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1. Introduction

Febrile seizures (FS), the most prevalent 

neurological disorder in young children, represent a 

significant concern for both families and healthcare 

providers worldwide. Affecting children typically 

between 6 months and 5 years of age, FS is 

characterized by convulsions triggered by a febrile 

illness, in the absence of central nervous system 

infection or any other identifiable cause. While 

generally considered benign and self-limiting, the 

experience can be profoundly distressing for parents 

and caregivers. Moreover, a small subset of children 

with FS may face an increased risk of developing 

epilepsy later in life.   Understanding the pathogenesis 

of FS is crucial for developing effective preventive and 

therapeutic strategies. However, despite extensive 

research, the exact mechanisms underlying FS remain 

elusive. Current understanding suggests a complex 

interplay of factors, including genetic predisposition, 

fever, and inflammatory processes. This intricate 

interplay necessitates a multifaceted approach to 

research, encompassing genetic, physiological, and 

immunological perspectives.1,2

Genetic factors are believed to play a significant 

role in FS susceptibility. Numerous studies have 

identified genes involved in ion channel function and 

neuronal excitability that are implicated in FS. These 

genes, often associated with familial forms of epilepsy, 
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A B S T R A C T 

Introduction: Febrile seizures (FS) are the most common childhood seizure 
disorder, often causing parental anxiety and posing a challenge for healthcare 
professionals. While the exact pathogenesis remains unclear, recent research 
suggests a complex interplay of genetic predisposition, fever, and inflammatory 

processes. This study aimed to investigate the role of inflammatory cytokines 
and oxidative stress markers in FS pathogenesis among children in Mumbai, 
India. Methods: A case-control study was conducted involving 100 children 
with FS (cases) and 100 age-matched febrile children without seizures (controls) 

admitted to a tertiary care hospital in Mumbai. Serum levels of inflammatory 
cytokines (IL-1β, IL-6, TNF-α, and IL-10) and oxidative stress markers 
(malondialdehyde [MDA] and superoxide dismutase [SOD]) were measured and 
compared between the two groups. Results: Children with FS exhibited 

significantly higher serum levels of pro-inflammatory cytokines IL-1β, IL-6, and 
TNF-α (p<0.001 for all) compared to controls. Conversely, the anti-inflammatory 
cytokine IL-10 was significantly lower in the FS group (p<0.001). Furthermore, 
MDA levels were significantly elevated (p<0.001), while SOD levels were 

significantly decreased (p<0.001) in the FS group compared to controls. 
Conclusion: This study provides evidence for the involvement of inflammatory 
cytokines and oxidative stress in FS pathogenesis. Elevated pro-inflammatory 
cytokines and oxidative stress markers, coupled with decreased anti-

inflammatory cytokine levels, suggest a dysregulated inflammatory response 

and impaired antioxidant defense mechanism in children with FS.  
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highlight the inherent vulnerability of certain 

individuals to seizures in the context of fever. 

Mutations in genes encoding voltage-gated sodium 

channels (e.g., SCN1A, SCN1B) and GABA receptors 

have been particularly associated with FS and epilepsy 

syndromes. Such genetic variations can alter neuronal 

excitability, making individuals more susceptible to 

seizures when challenged by fever. Fever, often caused 

by viral or bacterial infections, is the primary trigger 

for FS. The rapid rise in body temperature associated 

with fever is thought to alter neuronal excitability, 

leading to seizures. This alteration in neuronal 

function may be mediated by changes in ion channel 

kinetics, neurotransmitter release, and synaptic 

plasticity. Furthermore, fever can induce the 

production of inflammatory mediators, further 

contributing to the pathogenesis of FS.3,4 

In recent years, increasing evidence has pointed 

towards the involvement of inflammatory processes in 

FS pathogenesis. Studies have demonstrated elevated 

levels of pro-inflammatory cytokines, such as 

interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor 

necrosis factor-α (TNF-α), in the serum and 

cerebrospinal fluid of children with FS. These 

cytokines are key mediators of the inflammatory 

response and can affect neuronal excitability by 

modulating neurotransmitter release and ion channel 

function. IL-1β, a potent pro-inflammatory cytokine, is 

produced by activated immune cells in response to 

infection or injury. It can increase neuronal 

excitability by promoting glutamate release, the major 

excitatory neurotransmitter in the brain, and 

inhibiting GABAergic neurotransmission, the primary 

inhibitory neurotransmitter system. IL-6, another pro-

inflammatory cytokine, can induce neuronal 

hyperexcitability and contribute to seizure activity. 

TNF-α, a pleiotropic cytokine with both pro- and anti-

inflammatory properties, can also enhance neuronal 

excitability and promote inflammation in the brain. 

