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Abstract

Background
High mobility group box-1 (HMGB1) is an endogenous danger signal that mediates activation of the
innate immune response including NLR pyrin domain containing 3 (NLRP3) in�ammasome activation
and pro-in�ammatory cytokine release. Although HMGB1 and NLRP3 have been implicated in the
pathophysiology of seizures, the correlation between HMGB1 and NLRP3 has not been determined in
children with febrile seizures (FS). To explore the relationship between extra-cellular HMGB1 and NLRP3
in children with FS, we analyzed serum HMGB1, NLRP3, Capase-1, and pro-in�ammatory cytokines of
patients with FS.

Methods
Thirty FS children and thirty age-matched febrile controls were included in this study. Blood was obtained
from the FS children within 1 hour of the time of the seizure; subsequently, the content of HMGB1, NLRP3,
Capase-1, interleukin (IL)-1β, interleukin (IL)-6, and tumor necrosis factor-α (TNF-α) were determined by
enzyme-linked immunosorbent assay. The Mann-Whitney U test was used to compare serum cytokine
levels between FS patients and controls. The Spearman’s rank correlation coe�cient was calculated to
detect signi�cant correlations between cytokine levels.

Results
Serum levels of HMGB1, NLRP3, Capase-1, IL-1β, IL-6, and TNF-α were signi�cantly higher in FS patients
than febrile controls (p < 0.05). Serum levels of HMGB1 were signi�cantly correlated with levels of NLRP3
and Capase-1 (both, p < 0.05). Serum levels of Capase-1 were signi�cantly correlated with levels of IL-1β
(p < 0.05). Serum levels of IL-1β were signi�cantly correlated with levels of IL-6 and TNF-α (p < 0.05).

Conclusions
HMGB1 are up-regulated in peripheral serum of FS patients, what may be responsible, at least in part, for
the increased expression of NLRP3 and Caspase-1. Increased expression of Capase-1 was signi�cantly
associated with elevated serum levels of and IL-1β. Given that activated Caspase-1 directly regulates the
expression of mature IL-1β and positively correlates with activation of NLRP3 in�ammasome, our data
suggest that increased levels of peripheral HMGB1 possibly mediate IL-1β secretion through the
activation of NLRP3 in�ammasome in children with FS. Thus, both HMGB1 and NLRP3 might be the
potential target for preventing or limiting FS.

Background
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Febrile seizures (FS) are the most common type of convulsions in infants or children typically 6 months
to 5 years of age in association with a fever more than 100.4°F (38°C), who have no evidence of any
central nervous system infection or metabolic disturbance. Its overall prevalence in children is
approximately at 2%-14% worldwide [1]. Though single short FS (generalized seizures lasting < 15 min)
are generally benign, prolonged FS (pFS) (FS lasting > 15 min) are more likely to develop into temporal
lobe epilepsy (TLE) later in life [2–6]. Retrospective studies have shown that 30%-60% of patients with
TLE have a history of pFS [7]. Therefore, understanding the pathogenesis of FS is clinically important,
because, if it associate with subsequent epilepsy, then predictive biomarkers and preventive therapies
might be feasible.

The high mobility group box 1 (HMGB1) is a highly conserved, ubiquitously expressed non-histone DNA-
binding protein presenting in eukaryotic cells, which functions in stabilizing nucleosome and regulating
gene transcription [8]. Previous studies revealed increased expression levels of serum HMGB1 in FS
patients [9–11]. Ito et al. found that HMGB1 enhances hypothermia induced seizures and contributes to
FS pathogenesis and plays an important role in the acquired epileptogenesis of secondary epilepsy
associated with pFS [12], indicating that HMGB1 network contribute to the generation of FS in children.
Furthermore, Choi and colleagues found that increased expression of HMGB1 was associated with
elevated serum levels of interleukin (IL)-1β in children who had FS [11]. Yang and colleagues found that
increased expression levels of HMGB1 and toll-like receptor (TLR) 4 showed a positive correlation with
the elevated serum levels of tumor necrosis factor-α (TNF-α) and IL-1β in a rat model and in children with
TLE [13]. Taken together, the data above indicate a correlation between HMGB1 and IL-1β. However, the
nature of the links between HMGB1 and IL-1β has not been clari�ed in FS children.

