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Purpose: Sturge-Weber syndrome (SWS), a rare congenital neurological and skin disorder, is frequently associated with drug- 
resistant epilepsy. Translocation of high mobility group box 1 (HMGB1) protein from the nucleus to the cytoplasm or extracellular 
milieu has been implicated in neuroinflammatory processes contributing to the development of epileptogenesis. This study aimed to 
explore the expression and distribution of HMGB1 in brain tissue from SWS patients with drug-resistant epilepsy, with the goal of 
elucidating its potential involvement in the pathogenesis of epilepsy.
Patients and Methods: The study enrolled eight patients with drug-resistant epilepsy who underwent hemispherectomy. Brain tissue 
specimens were obtained and analyzed using immunofluorescence staining to detect HMGB1 distribution in microglia, astrocytes, or 
different neuronal subtypes. Correlation analyses were performed to investigate the potential relationship between HMGB1 transloca-
tion within cells and the clinical characteristics of SWS patients.
Results: In lesional tissues of SWS patients, we observed significantly higher cytoplasmic HMGB1 levels. Meanwhile, HMGB1 was 
widely distributed in the cytoplasm of microglia and neurons, while in astrocytes, it was primarily localized in the nucleus. This 
translocation occurred across many neuronal subtypes, including excitatory glutamatergic, inhibitory GABAergic, and cholinergic 
neurons. The lower proportion of HMGB1-translocated cholinergic neurons was seen compared to the other two neuronal subtypes. 
Furthermore, no correlation was found between cytoplasmic HMGB1 levels and clinical characteristics of SWS patients.
Conclusion: The results suggest the involvement of HMGB1 in the pathogenesis of drug-resistant epilepsy in SWS patients. 
Additional research is required to elucidate the precise mechanisms and potential therapeutic targets associated with HMGB1 that 
underlie the epilepsy linked to SWS.
Keywords: high mobility group box 1, translocation, Sturge Weber syndrome, drug-resistant epilepsy, cell subtype

Introduction
Sturge‒Weber syndrome (SWS) is a rare congenital neurocutaneous disorder, with an incidence ranging approximately 
from 0.19 to 3.08 per 100,000 people individuals annually across different regions.1 The typical clinical features of SWS 
encompass port-wine stains associated with cutaneous capillary or venous malformations, central nervous system 
abnormalities associated with leptomeningeal vascular malformations, and ocular abnormalities, including glaucoma 
and choroidal venous malformations.2–5 Among these, abnormalities of the central nervous system often manifest, and 
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epilepsy is a common manifestation. More than 80% of patients with SWS are reported to experience concurrent 
epilepsy,6–8 and approximately 50% of these individuals develop drug-resistant epilepsy.9–11

Recently, considerable attention has been directed toward the potential pathogenic role of the High Mobility Group 
Box 1 (HMGB1) protein in the neuroinflammatory hypothesis of epileptogenesis.12,13 HMGB1, a highly conserved 215 
amino acid protein with an affinity for DNA binding, plays a pivotal role in inflammation.14–16 Under physiological 
conditions, HMGB1 predominantly resides in the nucleus of most cells, where it is involved in DNA replication, repair, 
recombination, transcription, and genomic stability.17,18 However, under pathological conditions, HMGB1 is translocated 
from the nucleus to the cytoplasm or extracellular milieu.19,20 Upon relocation, HMGB1 interacts with various receptors, 
initiating the upregulation of cytokines released by pro-inflammatory cells, which in turn contributes to the development 
of drug-resistant epilepsy.15,16,20–24

The pro-inflammatory cascades triggered by HMGB1 may result in an imbalance between neuronal excitability and 
inhibition. Previous studies have suggested that HMGB1 contributes to neuronal excitotoxicity and may affect neuro-
transmitters dynamics, implicating its role in the pathogenesis of epilepsy.25–28 In the present study, we explored the 
expression and distribution of HMGB1 in abnormal brain tissues and the peripheral zone of lesion in SWS patients with 
drug-resistant epilepsy. A thorough investigation into the distribution of HMGB1 among various subtypes of glial cells 
and neurons, including excitatory, inhibitory, and cholinergic neurons, was conducted to delineate HMGB1’s differential 
impacts across these cell types. Furthermore, correlation analyses were undertaken to explore the potential association 
between HMGB1 translocation and the clinical manifestations of SWS patients, thereby providing novel insights and 
evidence towards elucidating the pathogenesis of drug-resistant epilepsy in SWS.