The elevated levels of pro-inflammatory cytokines 

observed in children with FS suggest a dysregulated 

inflammatory response that may contribute to 

neuronal hyperexcitability and lower the seizure 

threshold. This dysregulation may be driven by the 

underlying infection or fever, or it may reflect an 

inherent predisposition to exaggerated inflammatory 

responses in some individuals.5,6 

In addition to inflammation, oxidative stress has 

also been implicated in FS pathogenesis. Oxidative 

stress refers to an imbalance between the production 

of reactive oxygen species (ROS) and the body's 

antioxidant defense mechanisms. Excessive ROS 

production can lead to cellular damage and 

dysfunction, including neuronal injury, which may 

contribute to seizure activity. ROS are highly reactive 

molecules that can damage cellular components, such 

as lipids, proteins, and DNA, leading to neuronal 

dysfunction and death. Under normal physiological 

conditions, ROS are produced as byproducts of 

cellular metabolism and play important roles in 

various signaling pathways. However, during infection 

or inflammation, ROS production can increase 

dramatically, overwhelming the body's antioxidant 

defenses. Antioxidant enzymes, such as superoxide 

dismutase (SOD), catalase, and glutathione 

peroxidase, play a crucial role in neutralizing ROS and 

protecting cells from oxidative damage. SOD, a key 

antioxidant enzyme, catalyzes the dismutation of 

superoxide radicals into hydrogen peroxide, which is 

then further detoxified by catalase and glutathione 

peroxidase. Studies have reported increased levels of 

oxidative stress markers, such as malondialdehyde 

(MDA), a marker of lipid peroxidation, and decreased 

levels of antioxidant enzymes, such as SOD, in 

children with FS. These findings suggest that oxidative 

stress may contribute to neuronal injury and seizure 

activity in FS.7,8 While numerous studies have 

investigated the role of inflammatory cytokines and 

oxidative stress in FS, most of this research has been 

conducted in developed countries. Limited data is 

available from developing nations like India, where the 

prevalence of FS is high and healthcare access may be 

limited. Understanding the specific factors 

contributing to FS pathogenesis in this context is 

crucial for developing targeted interventions and 

improving outcomes for children in India.9,10 This 

study aimed to address this gap by investigating the 

role of inflammatory cytokines and oxidative stress 

markers in FS pathogenesis among children in 

Mumbai, India. 
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2. Methods

A hospital-based case-control study was conducted

at a tertiary care hospital in Mumbai, India, renowned 

for its specialized pediatric neurology department and 

comprehensive diagnostic facilities. The study 

spanned a year, from January 2023 to December 

2023, to capture a representative sample of patients 

across different seasons and potential variations in 

infectious disease prevalence. This timeframe allowed 

for the recruitment of an adequate number of 

participants while minimizing potential biases 

associated with seasonal variations in FS incidence. 

The study population comprised two distinct groups; 

Cases: 100 children aged between 6 months and 5 

years diagnosed with FS; Controls: 100 age-matched 

febrile children without seizures. The inclusion criteria 

for cases were meticulously defined to ensure accurate 

representation of FS; Age: 6 months to 5 years, the age 

range during which FS are most prevalent; Febrile 

Seizure Episode: A documented episode of seizure 

activity concurrent with a febrile illness (temperature 

≥38°C), ascertained through detailed parental 

reporting and medical record review; Absence of CNS 

Infection: Exclusion of any underlying central nervous 

system infection, such as meningitis or encephalitis, 

confirmed by clinical examination, lumbar puncture, 

and neuroimaging studies when indicated; No 

Identifiable Cause: Exclusion of other identifiable 

causes of seizures, including metabolic disorders, 

electrolyte imbalances, and prior history of afebrile 

seizures. The control group, crucial for comparison, 

consisted of children admitted to the pediatric 

department with fever but without any history of 

seizures. Age-matching with the case group was 

meticulously performed to minimize the influence of 

age-related variations in immune function and 

oxidative stress parameters. Exclusion criteria, 

applied rigorously to both groups, aimed to eliminate 

potential confounding factors; History of Afebrile 

Seizures: To isolate the specific impact of febrile illness 

on seizure activity; Presence of CNS Infection: To 

exclude seizures directly attributable to infectious 

processes within the central nervous system; 

Metabolic Disorders: To avoid inclusion of children 

with underlying metabolic conditions that could 

independently influence seizure susceptibility or 

inflammatory/oxidative stress profiles; Electrolyte 

Imbalances: To eliminate seizures triggered by 

electrolyte disturbances, which can mimic FS; Chronic 

Illnesses: To exclude children with chronic medical 

conditions that could affect immune function or 

oxidative stress parameters; Prior 

Antipyretic/Anticonvulsant Use: To avoid potential 

masking of inflammatory responses or alteration of 

seizure thresholds by prior medication use. 

Recruitment was conducted through the pediatric 

emergency department and inpatient wards. Potential 

participants were identified by trained research nurses 

who screened admissions based on the predefined 

inclusion and exclusion criteria. Parents or legal 

guardians of eligible children were approached and 

provided with detailed information about the study 

objectives, procedures, and potential risks and 

benefits. Written informed consent was obtained from 

parents or legal guardians prior to enrollment. 