The role of HMGB1 and IL-1β in generating and perpetuating seizures is well documented [14].
Physiologically, HMGB1 fundamentally resides in the nucleus translocates to the cytosol under stress
conditions and is subsequently released into the extracellular [15]. Once released into the extracellular
space, HMGB1 protein serves as a typical alarmin or damage associated molecular patterns (DAMPs)
that binds to cell membrane pattern recognition receptors (PRRs), including TLR2, TLR4 and the receptor
for advanced glycation end products (RAGE) predominantly expressed by activated monocytes,
macrophages, T-lymphocytes in plasma, as well as microglia in the central nervous system [16].
Activation of TLR2 and TLR4 recruits MyD88 to activate several mitogen-activated protein kinases
(MAPKs) that activate the downstream transcription factor nuclear factor kappa B (NF-κB). An activated
NF-κB moves into the nucleus and promotes the formation of NOD-like receptor family pyrin domain
containing 3 (NLRP3) in�ammasome, thus enhancing the releasing of pro-in�ammatory cytokine IL-1β
[17–19]. Therefore, it was speculated that the extracellular HMGB1-activatied NLRP3 in�ammasome
possibly mediates IL-1β secretion in children with FS.

Given the correlation between HMGB1 and NLRP3 in�ammasome, the aim of the current study was to
investigate whether HMGB1-induced activation of NLRP3 in�ammasome contributes to generation of FS
by evaluating protein expression levels of HMGB1, NLRP3, Caspase-1, IL-1β, IL-6, and TNF-α in peripheral
serum of FS patients.
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Methods

Participants
A total of 30 FS patients (aged 6 months to 5 years) who visited to the department of pediatrics or
emergency department of A�liated Foshan Maternity and Child Healthcare Hospital, Southern Medical
University from January 2019 and April 2020 were included in this study (Table 1). All individuals enrolled
were unrelated ethnic Han Chinese who lived in southern China. None of the biological grandparents of
the participants were from other ethnicities. Peripheral blood was obtained from patients within 1h of the
time of seizure, and serum was immediately separated and frozen for subsequent cytokine assay. Patient
inclusion criteria were age between 6 months and 5 years, body temperature ≥ 38.5°C, and patients with
conditions known or suspected to cause seizures without fever were systematically excluded as our
previous report [20].

Table 1
Clinical �ndings of febrile seizures and control children.

Variables Febrile seizures

(N = 30)

Febrile controls

(N = 30)

P Value

Male/Female 20/10 16/14 0.292

Age (months)a 22.67 ± 11.08 28.33 ± 16.85 0.129

Severity of temperature (℃) a 39.16 ± 0.50 38.95 ± 0.61 0.216

C-reactive protein (mg/l)a 5.50 ± 8.85 6.57 ± 10.58 0.673

Leukocytes (×109/l) 10.65 ± 4.34 10.53 ± 6.57 0.936

Etiology of infection (viral/bacterial) 21/9 24/6 0.371

Duration of seizure      

<5min 22    

5−15min 8    

>15min 0    

a Mean ± Standard deviation.

Clinical data for familial FS history, earlier FS attacks, as well as duration and semiology of FS were
obtained from the patients’ parents. Family history was regarded as positive when FS occurred in �rst-
degree relatives. Laboratory �ndings, including complete blood counts, blood chemistry, and C-reactive
protein, were checked at the time of seizure. Control samples were collected from children with febrile
illness, but without convulsion. Control groups were matched for age and temperature criteria and had no
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convulsions during the febrile illness and no known history of previous FS. Thirty controls were included
in the �nal analysis. Control blood serum was collected and frozen as above. A diagnosis of FS was
determined according to the International Classi�cation of Diseases; Ninth Revision (ICD-9) codes (ICD-9
780.31, 780.32). All patients were followed up for more than 1 year.

The study was approved by the Ethics Committee of A�liated Foshan Maternity  Child Healthcare
Hospital, Southern Medical University (Approved number: FSFY-MEC-2018-016). All experiments and
methods were performed in accordance with the relevant guidelines and regulations. Informed consent
was obtained from the patient’s legal guardians.