Material and Methods
Inclusion and Exclusion Criteria
This study was a retrospective analysis of patients with SWS complicated by epilepsy treated with focal resection 
between January 2020 and April 2022 at SanBo Brain Hospital of Capital Medical University (Beijing, China). All study 
procedures were performed in accordance with the guidelines outlined in the World Medical Association Code of Ethics, 
known as the Declaration of Helsinki. The study was approved by Ethics Committee of Sanbo Brain Hospital of Capital 
Medical University, and written informed consent was obtained from patient proxies. Patient proxies each agreed to the 
procedure and consented to the anonymous use of patient data for the purposes of the study. The investigators recorded 
clinical characteristics, including sex, the presence of facial hemangiomas, the presence of soft meningeal hemangiomas, 
and the presence of glaucoma. Various characteristics of epilepsy were also recorded, including the time of the first 
seizure, seizure type, seizure frequency, and location of epileptiform discharges observed on video electroencephalogram 
(VEEG).

Similar to our previous studies,2 for inclusion in the study, these patients were required to meet the following 
indications for surgery: (1) Patients met the clinical diagnosis of SWS, ie, imaging-confirmed soft meningeal heman-
gioma, often with typical imaging manifestations such as brain atrophy and foci of calcification, with or without typical 
clinical manifestations such as facial vascular nevus, glaucoma, cognitive developmental abnormalities, motor dysfunc-
tion, and postoperative pathology to aid in further confirmation of the diagnosis. (2) Patients were diagnosed with 
epilepsy by at least two experienced neurologists according to the International League Against Epilepsy 2017 
classification. These patients had drug-resistant epilepsy, which is defined as failure to achieve sustained seizure freedom 
despite regular use of at least two antiepileptic drugs for 6 months. These patients also had motor deficits or cognitive 
decline. (3) The area at which surgery was scheduled to be performed could be determined by a detailed preoperative 
evaluation, such as a specific discharge site on VEEG and a clear lesion site on cranial MRI.

Exclusion criteria for this study were as follows: (1) the presence of a significant psychiatric disorder (eg, major 
depression or schizophrenia) prior to admission; (2) a clear history of central nervous system disease (eg, cerebral 
ischemia, cerebral hemorrhage, etc).; and (3) the presence of contraindications to anesthesia or surgery, such as severe 
underlying disease or other systemic disease (eg, severe diabetes mellitus, heart failure, etc).
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Assessment
At least two independent and experienced neurologists were available for evaluation at the time of admission. 
Radiologically, each patient underwent a CT scan (2 mm, axial, Philips) and an MRI scan (1.5 T, Siemens or 3.0 T, 
GE). Each patient also underwent a minimum of 16 hours of 64-channel interictal and interictal scalp VEEG. In addition, 
all patients underwent assessments of cognitive function. Patients younger than 6 years of age were administered the 
Denver Developmental Screening Test-II. The results of this test were classified into three categories: “abnormal”, 
lagging behind peers in any area; “doubtful”, suspected abnormality in some areas; and normal, no abnormality in any 
area. Both “abnormal“ and ”doubtful” were considered to be cognitive decline. For individuals who are six years of age 
or older, the intelligence quotient (IQ) was evaluated using the Wechsler Children Intelligence Scale-IV (for individuals 
under the age of 16). Motor function was assessed by a professional neurologist on the basis of muscle strength, muscle 
tone, joint mobility, balance, coordination, and gait evaluations in neurological examinations.

Based on the different clinical presentations of SWS patients, SWS was classified as follows: type I patients had facial 
and soft meningeal hemangiomas, type II patients had isolated facial hemangiomas (without CNS involvement), and type 
III patients had isolated soft meningeal hemangiomas.3

Neurologists and neurosurgeons assessed epilepsy primarily through coordination and gait evaluations in neurological 
examinations.gh history, EEG findings, and clinical presentation. The experts based their diagnosis on the epilepsy 
classification scheme published by the International League Against Epilepsy (ILAE) in 2017, in which mainly seizure 
type and epilepsy type are recorded. In this study, the epilepsy of the patient for 3 months prior to admission was used as 
the baseline for observation. Assessment at admission was performed according to the patient’s condition.