The study protocol was meticulously reviewed and 

approved by the Institutional Ethics Committee of the 

hospital, ensuring adherence to all ethical principles 

for research involving human subjects. The study was 

conducted in accordance with the Declaration of 

Helsinki and national ethical guidelines. Informed 

consent procedures were designed to be clear, 

comprehensive, and culturally sensitive, ensuring that 

parents or guardians fully understood the implications 

of participation. Confidentiality of participant data was 

maintained throughout the study, and all data were 

anonymized to protect individual privacy. A 

standardized data collection form was developed to 

ensure consistency and accuracy in data recording. 

Trained research nurses collected the following 

information; Demographic Data: Age, gender, 

socioeconomic status (assessed using a validated 

socioeconomic scale relevant to the Indian context), 

and relevant medical history; Clinical Data: Details of 

the febrile illness, including onset, duration, 

maximum temperature recorded, and suspected 

etiology (viral or bacterial). For cases, information on 

seizure characteristics (type, duration, frequency) was 

also meticulously documented. 
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Blood samples were collected from all participants 

within 24 hours of hospital admission to capture the 

acute phase of the febrile illness and potential seizure 

activity. A standardized phlebotomy procedure was 

followed to minimize discomfort and ensure sample 

quality. Approximately 5 mL of venous blood was 

collected into sterile serum separator tubes. The tubes 

were gently inverted to promote clotting and then 

centrifuged at 3000 rpm for 10 minutes to separate the 

serum. Serum samples were carefully aliquoted and 

stored at -80°C until analysis, ensuring preservation 

of cytokine and oxidative stress marker integrity. 

Serum levels of inflammatory cytokines (IL-1β, IL-

6, TNF-α, and IL-10) were quantified using 

commercially available enzyme-linked immunosorbent 

assay (ELISA) kits (R&D Systems, USA). These kits are 

widely recognized for their high sensitivity and 

specificity in cytokine measurement. All assays were 

performed in duplicate according to the 

manufacturer's instructions. Strict quality control 

measures were implemented, including the use of 

standard curves and internal controls, to ensure assay 

accuracy and reliability. Malondialdehyde (MDA), a 

marker of lipid peroxidation, was measured using a 

spectrophotometric method based on the reaction with 

thiobarbituric acid (TBA). This method is well-

established and widely used in oxidative stress 

research. Serum samples were reacted with TBA under 

acidic conditions, and the resulting MDA-TBA adduct 

was quantified spectrophotometrically at 532 nm. 

Superoxide Dismutase (SOD) activity was measured 

using a spectrophotometric method based on the 

inhibition of superoxide radical-induced reduction of 

nitroblue tetrazolium (NBT). This method is widely 

used to assess SOD activity in biological samples. 

Serum samples were added to a reaction mixture 

containing NBT and an enzymatic system generating 

superoxide radicals. SOD activity was determined by 

measuring the inhibition of NBT reduction at 560 nm. 

All laboratory analyses were performed by trained 

technicians blinded to the participant group 

assignment (case or control) to minimize potential bias 

in data interpretation. 

Data were analyzed using SPSS software (version 

25.0), a comprehensive statistical package widely used 

in medical research. Descriptive statistics were used 

to summarize demographic and clinical characteristics 

of the study population. Continuous variables were 

expressed as mean ± standard deviation (SD) or 

median (interquartile range [IQR]), depending on the 

distribution assessed using histograms and normality 

tests. Categorical variables were expressed as 

frequencies and percentages. Group comparisons were 

performed using appropriate statistical tests; 

Continuous Variables: Independent samples t-test 

was used for normally distributed data, while the 

Mann-Whitney U test was used for non-normally 

distributed data; Categorical Variables: Chi-square 

test or Fisher's exact test was used to compare 

categorical variables between the two groups. 

Statistical significance was set at a p-value of <0.05. 

All statistical analyses were conducted by a 

biostatistician experienced in pediatric research, 

ensuring rigor and accuracy in data interpretation. 

Stringent quality control measures were 

implemented throughout the study to ensure data 

integrity and reliability; Training and Standardization: 

Research nurses and laboratory technicians 

underwent comprehensive training on study 

procedures and data collection methods to ensure 

consistency and minimize inter-observer variability; 

Data Validation: Data entry was double-checked by 

independent personnel to minimize errors; Laboratory 

Quality Control: Internal controls and standard curves 

were used in all laboratory assays to ensure accuracy 

and precision. Regular equipment calibration and 

maintenance were performed to ensure reliable 

performance. 