Cytokines Measurement
Four milliliters of blood was taken from the peripheral vessels of children in all the groups, and serum
was obtained by centrifugation at 4000 rpm for 5 min at 4℃. The serum was then poured into acid-
washed tubes and stored in a refrigerator at -80℃ until assay. Serum levels of HMGB1, NLRP3, Capase-1,
and pro-in�ammatory cytokines, including, IL-1β, IL-6, and TNF-a, were examined for FS patients and
febrile controls using commercial enzyme-linked immunosorbent assay kits according to the
manufacturer’s instructions (Cusabio Biotech, Wuhan, China).

Statistical analysis
Statistical analyses were performed using SPSS Statistics 19.0 for Windows (SPSS Inc., Chicago, IL,
USA) program. The chi-square test or t-test was used for the comparison of clinical characteristics
between FS patients and the controls. The Mann-Whitney U test was used to compare serum cytokine
levels and laboratory �ndings between FS patients and controls. The Spearman’s rank correlation
coe�cient was calculated to detect signi�cant correlations between cytokine levels. GraphPad Prism
v.7.0 (GraphPad Software Inc., San Diego, CA, USA) was used to perform the above tests. Values are
expressed as means. Statistical signi�cance was de�ned as P < 0.05.

Results
Table 1 shows the comparison of the selected patient’s clinical data. Thirty FS children and 30 age
matched control children with febrile illness without convulsion were included in this study. The mean
age was 22.67 ± 11.08 months in the FS group and 28.33 ± 16.85 months in the febrile control group.
Boys were more prevalent than girls were (respectively, 66.7% vs. 33.3%). All patients had their �rst FS
attack and 73.3% (22/30) patients have duration of seizure < 5 min. There were no statistically signi�cant
differences between the two groups with respect to sex, age, severity of temperature, C-reactive protein,
leukocytes and type of febrile disease (p > 0.05).

When we compared the FS group with the febrile control group, the serum levels of HMGB1 (Fig. 1a, p = 
0.023), NLRP3 (Fig. 1b, p = 0.016), Capase-1 (Fig. 1c, p = 0.001), IL-1β (Fig. 1d, p = 0.007), IL-6 (Fig. 1e, p = 
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0.023), and TNF-α (Fig. 1f, p = 0.026) were signi�cantly higher in the FS group than those in the febrile
controls group (Table 2). Additionally, HMGB1 serum levels were signi�cantly correlated with NLRP3,
Capase-1, and IL-1β (respectively: Fig. 2a, 2b, and 2c; r = 0.814, r = 0.652, and r = 0.675; all p < 0.001).
Capase-1 serum levels were signi�cantly correlated with IL-1β (Fig. 2D, r = 0.589; p < 0.001). Serum IL-1β
levels were signi�cantly correlated with IL-6 and TNF-α levels (respectively: Fig. 2E and 2F; r = 0.564 and r 
= 0.668, both p < 0.001).

Table 2
Comparison of HMGB1, NLRP3, Capase-1, and cytokine levels between the febrile seizures group and

febrile control group.
Variables FS group a (N = 30) Control group a (N = 30) P-Value

HMGB1 (pg/ml) 399.84 (329.69-626.52) 304.56 (240.86-495.16) 0.023*

NLRP3 (pg/ml) 2330.15 (1956.64-3179.77) 1666.14 (1302.69-3231.45) 0.016*

Capase-1 (pg/ml) 2550.69 (1845.07-3560.79) 1504.81 (1134.57-2909.78) 0.001*

IL-1β (pg/ml) 87.90 (75.58-139.83) 65.31 (45.66-142.17) 0.007*

IL-6 (pg/ml) 40.87 (27.15–53.46) 25.06 (16.94–42.56) 0.003*

TNF-α (pg/ml) 181.05 (146.58-239.76) 134.39 (87.23-213.34) 0.026*

FS, febrile seizure; HMGB1, high mobility group box-1; IL-1β, interleukin-1beta; N, number; TNF-α,
tumor necrosis factor α. The P-value is for Mann-Whitney U-test.

a. median (interquartile range);

*indicates a signi�cant difference.