Tissue Preparation
The surgical approach was determined based on the region of brain tissue affected, as detailed in our previous study.2 

Tissue specimens were collected from the excised area, including from both the SWS lesion (SWS group) and the 
surrounding peri-lesion tissue (peri-SWS group), with each sample measuring 1 cubic centimeter. A portion of the tissue 
was stored at −80°C for protein extraction for Western Blot analysis. Another portion was fixed in 4% buffered formalin, 
processed into paraffin blocks, sectioned at 4 μm thickness, mounted on pre-coated glass slides, preparing them for 
immunohistochemical and immunofluorescence staining.

Western Blotting
Western blotting was performed to assess the expression levels of target proteins in total and cytoplasmic extracts from 
tissue samples. Total proteins were extracted using RIPA lysis buffer containing protease inhibitors, whereas cytoplasmic 
proteins were isolated with a Nuclear-Cytosol Extraction Kit (P1200, APPLYGEN). Protein concentrations were 
determined using a BCA Protein Assay Kit. Equal amounts of protein were resolved on 12.5% SDS-PAGE gels and 
transferred to PVDF membranes. Membranes were blocked with 5% nonfat milk for 1.5 hours at room temperature, 
followed by overnight incubation at 4°C with specific primary antibodies, such as anti-beta actin (mouse monoclonal, 
#3700, CST) and anti-HMGB1 (mouse monoclonal, ab190377, Abcam), each at a 1:1,000 dilution, with beta actin 
serving as the loading control. The next day, membranes were incubated with HRP-conjugated secondary antibodies for 
2 hours at room temperature. Protein bands were visualized using enhanced chemiluminescence. All experiments were 
independently performed three times to ensure reproducibility.

Immunofluorescence Staining
The obtained sections, after dewaxing to water, were subjected to antigen retrieval using citrate buffer (pH 6.0). The 
tissue sections were then blocked with 5% normal goat serum at room temperature for 1.5 hours. Afterward, sections 
were incubated overnight at 4°C with primary antibodies to the following proteins: HMGB1 (rabbit monoclonal, 1:400, 
ab79823, Abcam; mouse monoclonal, 1:200, ab190377, Abcam), Iba1 (mouse monoclonal, 1:300, MABN92, Millipore), 
GFAP (mouse monoclonal, 1:500, ab4648, Abcam), NeuN (mouse monoclonal, 1:400, ab104224, Abcam), CAMKIIa 
(mouse monoclonal, 1:300, ab22609, Abcam), CHAT (rabbit monoclonal, 1:300, ab178850, Abcam) and GAD65 
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+GAD67 (rabbit monoclonal, 1:400, ab183999, Abcam). The next day, sections were incubated with Alexa Fluor 594 
and Alexa Fluor 488 (anti-rabbit IgG or anti-mouse IgG; 1:200) for 2 hours at room temperature, then restained with 
DAPI for 2 minutes and covered with glass coverslips. Stained sections were observed using both a fluorescence 
microscope and a confocal fluorescence microscope. For each patient, 3–4 slices were analyzed, and from each slice, 
5 high-magnification fields of view were randomly selected, resulting in a total of 15–20 fields per patient. HMGB1- 
positive cells, defined as cells showing HMGB1 translocation to the cytoplasm, were identified among different cell types 
(microglial cells, astrocytes, neurons, and specific neuronal subtypes). The percentage of these HMGB1-positive cells 
was calculated, ensuring that only cells with visible nuclei in the images were analyzed.

Statistical Analysis
Western Blotting band intensities and Immunofluorescence cell counts were analyzed using ImageJ, with continuous 
variables expressed as mean ± SD after testing for normality and homogeneity of variance. Paired-sample t-tests 
compared HMGB1 expression and translocation in SWS lesioned versus peri-lesional tissues, and Spearman correlation 
assessed relationships between cytoplasmic HMGB1 expression levels and clinical variables. All analyses were con-
ducted using SPSS (version 26), considering P < 0.05 as statistically significant, and figures were generated with 
GraphPad PRISM (version 8).