3. Results and Discussion

Table 1 presents the demographic characteristics

of the 100 children with febrile seizures (FS) and the 

100 febrile controls enrolled in the study. It provides a 

clear picture of the study population, allowing us to 

assess the comparability of the two groups and identify 

any potential confounding factors. The mean age of 

children in both the FS group (24.5 ± 12.3 months) 

and the control group (23.8 ± 11.8 months) is very 

similar. The p-value of 0.612 indicates that this 

difference is not statistically significant. This is crucial 
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because age can influence both immune responses 

and susceptibility to seizures. The careful age-

matching between the groups ensures that any 

observed differences in inflammatory markers or 

oxidative stress are not simply due to age 

discrepancies. The gender distribution is also 

comparable between the two groups, with slightly 

more males in the FS group (60%) and slightly more 

females in the control group (55%). However, this 

difference is not statistically significant (p=0.485), 

suggesting that gender is unlikely to be a major 

confounding factor in this study. The distribution of 

socioeconomic status across low, middle, and high 

categories is almost identical between the FS and 

control groups. The non-significant p-value (0.678) 

indicates that socioeconomic factors are unlikely to 

influence the relationship between inflammatory 

cytokines, oxidative stress, and FS in this study. 

Table 1. Demographic characteristics. 

Characteristic FS Group (n=100) Control Group (n=100) p-value

Age (months) 24.5 ± 12.3 23.8 ± 11.8 0.612 

Gender (male/female) 60/40 55/45 0.485 

Socioeconomic status 
(low/middle/high) 

30/50/20 35/45/20 0.678 

Table 2 presents the serum levels of key 

inflammatory cytokines in children with febrile 

seizures (FS) and febrile controls. This data provides 

crucial insights into the inflammatory response 

associated with FS. Children with FS exhibit 

significantly higher levels of all three pro-inflammatory 

cytokines measured; IL-1β: 15.2 ± 6.8 pg/mL in the FS 

group compared to 8.5 ± 4.2 pg/mL in the control 

group (p<0.001); IL-6: 32.5 ± 10.5 pg/mL in the FS 

group compared to 18.3 ± 7.9 pg/mL in the control 

group (p<0.001); TNF-α: 28.7 ± 9.2 pg/mL in the FS 

group compared to 15.6 ± 6.5 pg/mL in the control 

group (p<0.001). These marked elevations in IL-1β, IL-

6, and TNF-α strongly suggest a heightened 

inflammatory state in children with FS. These 

cytokines are known to play pivotal roles in the 

inflammatory cascade, promoting immune cell 

activation, and fever generation, and potentially 

influencing neuronal excitability. Conversely, children 

with FS show significantly lower levels of the anti-

inflammatory cytokine IL-10: 12.4 ± 5.3 pg/mL in the 

FS group compared to 18.6 ± 7.1 pg/mL in the control 

group (p<0.001). This finding suggests a deficiency in 

the counter-regulatory mechanisms that normally 

dampen inflammation. IL-10 typically helps to resolve 

inflammation and limit excessive immune activation. 

Its reduced levels in the FS group may contribute to 

the unchecked pro-inflammatory state. 

Table 2. Inflammatory cytokines. 

Cytokine FS Group (pg/mL) Control Group (pg/mL) p-value

IL-1β 15.2 ± 6.8 8.5 ± 4.2 <0.001 

IL-6 32.5 ± 10.5 18.3 ± 7.9 <0.001 

TNF-α 28.7 ± 9.2 15.6 ± 6.5 <0.001 

IL-10 12.4 ± 5.3 18.6 ± 7.1 <0.001 

Table 3 presents the levels of two key oxidative 

stress markers, malondialdehyde (MDA) and 

superoxide dismutase (SOD), in children with febrile 

seizures (FS) and febrile controls. This data sheds light 

on the role of oxidative stress in the pathogenesis of 

FS. Children with FS have significantly higher levels of 

MDA (4.8 ± 1.2 nmol/mL) compared to febrile controls 

(3.2 ± 0.8 nmol/mL) (p<0.001). MDA is a byproduct of 

lipid peroxidation, a process where reactive oxygen 

species (ROS) damage cell membranes. Elevated MDA 
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levels indicate increased oxidative damage to lipids, 

suggesting a heightened state of oxidative stress in 

children with FS. Conversely, children with FS show 

significantly lower levels of SOD (85.3 ± 15.6 U/mL) 

compared to febrile controls (112.5 ± 20.3 U/mL) 

(p<0.001). SOD is an important antioxidant enzyme 

that neutralizes superoxide radicals, a type of ROS. 

Reduced SOD activity indicates a diminished capacity 

to scavenge these harmful free radicals, further 

contributing to the oxidative stress imbalance. 

Table 3. Oxidative stress markers. 

Marker FS Group Control Group p-value

MDA (nmol/mL) 4.8 ± 1.2 3.2 ± 0.8 <0.001 

SOD (U/mL) 85.3 ± 15.6 112.5 ± 20.3 <0.001 

Our study unequivocally demonstrates a 

significant elevation in serum levels of pro-

inflammatory cytokines IL-1β, IL-6, and TNF-α in 

children with FS. This observation aligns with a 

growing body of evidence implicating inflammation as 

a key player in FS pathogenesis. These cytokines, 

central to the inflammatory cascade, are not mere 

bystanders in the febrile response, they actively 

modulate neuronal excitability and influence seizure 

susceptibility. To fully appreciate the significance of 

these findings, it's crucial to delve deeper into the 

multifaceted roles of these cytokines and explore the 

potential mechanisms underlying their contribution to 

FS. Interleukin-1β (IL-1β) is a potent pyrogen and a 

central orchestrator of the inflammatory response. 