Discussion
In the current study, we evaluated the expression of HMGB1 and NLRP3 in�ammasome alongside
Caspase-1 and IL-1β in FS patients compared with febrile controls. Despite their role in triggering
neuroin�ammatory response, HMGB1 and NLRP3 in�ammasome have been poorly studied in FS. We
con�rmed previous studies of increased HMGB1 and NLRP3 expression in FS [11, 20], reporting increased
expression of NLRP3 was associated with elevated plasma levels of HMGB1 in FS for the �rst time.
Moreover, serum levels of other pro-in�ammatory cytokines, including IL-1β, TNF-α, and IL-6 were
signi�cantly higher among our patients with FS.

Over the past two decades, neuroin�ammatory response and the released pro-in�ammatory cytokines,
including HMGB1, IL-1β, TNF-α, and IL-6, has been implicated in the pathophysiology of FS [11, 21–24].
Of these pro-in�ammatory cytokines, HMGB1 and IL-1β are key initiators of neuroin�ammation
contributing not only to the generation of FS, but also to the epileptogenesis after prolonged FS [12, 13,
25–30]. Experimental studies have shown that increased levels of HMGB1 and IL-1β contribute to chronic
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in�ammation, neuronal excitotoxicity and reduction of seizure threshold [12, 14, 17, 27–29, 31–33].
Moreover, HMGB1 and IL-1β levels are increased in epileptogenic brain tissue [13, 28, 30]. Interestingly, the
levels of HMGB1 was positively correlated with the serum levels of IL-1β in a rat model and in children
with TLE, while HMGB1 treatment of hippocampal neurons induced a signi�cant increase in the levels of
IL-1β [13]. In this study, we showed that patients with FS also display higher circulating (i.e. plasma)
levels of HMGB1 and IL-1β. We also found that increased expression of HMGB1 was associated with
elevated serum levels of IL-1β in peripheral blood after FS in children, indicating that there is a correlation
between HMGB1 and IL-1β in children with FS. However, it was unclear how HMGB1 induce IL-1β.

HMGB1 is a highly conserved, ubiquitously expressed protein and could serve as a representative DAMPs
[33]. DAMPs are pivotal for activation of NLRP3 in�ammasome pathways [34]. Under normal
circumstances, microglia and astrocytes express insu�cient amounts and NLRP3 in�ammasome exist in
an inactive form. When cells are subjected to speci�c stimuli, such as lipopolysaccharide (LPS), NLRP3
in�ammasome can be activated [35]. Assembly and activation of the NLRP3 in�ammasome requires two
functionally distinct steps: ‘priming’ and ‘activation’ [36]. Recent studies have demonstrated that HMGB1
could stimulate increased expression of NLRP3 to a critical level necessary for in�ammasome formation,
thus cause priming process of the NLRP3 in�ammasome via TLR4/NF-κB signaling pathway [37], and
cause sustained activation the NLRP3 in�ammasome [32, 38]. NLRP3 in�ammasome-dependent
Caspase-1 activation is an important pathway related to IL-1β release [39], and has been implicated in the
pathophysiology of neurological diseases, including Parkinson’s disease, Alzheimer’s disease, multiple
sclerosis, and epilepsy [40–42]. In this study, we demonstrated a signi�cant increase expression of
NLRP3 in peripheral blood after FS in children, and a signi�cant correlation between Capase-1 expression
and serum levels of IL-1β, as previously described in our previous study [20]. As expected, we also
observed a positive correlation between HMGB1 and NLRP3, and a positive correlation between HMGB1
and Capase-1. Given that activated Caspase-1 directly regulates the expression of mature IL-1β and
positively correlates with activation of NLRP3 in�ammasome [20], our results suggest that increased
levels of peripheral HMGB1 possibly mediate IL-1β secretion through the activation of NLRP3
in�ammasome in children with FS, and HMGB1/NLRP3 in�ammasome/Caspase-1/IL-1β network may
contribute to the generation of FS in children. Further studies are needed to further verify the mechanism.