Results
Baseline Characteristics
Eight patients (5 males and 3 females, mean age 41.500 ± 30.509 months) were included in this study. All patients were 
diagnosed with SWS by more than two neuroscientists, all had concurrent epilepsy, and all underwent hemispherectomy. 
Their mean age at first seizure was 15.125 ± 25.941 months, and the mean epilepsy history duration was 26.375 ± 25.404 
months. The baseline characteristics and clinical presentation of these patients are shown in Table 1. All patients 
presented with focal epilepsy on EEG testing. All patients had leptomeningeal angiomas, while 62.5% (5/8) had clinical 
manifestations of facial hemangioma, meaning that 5 patients had type I SWS and 3 patients had type II SWS. In this 
study, the hemangiomas of type I patients were ipsilateral. Notably, one patient had bilateral hemangiomas. To further 
control variables and ensure consistency, we specifically selected the temporal and parietal lobes lesion tissue from each 
patient for our relevant studies and discussions. Regarding other characteristic clinical manifestations, 62.5% (5/8) of the 
patients had glaucoma, 62.5% (5/8) demonstrated cognitive decline, and 62.5% (5/8) had motor deficits.

Expression of HMGB1 in SWS Patients
HMGB1 levels in total protein showed no significant difference between lesional and perilesional tissues in SWS patients 
(t = −0.351, p = 0.736; Figure 1B). This suggests that the overall expression of HMGB1 remains consistent between 
these regions. However, in cytoplasmic protein, HMGB1 levels were markedly elevated in lesional tissue compared to 
the perilesional area (t = −3.395, p = 0.012; Figure 1D). This increase in cytoplasmic HMGB1 suggests a nuclear-to- 
cytoplasmic translocation of HMGB1 in lesional cells.

Distribution of HMGB1 in Glial Cells in SWS Patients
HMGB1 was commonly detected in microglia (Figure 2). HMGB1 was detected in the nuclei of all microglia. In the 
SWS group of patients, HMGB1 was also distributed in the cytoplasm of microglia. However, little cytoplasmic staining 
of HMGB1 was observed in the microglia of the control group. That is, an increased proportion of HMGB1-translocated 
microglia was observed in SWS patients (t=11.26, p < 0.0001; Figure 2Q). In addition, a significant increase in the 
number of microglia was observed in the SWS group (t = 8.342, p < 0.0001; Figure 2R). In contrast, in astrocytes, 
HMGB1 was predominantly localized in the nuclei, with no significant distribution in the cytoplasm, regardless of 
whether it was in lesional or perilesional tissue.
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Table 1 Clinical Information of SWS Patients with Epilepsy

Patient No. 1 2 3 4 5 6 7 8

Gender Female Male Female Female Male Male Female Female

Time of first seizure(months) 5 7 7 2 10 79 3 8

Seizure history(months) 25 47 79 6 24 6 18 6

Seizure type Focal Focal Focal Focal Focal Focal Focal Focal

Seizure frequency 2/month 1/month 2/month >10/week 0–1/month 1/month 2–3/week >10/week

Antiepileptic drugs LEV, TPM LEV, LCM, PER, VPA LEV, CZP, OXC,VPA OXC, LCM TPM, OXC, VPA OXC, TPM, VPA LEV, VPA LEV, LTG, CBZ

Facial angiomas Left / Both / Right Left / Left

Leptomeningeal angiomas Left Right Both Left Right Left Right Left

Lesion area FTP TP TP TPO FTPO TPO TP FTP

Type I III I III I I III I

Glaucoma – + + + – + – +

Cognitive decline + – + + + – + –

Motor deficits + + – – – + + +

Abbreviations: LEV, Levetiracetam; TPM, Topiramate; LCM, Lacosamide; PER, Perampanel; VPA, Valproate; LTG, Lamotrigine; CBZ, Carbamazepine; FTP, Fronto-Temporal-Parietal Lobes; TP, Temporal-Parietal Lobes; TPO, Temporo- 
Parietal-Occipital Lobes; FTPO, Fronto-Temporal-Parietal-Occipital Lobes; (+), present; (-), absent.
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Distribution of HMGB1 in Cortical Neurons of SWS Patients
HMGB1 was ubiquitously detected in neurons in the cerebral cortex of SWS patients (Figure 3). HMGB1 was mainly 
localized in the nuclei of neurons in the control group. However, a widespread distribution of HMGB1 was observed in 
both the nuclei and the cytoplasm of neurons in the cortical tissue of SWS patients. The proportion of HMGB1- 
translocated neurons was increased significantly in the SWS group compared with that in the peri-SWS group (t=15.97, 
p < 0.0001, Figure 3I).

