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Abstract OBJECTIVES: Recently, inflammation have been proposed as one of the mecha-
nisms underlying the patology of drug-resistant epilepsy (DRE). Ketogenic diet 
(KD) is one of the therapeutic methods used in DRE. There are some data that 
adipokines may modulate inflammatory processes and their concentrations are 
influenced by KD. Therefore, the aim of this study was to evaluate the influence 
of KD on serum leptin, chemerin and resistin in children with DRE.
DESIGN: A cross-sectional observational study performed on 72 subjects aged 3-9 
years, divided into 3 groups: 24 children with DRE treated with KD, 26 treated 
with valproic acid (VPA), and a control group of 22 children.
MATERIAL AND METHODS: Anthropometric measurements (weight, heigth, BMI, 
waist to hip circumerences ratio) were performed in all participants. Biochemical 
tests included serum fasting glucose, insulin, beta-hydroxybutyric acid, lipid 
profile, alanine aminotransferase and aspartate aminotransferase activities and 
blood gasometry. Serum levels of leptin, chemerin and resistin were assayed using 
commercially available ELISA tests. 
RESULTS: Serum levels of leptin and chemerin in the KD group were signifi-
cantly lower and resistin – higher in comparison to patients receiving VPA 
and the control group. In children treated with the KD, leptin concentra-
tions correlate with insulin levels and HOMA-IR scores. Chemerin levels 
in this group, in contrast, show negative correlation with body mass and 
height expressed as standard deviation scores from the mean for age and sex. 
CONCLUSIONS: Modification of pro-inflammatory adipocytokine levels is poten-
tially one of the mechanisms of anticonvulsant effects of KD in children with 
refractory epilepsy. 
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Abbreviations:
ALT - alanine aminotransferase 
ANOVA  - analysis of variance
AST - aspartate aminotransferase
ATP - adenosine triphosphate
BHBA  - beta-hydroxybutyrate
BMI - body mass inde
CCRL2 - chemokine C-C motif receptor-like 2
CMKLR1  - chemokine-like receptor 1
CNS - central nervous system 
CRP - C-reactive protein
ELISA - enzyme-linked immunosorbent assay 
FIZZ3 - found in inflammatory zone 3
GABA - gamma aminobutyric acid
GPR1 - G protein-couple receptor 1
HOMA-IR - homeostatic model assessment of insulin resistance
IFNχ - interferon χ
IL-1 - interleukin 1
IL-10 - interleukin 10
IL-12 - interleukin 12
IL-1β - interleukin 1β
IL-6- - interleukin 6
KD - ketogenic diet
PPARγ - peroxisome proliferator-activated receptor gamma
SDS  - standard deviation score
TLE  - temporal lobe epilepsy
TNF-α - tumor necrosis factor α
VPA - valproate
WHR - waist to hip ratio

INTRODUCTION
The ketogenic diet (KD) is one of the nonpharma-
cological methods of treating epilepsy. It is based on 
switching a person’s metabolism to a metabolic state 
that mimics that observed during chronic fasting. 
This goal can be achieved by changing the propor-
tions of particular nutrients to a high proportion of fat, 
protein content appropriate for one’s age, and a reduced 
proportion of carbohydrates. The target weight ratio 
of fat to combined protein and carbohydrates (the keto-
genic ratio) depends on the age and is most often 4:1 (or 
3:1 in children under 2 years old). In the KD, around 
90% of the daily energy requirement is provided by 
fats. Ketone bodies are produced in the process of beta-
oxidation of free fatty acids (acetone, acetoacetate, beta-
hydroxybutyric acid). They are incorporated into the 
Krebs cycle and thus become a direct source of energy 
for cells. In comparison, as much as 49% of the energy 
in a conventional diet comes from carbohydrates, while 
only 35% comes from fat (Kossoff et al. 2018; Van Der 
Louw et al. 2016; Dudzińska, 2014).

Fat tissue is the body’s largest energy reservoir. For 
many centuries, until the beginning of the twentieth 
century, it was considered to be a simple thermal insu-
lation layer, metabolically neutral, and to protect organs 
from mechanical damage (Hauner & Hochberg, 2002; 
Sperling et al. 2012). A great variety of adipose tissue 
hormones called adipokines have been described, and 
currently, adipose tissue is considered as an integrated 
endocrine organ that is involved in metabolic homeo-
stasis processes with effects on appetite, angiogen-
esis, neuroendocrine functions, and immunological 

functions. It plays a role in both the metabolism 
of steroid hormones and the production and secretion 
of biologically active protein substances—adipokines—
which can have local (auto- and paracrine) or systemic 
(endocrine) impacts (Kershaw & Flier, 2004). 

Leptin is the best known adipokine (Zhang et al. 
1994), and its secretion is directly proportional to fat 
tissue mass and nutritional status. In addition to adipose 
tissue, it is also produced in areas such as the hypo-
thalamus, pituitary gland, cerebral cortex, and limbic 
system (Ahima & Lazar, 2008). Leptin acts through 
5  types of receptors: OB-Ra, OB-Rb, OB-Rc, OB-Rd, 
and OB-Re. The first four of these are membrane recep-
tors, while OB-Re is a soluble receptor that circulates 
in the blood (Ziora et al. 2003). Factors that stimulate 
the secretion of this hormone include TNF-α and other 
pro-inflammatory cytokines, whereas inhibitory agents 
include PPARγ receptor agonists (Kershaw & Flier, 
2004).