Produced primarily by activated macrophages and 

monocytes, IL-1β exerts its effects by binding to the IL-

1 receptor, triggering a cascade of intracellular 

signaling events that culminate in the production of 

other inflammatory mediators, such as prostaglandins 

and chemokines. These mediators contribute to the 

cardinal signs of inflammation: redness, swelling, 

heat, and pain. In the context of FS, IL-1β's role 

extends beyond its pyrogenic and inflammatory 

effects. It has been shown to directly influence 

neuronal excitability, making neurons more 

susceptible to firing and lowering the seizure 

threshold. IL-1β can increase the release of glutamate, 

the primary excitatory neurotransmitter in the brain. 

Glutamate binds to its receptors on neurons, 

triggering depolarization and increasing the likelihood 

of action potential generation. By enhancing 

glutamate release, IL-1β promotes neuronal excitation 

and increases seizure susceptibility. GABA, the main 

inhibitory neurotransmitter in the brain, counteracts 

glutamate's excitatory effects by hyperpolarizing 

neurons and reducing their firing rate. IL-1β can 

disrupt GABAergic neurotransmission by reducing 

GABA synthesis, inhibiting GABA receptor function, or 

promoting GABA reuptake. This disruption of 

inhibitory signaling further tilts the balance towards 

excitation, contributing to seizure activity. IL-1β can 

also directly modulate the activity of ion channels, 

which are crucial for regulating neuronal excitability. 

For instance, it can enhance the function of voltage-

gated sodium channels, which are responsible for the 

rapid depolarization phase of action potentials. This 

increased sodium channel activity can lead to 

hyperexcitability and increased seizure susceptibility. 

Astrocytes, the most abundant glial cells in the brain, 

play a crucial role in maintaining neuronal 

homeostasis and regulating synaptic transmission. IL-

1β can activate astrocytes, leading to the release of 

pro-inflammatory mediators and further contributing 

to neuronal dysfunction and seizure activity. 

Interleukin-6 (IL-6) is another prominent pro-

inflammatory cytokine that plays a multifaceted role 

in FS pathogenesis. Produced by a variety of cells, 

including immune cells, endothelial cells, and 

fibroblasts, IL-6 exerts its effects by binding to its 

receptor, activating intracellular signaling pathways 

that regulate gene expression and cellular function. 

Like IL-1β, IL-6 exhibits pro-convulsant properties, 

contributing to neuronal hyperexcitability and seizure 

generation. IL-6 can alter the function of various ion 

channels, including voltage-gated sodium channels, 
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potassium channels, and calcium channels. These 

alterations can disrupt the delicate balance of ionic 

currents that regulate neuronal excitability, leading to 

hyperexcitability and increased seizure susceptibility. 

IL-6 can influence the synthesis, release, and reuptake 

of neurotransmitters, potentially disrupting the 

delicate balance between excitation and inhibition in 

the brain. For example, it can increase glutamate 

release and inhibit GABAergic neurotransmission, 

further promoting neuronal excitation. IL-6 can also 

affect synaptic plasticity, the ability of synapses to 

strengthen or weaken over time. This process is crucial 

for learning and memory, but dysregulation of 

synaptic plasticity can contribute to seizure activity. 

IL-6 can contribute to the breakdown of the blood-

brain barrier, allowing immune cells and inflammatory 

mediators to enter the brain parenchyma. This 

infiltration can exacerbate neuronal dysfunction and 

promote seizure activity. Tumor necrosis factor-α 

(TNF-α) is a pleiotropic cytokine with both pro- and 

anti-inflammatory effects. It plays a complex role in 

various neurological disorders, including epilepsy and 

FS. In the context of FS, TNF-α can contribute to 

neuronal excitability and inflammation, but it can also 

exert neuroprotective effects under certain conditions. 