Distribution of HMGB1 in Different Subtypes of Neurons of SWS Patients
HMGB1 was detected in all three subtypes of neurons in the cortex of SWS patients (Figures 4–6). Significant 
translocation of HMGB1 from the nucleus to the cytoplasm was observed in the abnormal brain tissues of SWS patients, 
while little HMGB1-translocated cytoplasm of neurons was observed in the perilesional tissue. Additionally, the 

Figure 1 Protein expression of HMGB1 in brain tissue of SWS patients. (A) Western blot results showing the total HMGB1 content in SWS lesion tissue and perilesional 
(peri-SWS) tissue. (B) Bar graph comparing the total HMGB1 levels between SWS lesion and peri-SWS tissues, revealing no significant difference. (C) Western blot results 
depicting the HMGB1 content specifically in the cytoplasmic fraction of SWS lesion tissue and peri-SWS tissue. (D) Bar graph illustrating the quantification of cytoplasmic 
HMGB1 levels, which were significantly higher in the lesion area compared to the perilesional tissue. Beta-actin was used as a loading control. (*P <0.05).
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Figure 2 The expression and distribution of HMGB1 in glial cells of SWS lesions and perilesional tissue. HMGB1 immunoreactivity (green) was detected in glial cells, 
visualized by the glial marker Iba1 (red) (A–D) in SWS lesion tissue (as indicated by arrows in c, d) but not in perilesional tissue (E–H). In astrocytes, HMGB1 was 
predominantly localized in the nucleus (I–P, as indicated by arrows in k and I). The proportion of HMGB1-translocated glial cells was significantly higher in the SWS group 
than in the perilesional group (Q). The proportion of glial cells (ie, nuclei of Iba1-positive cells as a percentage of all nuclei) was significantly increased in SWS lesion tissue 
(R). (****P <0.0001).

Figure 3 The expression and distribution of HMGB1 in neurons of SWS lesions and perilesional tissue. HMGB1 immunoreactivity (green) was detected in neurons, which 
were visualized by the neuronal marker NeuN (red) (A–D) in SWS lesion tissue (as indicated by arrows in c, d) but not in peri-SWS tissue (E–H). The proportion of 
HMGB1-translocated cells was significantly higher in the SWS group than in the peri-SWS group (I). (****P <0.0001).
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proportion of HMGB1-translocated CaMKIIa-positive neurons or CHAT-positive neurons was significantly greater in the 
SWS group than in the peri-SWS group (t = 25.42 or 28.2, p < 0.0001, Figures 4I or 5I). The proportion of HMGB1- 
translocated GABAergic neurons was also increased significantly (t=27.19, p < 0.0001, Figure 6I).

Furthermore, we explored the difference in the proportion of HMGB1 immunoreactive cells among different subtypes 
of neurons for each individual. The results showed that there was no significant difference in the HMGB1-translocated 
proportion of excitatory versus inhibitory neurons in any patient (t=−0.29, p=0.773). However, the proportion of 
HMGB1-translocated cholinergic neurons was smaller than that of excitatory or inhibitory neurons (t=2.96 or t=3.78, 
p=<0.05).

Figure 5 The expression and distribution of HMGB1 in cholinergic neurons of SWS lesions and perilesional tissue. HMGB1 immunoreactivity (green) was detected in 
neurons visualized by the cholinergic neuronal marker CHAT (red) (A–D) in SWS lesion tissue (as indicated by arrows in c, d) but not in peri-SWS tissue (E–H). The 
proportion of HMGB1-translocated cells was significantly higher in the SWS group than in the peri-SWS group (I). (****P <0.0001).