In addition to IL-1β and HMGB1, in�ammatory cytokines, including IL-6 and TNF-α, might also have
facilitatory effect on the development of FS [43]. IL-1β can binds to IL-1 receptor type 1 (IL-1R1), a toll
receptor family member, and induces the transcription of various genes that encode several downstream
mediators of in�ammation, including TNF-a and IL-6, via an NF-κB pathway [31, 44]. In this study, we
found that IL-6 and TNF-α serum levels were signi�cantly higher in our FS patients than in febrile children
without seizures, and IL-6 and TNF-α positively correlated with the serum levels of IL-1β in children with
FS. These observations, together with the experimental animal studies that transgenic mice over-
expressing high amounts of IL-6 or TNF-α in astrocytes were reported to increased seizure susceptibility
[45–48], support the possibility that IL-1β is a pluripotent pro-in�ammatory cytokine and the key
interleukin involved in FS pathogenesis.
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Conclusion
In conclusion, our present study showed that HMGB1 are up-regulated in peripheral serum of FS patients,
what may be responsible, at least in part, for the increased expression of NLRP3 and Caspase-1.
Increased expression of Capase-1 was signi�cantly associated with elevated serum levels of and IL-1β.
Our data suggest that increased levels of peripheral HMGB1 possibly mediate IL-1β secretion through the
activation of NLRP3 in�ammasome in peripheral blood after FS. Thus, both HMGB1 and NLRP3
in�ammasome might be the potential target for preventing or limiting FS.

Abbreviations

HMGB1 High mobility group box-1

NLRP3 NLR pyrin domain containing 3

FS febrile seizures

IL-1β interleukin-1β

IL-6 interleukin-6

TNF-α tumor necrosis factor-α

TLE temporal lobe epilepsy

TLR toll-like receptor

DAMPs damage associated molecular patterns

PRRs pattern recognition receptors

RAGE receptor for advanced glycation end products

MAPKs mitogen-activated protein kinases

NF-κB nuclear factor kappa B

LPS lipopolysaccharide

Declarations
Ethics approval and consent to participate The research related to human use has been complied with all
the relevant national regulations, institutional policies and in accordance the tenets of the Helsinki
Declaration, and has been approved by the ethics committee of A�liated Foshan Maternity   Child
Healthcare Hospital, Southern Medical University (Approve number: FSFY-MEC-2018-016).

Written informed consent to participate in this study was provided by the participants' legal guardian.



Page 10/15

Consent for publication This study adhered to the guidelines of the International Committee of Medical
Journal Editors regarding patient consent for research or participation, and all the individuals or legal
guardians undergoing testing consented to their data being used for research.

Data availability The datasets for this article are not publicly available due to concerns regarding
participant/patient anonymity. Requests to access the datasets should be directed to the corresponding
author.

Competing interests The authors declare that the research was conducted in the absence of any
commercial or �nancial relationships that could be construed as a potential con�ict of interest.

Funding This work was supported by Foshan Science and Technology Bureau (Grant Nos.
2018AB000231 and 2020001003419).

Authors' contributions Zhi-Gang Liu contributed to the conception of the study. Xing-Guang Ye and Feng-
Zhi She contributed to the interpretation of clinical data and drafting of the �gures and the manuscript.
Dong-Ni Yu, Li-Qian Wu, and Yan Tang examined the patient and participated in drafting of the
manuscript. Ben-Ze Wu, Shi-Wei Dong, Jie-Min Dai, Xing Zhou, and Zhou-Lian Qin contributed to the
collection and analysis of clinical data. Zhi-Gang Liu provided critical review and substantially revised the
manuscript.

Acknowledgments 

We are deeply grateful to the patients and clinicians who participated in this work.

References
1. Patel N, Ram D, Swiderska N, Mewasingh LD, Newton RW, Offringa M. Febrile seizures. BMJ.

2015;351:h4240.

2. Scott RC. Consequences of febrile seizures in childhood. Curr Opin Pediatr. 2014;26:662–7.

3. Hesdorffer DC, Benn EKT, Bagiella E, Nordli D, Pellock J, Hinton V, et al. Distribution of febrile seizure
duration and associations with development. Ann Neurol. 2011;70:93–100.

4. Weiss EF, Masur D, Shinnar S, Hesdorffer DC, Hinton VJ, Bonner M, et al. Cognitive functioning one
month and one year following febrile status epilepticus. Epilepsy Behav. 2016;64:283–8.

5. Dubé CM, Brewster AL, Richichi C, Zha Q, Baram TZ. Fever, febrile seizures and epilepsy. Trends
Neurosci. 2007;30:490–6.