TNF-α can directly enhance neuronal excitability by 

modulating ion channels and neurotransmitter 

release. It can increase glutamate release and inhibit 

GABAergic neurotransmission, promoting neuronal 

excitation. TNF-α can induce the production of other 

inflammatory mediators, such as IL-1β and IL-6, 

amplifying the inflammatory response and further 

contributing to neuronal dysfunction. TNF-α can 

disrupt the blood-brain barrier, allowing immune cells 

and inflammatory mediators to enter the brain 

parenchyma, exacerbating neuroinflammation and 

promoting seizure activity. However, TNF-α can also 

exert neuroprotective effects by promoting neuronal 

survival and reducing excitotoxicity under certain 

conditions. The balance between its pro- and anti-

convulsant effects likely depends on the specific 

context, including the timing and magnitude of its 

expression, the presence of other inflammatory 

mediators, and the specific neuronal populations 

involved. The elevated levels of IL-1β, IL-6, and TNF-α 

observed in our study suggest a complex interplay of 

these cytokines in the pathogenesis of FS. These 

cytokines do not act in isolation, they interact with 

each other and with other inflammatory mediators, 

creating a complex network of signaling pathways that 

influence neuronal excitability and seizure 

susceptibility. For instance, IL-1β can induce the 

production of IL-6 and TNF-α, further amplifying the 

inflammatory response. TNF-α can also stimulate the 

production of IL-1β and IL-6, creating a positive 

feedback loop that perpetuates inflammation. These 

interactions highlight the intricate nature of the 

inflammatory response in FS and underscore the need 

for a holistic approach to understanding and 

managing this condition. The dysregulated 

inflammatory response observed in children with FS 

may be triggered by the underlying infection or fever, 

or it may reflect an inherent predisposition to 

exaggerated inflammatory responses in certain 

individuals. Genetic factors, such as polymorphisms 

in cytokine genes or genes regulating immune 

responses, may contribute to this predisposition. For 

example, variations in the genes encoding IL-1β, IL-6, 

TNF-α, or their receptors could influence cytokine 

production or signaling, leading to an exaggerated 

inflammatory response. Similarly, polymorphisms in 

genes regulating immune responses, such as toll-like 

receptors (TLRs) or NOD-like receptors (NLRs), could 

affect the recognition of pathogens and the initiation 

of the inflammatory cascade. Environmental factors, 

such as exposure to infections, stress, or nutritional 

deficiencies, may also influence the inflammatory 

response and contribute to FS susceptibility. For 

instance, early-life infections have been shown to alter 

immune development and increase the risk of febrile 

seizures.11-14

Our study reveals a significant reduction in serum 

levels of the anti-inflammatory cytokine IL-10 in 

children with febrile seizures (FS). This finding adds 

another layer of complexity to the understanding of FS 

pathogenesis, highlighting the crucial role of anti-

inflammatory mechanisms in maintaining immune 

homeostasis and neuronal balance. IL-10, a potent 

immunoregulatory cytokine, plays a pivotal role in 

dampening inflammation and resolving the immune 
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response. Its deficiency in children with FS suggests 

an impaired ability to control inflammation, potentially 

contributing to the unchecked pro-inflammatory state 

and the heightened neuronal excitability associated 

with this condition. To fully grasp the implications of 

this finding, it's essential to delve deeper into the 

multifaceted roles of IL-10 and explore the potential 

consequences of its deficiency in the context of FS. 

Interleukin-10 (IL-10) is a cytokine with diverse 

immunoregulatory functions. Produced primarily by 

immune cells, including macrophages, T cells, and B 

cells, IL-10 acts as a brake on the immune system, 

preventing excessive inflammation and promoting the 

resolution of immune responses. This regulatory 

function is crucial for maintaining immune 

homeostasis and preventing collateral damage to host 

tissues. IL-10 inhibits the production of pro-

inflammatory cytokines, such as IL-1β, IL-6, and TNF-

α, by immune cells. This suppression helps to dampen 

the inflammatory response and prevent excessive 

immune activation. IL-10 can inhibit the ability of 

antigen-presenting cells, such as macrophages and 

dendritic cells, to present antigens to T cells. This 

inhibition reduces T cell activation and proliferation, 

further dampening the immune response. IL-10 

promotes the differentiation of regulatory T cells 

(Tregs), a specialized subset of T cells that suppress 

immune responses and maintain self-tolerance. Tregs 

play a crucial role in preventing autoimmune diseases 

and resolving inflammation. IL-10 can directly 

suppress the function of effector T cells, such as Th1 

and Th17 cells, which are involved in cell-mediated 

immunity and inflammation. The decreased levels of 

IL-10 observed in our study suggest an impaired anti-

inflammatory response in children with FS. Without 

adequate IL-10, the production of pro-inflammatory 

cytokines, such as IL-1β, IL-6, and TNF-α, may go 

unchecked, leading to excessive inflammation and 

neuronal damage. This uncontrolled inflammation can 

contribute to seizure activity by increasing neuronal 

excitability, disrupting the blood-brain barrier, and 

altering neurotransmitter balance. IL-10 deficiency 

may impair the development and function of Tregs, 

compromising their ability to suppress excessive 

immune activation and resolve inflammation. This 

impairment can further contribute to the unchecked 

pro-inflammatory state and increase susceptibility to 

seizures. IL-10 has been shown to exert 

neuroprotective effects by reducing excitotoxicity and 

promoting neuronal survival. Its deficiency may 

exacerbate neuronal damage caused by inflammation 

and oxidative stress, further contributing to seizure 

activity. The findings of our study highlight the 

importance of the IL-10 axis in the pathogenesis of FS. 

The balance between pro-inflammatory cytokines, 

such as IL-1β, IL-6, and TNF-α, and the anti-

inflammatory cytokine IL-10 appears to be crucial for 

maintaining immune homeostasis and neuronal 

balance. A deficiency in IL-10 may disrupt this 

balance, tipping the scales towards excessive 

inflammation and increasing susceptibility to seizures. 