Figure 4 The expression and distribution of HMGB1 in excitatory neurons of SWS lesions and perilesional tissue. HMGB1 immunoreactivity (green) was detected in 
neurons visualized by the excitatory neuronal marker CaMKIIa (red) (A–D) in SWS lesion tissue (as indicated by arrows in c, d) but not in peri-SWS tissue (E–H). The 
proportion of HMGB1-translocated cells was significantly higher in the SWS group than in the peri-SWS group (I). (****P <0.0001).
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Correlation Analysis of Cytoplasmic HMGB1 in Lesional Tissues of SWS Patients
To assess whether cytoplasmic HMGB1 expression in lesional tissues correlates with clinical features in Sturge-Weber 
syndrome, we measured relative HMGB1 levels and analyzed their association with clinical variables. Using Spearman 
correlation analysis, we examined correlations between HMGB1 expressions and several clinical variables, including seizure 
history, seizure frequency, presence of facial and leptomeningeal angiomas, glaucoma, cognitive decline, and motor defects. The 
results indicated no significant associations between cytoplasmic HMGB1 expression and these clinical features (seizure history: 
r = 0.317, p > 0.05; seizure frequency: r = 0.352, p > 0.05; facial angiomas: r = 0.456, p > 0.05; leptomeningeal angiomas: 
r = 0.577, p > 0.05; glaucoma: r = −0.394, p > 0.05; cognitive decline: r = 0.218, p > 0.05; motor defects: r = 0.109, p > 0.05).

Discussion
In this study, we have observed that in patients with Sturge-Weber syndrome (SWS), although the total levels of HMGB1 do 
not significantly differ between lesional and perilesional tissues, there is a pronounced increase in cytoplasmic HMGB1 within 
the lesional regions. This finding implies a nuclear-to-cytoplasmic translocation, which could be associated with cellular stress 
or inflammatory responses. Consistently, several reports underscores HMGB1’s pivotal role as a mediator in neuroinflamma-
tory pathways, notably in epilepsy and related disorders.12–14 After relocation, HMGB1 is capable of binding to receptors such 
as those for advanced glycation end products (RAGE) and Toll-like receptor 4 (TLR4). This binding activates signaling 
cascades like the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) and mitogen-activated protein 
(MAP) kinase pathways, leading to the upregulation of cytokines from proinflammatory cells, a process involved in the 
pathogenesis of drug-resistant epilepsy.15,16,20–24 This body of evidence suggests that HMGB1 serves as a proinflammatory 
cytokine, contributing significantly to the pathophysiology of epilepsy.

In our study, we particularly focused on the translocation of HMGB1 from the nucleus due to the diverse array of 
HMGB1 receptors. In the resected abnormal brain tissue of the SWS individuals, HMGB1 was significantly translocated 
in microglia and neurons compared to the relatively normal tissue in the periphery of the lesion. However, this relocation 
was not observed in astrocytes. Interestingly, several studies have reported the discovery of the colocalization of HMGB1 
with GFAP in patients with epilepsy. HMGB1 translocation in astrocytes has been observed in patients with focal cortical 
dysplasia (FCD) and epileptic patients with depression.14,23,29 Astrocytes may play a role in the development of 
epileptogenesis in these patients, as suggested by these researchers. However, our findings indicate that neurons and 
microglia, rather than astrocytes, are more closely associated with HMGB1-related neuroinflammatory responses in SWS 
patients with drug-resistant epilepsy.

Figure 6 The expression and distribution of HMGB1 in cholinergic neurons of SWS lesions and perilesional tissue. HMGB1 immunoreactivity (green) was detected in 
neurons that were visualized by the cholinergic neuronal marker GAD65+GAD67 (red) (A–D) in SWS lesion tissue (as indicated by arrows in c, d) but not in peri-SWS 
tissue (E–H). The proportion of HMGB1-translocated cells was significantly higher in the SWS group than in the peri-SWS group (I). (****P <0.0001).
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Microglia play a crucial role in neuroinflammation associated with epilepsy.30 They can produce pro-inflammatory 
Microglia can produce pro-inflammatory mediators early in the onset of epilepsy, well before morphological cell activation 
is detectable.31 Previous animal experiments have proven that these pro-inflammatory molecules lower the seizure threshold, 
and the intensity of the expression correlates with seizure frequency.32–34 In the present experiment, there was an elevated 
number of microglia in the lesional tissues of SWS patients. Additionally, there was a significant increase in the number of 
HMGB1-translocated microglia, which to some extent can reflect their role in neuroinflammation in SWS.