�. Dubé CM, Brewster AL, Baram TZ. Febrile seizures: Mechanisms and relationship to epilepsy. Brain
Develop. 2009;31:366–71.

7. Scantlebury MH, Gibbs SA, Foadjo B, Lema P, Psarropoulou C, Carmant L. Febrile seizures in the
predisposed brain: A new model of temporal lobe epilepsy. Ann Neurol. 2005;58:41–9.



Page 11/15

�. Kang R, Chen R, Zhang Q, Hou W, Wu S, Cao L, et al. HMGB1 in health and disease. Mol Aspects Med.
2014;40:111–6.

9. Issac MSM, Girgis M, Haroun M, Shalaby A. Association of genetic polymorphism of pre-microrna-
146a rs2910164 and serum high-mobility group Box 1 with febrile seizures in egyptian children. J
Child Neurol. 2015;30:437–44.

10. Kaya MA, Erin N, Bozkurt O, Erkek N, Duman O, Haspolat S. Changes of HMGB-1 and sTLR4 levels in
cerebrospinal �uid of patients with febrile seizures. Epilepsy Res. 2021;169:106516.

11. Choi J, Min HJ, Shin JS. Increased levels of HMGB1 and pro-in�ammatory cytokines in children with
febrile seizures. J Neuroin�ammation. 2011;8:135.

12. Ito M, Takahashi H, Yano H, Shimizu YI, Yano Y, Ishizaki Y, et al. High mobility group box 1 enhances
hyperthermia-induced seizures and secondary epilepsy associated with prolonged hyperthermia-
induced seizures in developing rats. Metab Brain Dis. 2017;32:2095–104.

13. Yang W, Li J, Shang Y, Zhao L, Wang M, Shi J, et al. HMGB1-TLR4 Axis Plays a Regulatory Role in the
Pathogenesis of Mesial Temporal Lobe Epilepsy in Immature Rat Model and Children via the
p38MAPK Signaling Pathway. Neurochem Res. 2017;42:1179–90.

14. Zhang S, Chen F, Zhai F, Liang S. Role of HMGB1/TLR4 and IL-1β/IL-1R1 Signaling Pathways in
Epilepsy. Front Neurol. 2022;13:904225.

15. Tang D, Kang R, Van Houten B, Zeh HJ, Billiar TR, Lotze MT. High mobility group box 1 (HMGB1)
Phenotypic role revealed with stress. Mol Med. 2014;20:359–62.

1�. Weber MD, Frank MG, Tracey KJ, Watkins LR, Maier SF. Stress induces the danger-associated
molecular pattern HMGB-1 in the hippocampus of male sprague dawley rats: A priming stimulus of
microglia and the NLRP3 in�ammasome. J Neurosci. 2015;35:316–24.

17. Xie J, Bi B, Qin Y, Dong W, Zhong J, Li M, et al. Inhibition of phosphodiesterase-4 suppresses
HMGB1/RAGE signaling pathway and NLRP3 in�ammasome activation in mice exposed to chronic
unpredictable mild stress. Brain Behav Immun. 2021;92:67–77.

1�. Chi W, Chen H, Li F, Zhu Y, Yin W, Zhuo Y. HMGB1 promotes the activation of NLRP3 and caspase-8
in�ammasomes via NF-κB pathway in acute glaucoma. J Neuroin�ammation. 2015;12:137.

19. Yu R, Jiang S, Tao Y, Li P, Yin J, Zhou Q. Inhibition of HMGB1 improves necrotizing enterocolitis by
inhibiting NLRP3 via TLR4 and NF-κB signaling pathways. J Cell Physiol. 2019;234:13431–8.

20. Liu Z, Xian H, Ye X, Chen J, Ma Y, Huang W. Increased levels of NLRP3 in children with febrile
seizures. Brain Dev. 2020;42:336–41.

21. Gupta S, Aggarwal A, Faridi MMA, Rai G, Das S, Kotru M. Serum Interleukin-6 Levels in Children with
Febrile Seizures. Indian Pediatr. 2018;55:411–3.

22. Ha J, Choi J, Kwon A, Kim K, Kim SJ, Bae SH, et al. Interleukin-4 and tumor necrosis factor-alpha
levels in children with febrile seizures. Seizure. 2018;58:156–62.