This imbalance may be further exacerbated by the 

interplay between inflammation and oxidative stress. 

Pro-inflammatory cytokines can stimulate ROS 

production, while oxidative stress can activate 

inflammatory pathways, creating a vicious cycle that 

amplifies both processes. IL-10, through its anti-

inflammatory and antioxidant effects, can help to 

break this cycle and restore balance. Its deficiency 

may perpetuate this vicious cycle, further contributing 

to neuronal dysfunction and seizure activity. The 

impaired anti-inflammatory response observed in 

children with FS may be influenced by both genetic 

and environmental factors. Genetic variations in the 

IL-10 gene or in genes regulating IL-10 production 

may contribute to reduced IL-10 levels and impaired 

anti-inflammatory function. For example, 

polymorphisms in the promoter region of the IL-10 

gene have been associated with altered IL-10 

production and susceptibility to various inflammatory 

diseases. Similarly, variations in genes encoding 

transcription factors that regulate IL-10 expression, 

such as STAT3 and GATA3, could influence IL-10 

levels and immune responses. Environmental factors, 

such as exposure to infections, stress, or nutritional 

deficiencies, may also influence IL-10 production and 

contribute to impaired anti-inflammatory function. 

For instance, early-life infections have been shown to 

alter immune development and affect cytokine 

production, potentially influencing IL-10 levels and 
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susceptibility to FS. The findings of our study raise the 

possibility of targeting the IL-10 axis for therapeutic 

intervention in FS. Strategies aimed at boosting IL-10 

production or enhancing its anti-inflammatory effects 

may prove beneficial in restoring immune balance and 

reducing seizure susceptibility. Administering 

recombinant IL-10 or IL-10 analogs could potentially 

compensate for the deficiency and restore anti-

inflammatory function. However, the safety and 

efficacy of this approach need to be carefully evaluated 

in clinical trials. Stimulating endogenous IL-10 

production through pharmacological or 

immunological interventions could be another 

therapeutic strategy. For example, certain probiotics 

or prebiotics have been shown to enhance IL-10 

production and modulate immune responses. Gene 

therapy approaches aimed at correcting genetic 

defects in the IL-10 gene or in genes regulating IL-10 

production could potentially restore IL-10 levels and 

improve anti-inflammatory function. However, this 

approach is still in its early stages of development and 

faces significant challenges.15-17

Our study reveals a compelling link between 

oxidative stress and febrile seizures (FS), adding a 

crucial dimension to the understanding of this 

common childhood neurological disorder. The 

significantly elevated levels of malondialdehyde (MDA), 

a marker of lipid peroxidation, coupled with the 

reduced activity of superoxide dismutase (SOD), a key 

antioxidant enzyme, paint a clear picture of increased 

oxidative damage and a compromised antioxidant 

defense system in children with FS. This observation 

aligns with a growing body of research highlighting the 

role of oxidative stress in various neurological 

conditions, including epilepsy and seizures. To fully 

appreciate the implications of these findings, it's 

essential to delve deeper into the mechanisms by 

which oxidative stress contributes to FS pathogenesis. 

This exploration will encompass the sources of reactive 

oxygen species (ROS) in the context of FS, the 

detrimental effects of ROS on neuronal function, the 

intricate interplay between inflammation and oxidative 

stress, and the potential therapeutic implications of 

targeting oxidative stress pathways. ROS are highly 

reactive molecules that can damage cellular 

components, including lipids, proteins, and DNA. 

Under normal physiological conditions, ROS are 

generated as byproducts of cellular metabolism, 

primarily within the mitochondria, the energy 

powerhouses of cells. However, during periods of 

stress, such as infection or fever, ROS production can 

increase dramatically, overwhelming the body's 

antioxidant defenses and leading to oxidative stress. 

Fever can disrupt mitochondrial function, leading to 

increased electron leakage from the electron transport 

chain and enhanced ROS generation. This 

mitochondrial dysfunction can further compromise 

neuronal energy production and exacerbate neuronal 

damage. Inflammation, a hallmark of FS, can also 

trigger ROS production. Activated immune cells, such 

as neutrophils and macrophages, release ROS as part 

of their antimicrobial defense mechanisms. However, 

excessive ROS production can damage surrounding 

tissues, including neurons. The metabolism of certain 

neurotransmitters, such as glutamate, can also 

generate ROS. Excessive glutamate release, which can 

occur during seizures, can lead to excitotoxicity and 

increased ROS production, further contributing to 

neuronal damage. Disruption of the blood-brain 

barrier, which can occur during inflammation, can 

allow the influx of ROS from the periphery, further 

contributing to the oxidative stress burden in the 

brain. ROS can inflict widespread damage on cellular 

components, particularly affecting vulnerable 

neurons. ROS can attack polyunsaturated fatty acids 

in cell membranes, leading to lipid peroxidation and 

membrane damage. This damage can disrupt neuronal 

signaling and impair cellular function. MDA, a 

byproduct of lipid peroxidation, serves as a marker of 

oxidative damage to lipids. ROS can oxidize amino acid 

residues in proteins, altering their structure and 

function. This oxidation can lead to protein misfolding, 

aggregation, and dysfunction, contributing to 

neuronal damage. ROS can damage DNA, leading to 

mutations and genomic instability. This damage can 

disrupt gene expression and impair cellular function, 

potentially contributing to neuronal death. 