Neuronal excitation/inhibition imbalance is a known cause of seizures.35 However, the previous studies did not 
determine the relocation of HMGB1 in different subtypes of neurons. Therefore, we further examined the distribution of 
HMGB1 in several subtypes of neurons, including glutamatergic neurons (positive for CaMKIIa), GABAergic neurons 
(positive for GAD65+GAD67), and cholinergic neurons (positive for ChAT), in SWS patients. In the excised lesion brain 
tissue of SWS patients, all types of neurons, including excitatory glutamatergic neurons, inhibitory GABAergic neurons, 
and cholinergic neurons, were HMGB1-translocated cells, demonstrating HMGB1 translocation. There was no difference 
in the proportion of cells with HMGB1 translocation between excitatory and inhibitory neurons. Therefore, we speculate 
that there may be a cell-selective activation process downstream of the HMGB1-related pathway, that requires further 
exploration in a progressive study. Furthermore, the number of excitatory neurons in the cerebral cortex exceeds that of 
inhibitory neurons, which may contribute to the heightened neuronal excitatory activity during epileptogenesis. However, 
the precise function of these neuron subtypes in the context of neuroinflammation requires further investigation.

Abnormalities in the functioning of the cholinergic system play a crucial role in the modulation of epilepsy, in 
addition to the influence of excitatory and inhibitory neurotransmitters on epileptogenesis.36,37 We detected the relocation 
of HMGB1 in cholinergic neurons. However, the proportion of HMGB1-translocated cholinergic neurons was lower than 
that in the other two subtypes of neurons. The cholinergic anti-inflammatory pathway (CAP) is a neural- 
immunomodulatory pathway. When stimulated by immune signals, the efferent vagus nerve releases acetylcholine, 
which binds to α7 nicotinic acetylcholine receptors. This regulates immune cell function and inhibits inflammatory 
responses. The CAP helps regulate the body’s immune response to inflammation through acetylcholine. ACh, which is 
released by cholinergic neurons can regulate immune function in an autocrine/paracrine manner by acting on its 
receptors.38 From this, we propose that cholinergic neurons may be involved in epileptogenesis in SWS patients and 
have a lower proportion of HMGB1-translocated cells due to the CAP.

An increasing body of research suggests that HMGB1 may serve as a potential biomarker for epilepsy. Several studies 
have indicated elevated levels of HMGB1 in the serum and cerebrospinal fluid of epilepsy patients.39,40 Notably, some 
researchers have also identified a correlation between HMGB1 levels and the severity of epilepsy.39,41 However, in our 
study, we did not observe a significant association between the relative expression of translocated HMGB1 and the clinical 
characteristics of patients with SWS. This discrepancy might be attributed to the limited sample size and the cross-sectional 
nature of our study, which may not adequately capture the dynamic changes in HMGB1 distribution throughout the course 
of epilepsy. Given the experimental constraints, further research utilizing larger, well-characterized cohorts is necessary to 
clarify the role of HMGB1 in the pathophysiology and clinical progression of epilepsy in SWS patients.

Conclusion
The objective of this study was to investigate the expression and distribution of HMGB1 in abnormal brain tissues and 
perilesional areas in individuals with drug-resistant epilepsy and Sturge-Weber Syndrome. Our findings indicate an 
augmented presence of HMGB1-translocated cells, predominantly in microglia and neurons, but not in astrocytes. 
Notably, HMGB1 translocation was evident across various neuronal subtypes, encompassing excitatory glutamatergic, 
inhibitory GABAergic, and cholinergic neurons. There was no significant difference in the proportions of HMGB1- 
translocated cells between excitatory and inhibitory neurons, but both were higher than in cholinergic neurons. Building 
upon our findings and previous studies, we hypothesize that the translocation of HMGB1 from the nucleus to the 
cytoplasm is likely to be involved in the onset and development of drug-resistant epilepsy in SWS patients. In future 
studies, we will further explore the relationship between HMGB1 and epilepsy in SWS patients.
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