23. Chen JR, Jin MF, Tang L, Liu YY, Ni H. Acute Phase Serum Leptin, Adiponectin, Interleukin-6, and
Visfatin Are Altered in Chinese Children With Febrile Seizures: A Cross-Sectional Study. Front



Page 12/15

Endocrinol (Lausanne). 2020;11:531.

24. Haspolat S, Mihci E, Coskun M, Gumuslu S, Ozben T, Yegin O, et al. Interleukin-1beta, tumor necrosis
factor-alpha, and nitrite levels in febrile seizures. J Child Neurol. 2002;17:749–51.

25. Feng B, Tang Y, Chen B, Xu C, Wang Y, Dai Y et al. Transient increase of interleukin-1β after prolonged
febrile seizures promotes adult epileptogenesis through long-lasting upregulating endocannabinoid
signaling.Sci Rep. 2016;621931.

2�. Liu AH, Wu YT, Wang YP. MicroRNA-129-5p inhibits the development of autoimmune
encephalomyelitis-related epilepsy by targeting HMGB1 through the TLR4/NF-kB signaling pathway.
Brain Res Bull. 2017;132:139–49.

27. Kaneko Y, Pappas C, Malapira T, Vale FL, Tajiri N, Borlongan CV. Extracellular HMGB1 Modulates
Glutamate Metabolism Associated with Kainic Acid-Induced Epilepsy-Like Hyperactivity in Primary
Rat Neural Cells. Cell Physiol Biochem. 2017;41:947–59.

2�. Maroso M, Balosso S, Ravizza T, Liu J, Aronica E, Iyer AM, et al. Toll-like receptor 4 and high-mobility
group box-1 are involved in ictogenesis and can be targeted to reduce seizures. Nat Med.
2010;16:413–9.

29. Chiavegato A, Zurolo E, Losi G, Aronica E, Carmignoto G. The in�ammatory molecules IL-1β and
HMGB1 can rapidly enhance focal seizure generation in a brain slice model of temporal lobe
epilepsy. Front Cell Neurosci. 2014;8:155.

30. Zaben M, Haan N, Sharouf F, Ahmed A, Sundstrom LE, Gray WP. IL-1β and HMGB1 are anti-
neurogenic to endogenous neural stem cells in the sclerotic epileptic human hippocampus. J
Neuroin�ammation. 2021;18:218.

31. Vezzani A, Maroso M, Balosso S, Sanchez MA, Bartfai T. IL-1 receptor/Toll-like receptor signaling in
infection, in�ammation, stress and neurodegeneration couples hyperexcitability and seizures. Brain,
Behavior, and Immunity. 2011;25:1281–1289.

32. Tan SW, Zhao Y, Li P, Ning YL, Huang ZZ, Yang N, et al. HMGB1 mediates cognitive impairment
caused by the NLRP3 in�ammasome in the late stage of traumatic brain injury. J
Neuroin�ammation. 2021;18:241.

33. Paudel YN, Shaikh MF, Chakraborti A, Kumari Y, Aledo-Serrano Á, Aleksovska K, et al. HMGB1: A
common biomarker and potential target for TBI, neuroin�ammation, epilepsy, and cognitive
dysfunction. Front NeuroSci. 2018;12:12628.

34. Broz P, Dixit VM, In�ammasomes. Mechanism of assembly, regulation and signalling. Nat Rev
Immunol. 2016;16:407–20.

35. Church LD, Savic S, McDermott MF. Long term management of patients with cryopyrin-associated
periodic syndromes (CAPS): Focus on rilonacept (IL-1 Trap). Biol Targets Ther. 2008;2:733–42.

3�. Zhong Z, Liang S, Sanchez-Lopez E, He F, Shalapour S, Lin X, jia, et al. New mitochondrial DNA
synthesis enables NLRP3 in�ammasome activation. Nature. 2018;560:198–203.

37. Frank MG, Weber MD, Watkins LR, Maier SF. Stress sounds the alarmin: The role of the danger-
associated molecular pattern HMGB1 in stress-induced neuroin�ammatory priming. Brain Behav



Page 13/15

Immun. 2015;48:1–7.

