampal micro-
glia (Chen et al. 2022b; Wang et al. 2020), we speculated 
that this asymmetric pattern is related to microglial migra-
tion from the hippocampus to the frontal cortex. The signifi-
cant microglial migration from the ipsilateral hippocampus 
leads to a decrease in HMGB1 expression, whereas on the 
contralateral side, the proliferation of astrocytes induces 
the upregulation of HMGB1 despite minimal microglial 
migration. This finding further suggests that the inflam-
matory mechanisms in the hippocampus differ from those 
in the frontal cortex in this model. These findings suggest 
that HMGB1 both participates in FeCl2-induced epilepsy 
by regulating inflammation and influences the onset and 
progression of epilepsy by modulating glial cell behavior. 
CCX, by inhibiting the HMGB1/TLR4 axis, alleviates cell 
pyroptosis and glial cell activation and proliferation, ulti-
mately inhibiting inflammation and exerting protective and 
ante-epileptic effects.

Although the results of our study are promising, sev-
eral limitations should be acknowledged. First, continuous 
monitoring of rat seizures using electroencephalograms 
was not performed because of equipment constraints. Sec-
ond, the specificity of HMGB1 agonists and inhibitors in 
rats remains suboptimal, preventing a further investigation 
of the relationship between the HMGB1/TLR4 axis and 
pyroptosis. To address these limitations, future studies will 
involve cell culture experiments and the construction of a 
pyroptosis model, in which the expression of HMGB1 will 
be controlled via plasmid transfection. Furthermore, the 
abnormal reduction of HMGB1 expression in the ipsilateral 
hippocampus, accompanied by microglial migration to the 
cortex, warrants further exploration to determine whether 
hippocampal HMGB1 is primarily secreted by microglia. 
Third, future work should include co-localization analyses of 
pyroptosis markers with cell type-specific markers (NeuN, 
Iba1, GFAP) to identify the predominant cell populations 
undergoing pyroptosis. Lastly, the classical NF-κB activa-
tion pathway involves degradation of IκB and nuclear trans-
location of its subunit p65/RelA, and these processes are 
essential for transcriptional regulation. In this study, we did 
not directly assess p65 localization, and further experiments 
(e.g., WB) are required to validate NF-κB activation. Addi-
tionally, inflammasome activation causes ASC to form large, 
insoluble oligomers, detectable as high-molecular weight 

bands on WB. Our study did not evaluate ASC oligomeri-
zation, and future experiments are needed to confirm these 
molecular changes in addition to the soluble monomer band.

Conclusions

Our study demonstrated that the HMGB1/TLR4 pathway 
plays an important role in FeCl2-induced epilepsy in rats. 
CCX mitigates the severity of epilepsy and associated injury 
by suppressing this axis. These findings suggest that during 
the early stages of injury, ferroptotic cells release HMGB1, 
which activates microglia and induces inflammation, leading 
to pyroptosis. CCX inhibits this process by downregulating 
HMGB1, thereby inhibiting pyroptosis and alleviating the 
severity of injury and seizures.
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