Mitochondria, the primary source of cellular energy, 

are particularly susceptible to oxidative damage. ROS 

can damage mitochondrial DNA, proteins, and lipids, 
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impairing energy production and further 

compromising neuronal function. ROS can exacerbate 

excitotoxicity, a process where excessive glutamate 

release leads to neuronal damage and death. ROS can 

enhance glutamate release and impair glutamate 

reuptake, further contributing to excitotoxicity. The 

interplay between inflammation and oxidative stress is 

a crucial aspect of FS pathogenesis. These two 

processes are not independent entities, they interact 

and amplify each other, creating a vicious cycle that 

perpetuates neuronal dysfunction and seizure activity. 

Inflammation can trigger ROS production through 

several mechanisms. Activated immune cells, such as 

neutrophils and macrophages, release ROS as part of 

their antimicrobial defense mechanisms. However, 

excessive ROS production can damage surrounding 

tissues, including neurons. Pro-inflammatory 

cytokines, such as IL-1β, IL-6, and TNF-α, can 

stimulate ROS production by various cells, including 

neurons and glial cells. Inflammation can disrupt 

mitochondrial function, leading to increased ROS 

production and further exacerbating oxidative stress. 

Conversely, oxidative stress can activate inflammatory 

pathways. ROS can activate nuclear factor-κB (NF-

κB), a transcription factor that regulates the 

expression of various pro-inflammatory genes. NF-κB 

activation can lead to increased production of pro-

inflammatory cytokines, further amplifying the 

inflammatory response. ROS can activate 

inflammasomes, multiprotein complexes that trigger 

the release of pro-inflammatory cytokines, such as IL-

1β and IL-18. Inflammasome activation can further 

exacerbate inflammation and contribute to neuronal 

damage. This intricate interplay between inflammation 

and oxidative stress creates a self-perpetuating cycle 

that contributes to the pathogenesis of FS. Breaking 

this cycle is crucial for mitigating neuronal damage 

and reducing seizure susceptibility. The body has 

evolved a complex network of antioxidant defense 

mechanisms to counteract the harmful effects of ROS. 

Enzymatic antioxidants, such as SOD, catalase, and 

glutathione peroxidase, catalyze the detoxification of 

ROS. SOD converts superoxide radicals to hydrogen 

peroxide, which is then further detoxified by catalase 

and glutathione peroxidase. Non-enzymatic 

antioxidants, such as vitamin C, vitamin E, and 

glutathione, scavenge ROS and prevent oxidative 

damage. These antioxidants act by donating electrons 

to ROS, neutralizing their reactivity. In the context of 

FS, the reduced SOD activity observed in our study 

suggests a compromised antioxidant defense system. 

This impairment may allow ROS to accumulate and 

inflict damage on neuronal components, contributing 

to seizure activity. The findings of our study highlight 

the importance of considering oxidative stress as a 

potential therapeutic target in FS. Strategies aimed at 

boosting antioxidant defenses or reducing ROS 

production may prove beneficial in mitigating 

neuronal damage and potentially reducing the risk of 

seizures. Supplementing with antioxidants, such as 

vitamin C, vitamin E, or coenzyme Q10, could 

potentially enhance antioxidant defenses and reduce 

oxidative damage. However, the efficacy of this 

approach in FS needs to be further investigated in 

clinical trials. A diet rich in fruits and vegetables, 

which are abundant in natural antioxidants, may help 

to boost antioxidant defenses and reduce oxidative 

stress. Certain drugs, such as N-acetylcysteine and 

melatonin, have antioxidant properties and could 

potentially be used to modulate oxidative stress in FS. 

However, further research is needed to evaluate their 

safety and efficacy in this context. Regular exercise 

and stress reduction techniques, such as meditation 

and yoga, have been shown to reduce oxidative stress 

and may prove beneficial in FS management.18-20 

4. Conclusion

This study provides compelling evidence for the

involvement of both inflammatory cytokines and 

oxidative stress in the pathogenesis of febrile seizures 

(FS) in children from Mumbai, India. Our findings 

reveal a distinct profile in children with FS, 

characterized by elevated pro-inflammatory cytokines 

(IL-1β, IL-6, and TNF-α), decreased levels of the anti-

inflammatory cytokine IL-10, and an imbalance in 

oxidative stress markers (increased MDA and 

decreased SOD). These results suggest a dysregulated 

inflammatory response and a compromised 

antioxidant defense system, potentially contributing to 

neuronal hyperexcitability and seizure activity. Our 
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study highlights the need for a holistic approach to 

understanding and managing FS, considering both 

inflammation and oxidative stress pathways.  
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