3�. Kim EJ, Park SY, Baek SE, Jang MA, Lee WS, Bae SS, et al. HMGB1 Increases IL-1β production in
vascular smooth muscle cells via NLRP3 in�ammasome. Front Physiol. 2018;9:313.

39. Toscano CB, Leandro Marciano Vieira E, Boni Rocha Dias É, Vidigal Caliari B, Paula Gonçalves M,
Varela Giannetti A. NLRP3 and NLRP1 in�ammasomes are up-regulated in patients with mesial
temporal lobe epilepsy and may contribute to overexpression of caspase-1 and IL-β in sclerotic
hippocampi. Brain Res. 2021;1752:147230.

40. Lénárt N, Brough D, Dénes Á. In�ammasomes link vascular disease with neuroin�ammation and
brain disorders. J Cereb Blood Flow Metab. 2016;36:1668–85.

41. Mamik MK, Power C. In�ammasomes in neurological diseases: Emerging pathogenic and
therapeutic concepts.Brain. 2017;140.

42. Meng XF, Tan L, Tan MS, Jiang T, Tan CC, Li MM, et al. Inhibition of the NLRP3 in�ammasome
provides neuroprotection in rats following amygdala kindling-induced status epilepticus. J
Neuroin�ammation. 2014;11:212.

43. Maniu I, Costea R, Maniu G, Neamtu BM. In�ammatory biomarkers in febrile seizure: A
comprehensive bibliometric, review and visualization analysis. Brain Sci. 2021;11:1077.

44. Balosso S, Maroso M, Sanchez-Alavez M, Ravizza T, Frasca A, Bartfai T, et al. A novel non-
transcriptional pathway mediates the proconvulsive effects of interleukin-1β. Brain. 2008;131:3256–
65.

45. Wheeler D, Knapp E, Bandaru VVR, Wang Y, Knorr D, Poirier C, et al. Tumor necrosis factor-alpha-
induced neutral sphingomyelinase-2 modulates synaptic plasticity by controlling the membrane
insertion of NMDA receptors. J Neurochem. 2009;109:1237–49.

4�. Stellwagen D, Beattie EC, Seo JY, Malenka RC. Differential regulation of AMPA receptor and GABA
receptor tra�cking by tumor necrosis factor-α. J Neurosci. 2005;25:3219–28.

47. Beattie EC, Stellwagen D, Morishita W, Bresnahan JC, Byeong KH, Von Zastrow M, et al. Control of
synaptic strength by glial TNFα. Sci (80-). 2002;295:2282–5.

4�. Samland H, Huitron-Resendiz S, Masliah E, Criado J, Henriksen SJ, Campbell IL. Profound increase in
sensitivity to glutamatergic- but not cholinergic agonist-induced seizures in transgenic mice with
astrocyte production of IL-6. J Neurosci Res. 2003;73:176–87.

Figures



Page 14/15

Figure 1

Comparison of serum levels of HMGB1 (a), NLRP3 (b), Capase-1 (c), IL-1β (d), IL-6 (e), and TNF-α (f)
between febrile seizures group and control group. The median (interquartile range) values are indicated
by three parallel lines. Analysis of serum cytokine levels between two groups was performed by Mann-
Whitney U test. HMGB1, NLRP3, Capase-1, IL-1β, IL-6, and TNF-α levels are signi�cantly high in febrile
seizures group than control group (p < 0.05 indicates a signi�cant difference).
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Figure 2

Correlation between serum cytokine levels in febrile seizuresgroup. (a-f) Correlation between serum levels
of NLRP3 and HMGB1 (a), Capase-1 and HMGB1 (b), IL-1β and HMGB1 (c), and IL-1β and Capase-1 (d),
IL-6 and IL-1β (e), TNF-a and IL-1β (f) in febrile seizures children. HMGB1 levels are signi�cantly
correlated with NLRP3, Capase-1, and IL-1β levels (all, p < 0.05, r = 0.814, r = 0.652, and r = 0.675,
respectively). Capase-1 levels are signi�cantly correlated with IL-1β levels (p < 0.05, r = 0.589). IL-1β levels
are signi�cantly correlated with IL-6 and TNF-a levels (both, p < 0.05, r = 0.564 and 0.668, respectively).