Leptin is a protein with multidirectional (pleio-
tropic) action. It regulates lipid metabolism by inhib-
iting hepatic and muscle lipogenesis and by stimulating 
the beta-oxidation of fatty acids. It also increases 
glucose uptake and metabolism in peripheral tissues 
and improves insulin sensitivity in the muscles and 
liver. Moreover, it participates in the processes of osteo-
genesis, haematopoiesis, angiogenesis, and reproductive 
and immunological processes. In the central nervous 
system, it affects hormonal activity in the hypothalamus 
and the pituitary gland and is also involved in the regu-
lation of neuronal excitability, displaying neuroprotec-
tive properties (Obeid et al. 2010). Leptin is considered 
an adipokine with pro-inflammatory activity as it 
increases the synthesis of eicosanoids, nitric oxide, 
and pro-inflammatory cytokines such as TNF-α, IL-6, 
and IL-12, while decreasing IL-10 levels. In addition, 
it improves phagocytic functions, induces chemotaxis 
and the release of oxygen free radicals by neutrophils, 
activates and enhances the cytotoxicity of natural killer 
T-cells, and promotes a TH1-type response (Fantuzzi, 
2005; Lago et al. 2007; Tilg & Moschen, 2006). 

A few reports point to a potential role of leptin in the 
process of epileptogenesis. It may be directly involved 
in the etiopathogenesis of epilepsy by modulating the 
excitability of the nervous tissue, as well as indirectly by 
influencing the course of inflammatory and metabolic 
processes (Mora-Muñoz et al. 2018). 

Also known as TIG2 (tazarotene-induced gene 2 
protein) or RARRES2 (retinoid acid receptor responder 
2), chemerin is mainly secreted by adipose tissue, 
which is regulated by pro-inflammatory cytokines 
(TNF-α, IL-1β and IFNχ) (Kralisch et al. 2009; Lehrke 
et al. 2009; Landgraf et al. 2012). It acts through three 
types of receptors: CMKLR1 (chemokine-like receptor 
1), CCRL2 (chemokine C-C motif receptor-like 2), 
and GPR1 (G protein-couple receptor 1), which are all 
expressed in the central nervous system (CNS) (Meder 
et al. 2003; Rourke et al. 2013). This protein is involved 
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Tab. 1. Results of anthropometric measurements and biochemical assays performed on the examined children

Parameter

Group

KD (n=24) [1] VPA (n=26) [2] C (n=22) [3]
p

mean ± SD (min-max)

age (years) 6.2 ± 2.2
(3.0-9.9)

6.7 ± 2.3
(3.1-9.9)

7.7 ± 1.6
(3.6-9.7) 0.84

body mass (kg) 19.73 ± 7.59
(9.1-39.0)

24.76 ± 9.43
(15.5-54.1)

28.25 ±6.7
(17.0-40.7) 0.08

body mass SDS 0.15 ± 1,03
(-1.30-3.50 )

-0.03 ± 1.19
(-1.94-2.53 )

-0.82 ± 0.91
(-3.04-0.72 )

1/3 0.02

height (cm) 112.65 ± 15.82
(86.0-138.0)

120.4 ± 16.41
(95.0-157.5)

129.17 ± 9.83
(103.0-141.5) 0.07

height SDS -1.08 ± 1.43
(-5.12-1.11)

-0.27 ± 1.3
(-2.26-2.35)

0.17 ± -0.96
(-1.54-2.53)

1/3 0.006

BMI (kg/m2) 15.05 ± 2.27
(11.23-21.84)

16.55 ± 2.57
(11.36-21.81)

16.74 ± 2.46
(13.73-23.71) 0.11

BMI SDS -1.08 ± 1.43
(-5.12-1.11)

0.14 ± 1.11
(-2.11-2.9)

0.1 ± 1.01
(-1.06-3.52)

1/3 0.04

waist circ. (cm) 50.58 ± 7.76
(39.5-67.0)

54.98 ± 6.65
(45.0-74.0)

58.15 ± 6.45
(48.0-74.0) 0.05

waist circ. SDS -0.96 ± 1,17
(-3.08-0.98 )

0.01 ± 1.06
(-1.38-2.7)

0.26 ± 1.19
(-1.43-3.73)

1/3 0.01

hip circ. (cm) 56.87 ± 10.12
(40.5-79.0)

62.55 ± 8.32
(51.0-89.0)

68.67 ± 8.34
(55.0-84.0)

1/3 0.01

hip circ. SDS -1.19 ± 1.09
(-3.82-0.74 )

-0.29 ± 1.18
(-2.43-2.09)

0.25 ± 1.3
(-2.21-3.20)

1/3 0.003

WHR 0.89 ± 0.05
( 0.74-0.98)

0.88 ± 0.05
(0.78-1.00)

0.85 ± 0.06
( 0.71-0.98) 0.1

total cholesterol (mg/dl) 171.6 ± 42.12
(87.0-279.0)

162.02 ± 29.92
(112.0-235.0)

171.07 ± 27.54
(127.0-257.0) 0.81

LDL-cholesterol (mg/dl) 102.27 ± 34.34
(38.0-180.6)

96.54 ± 28.03
(58.3-161.3)

101.76 ± 23.51
(54.3-159.6) 0.51

HDL-cholesterol (mg/dl) 53.10 ± 17.04
(26.0-102.0)

51.74 ± 8.5
(35.5-65.0)

57.28 ± 12.8
(36.6-88.2) 0.16

triglycerides (mg/dl) 103.1 ± 53.34
(29.0-302.0)

67.03 ± 43.79
(26.0-279.0)

67.63 ± 37.52
(31.0-204.0)

1/2; 1/3 0.001

AST (IU/l) 30.2 ± 40.61
(6.0-219.0)

27.2 ± 7.37
(18.0-43.0)

26.8 ± 4.57
(19.0-37.0) 0.19

ALT (IU/l) 35.37 ± 22.27
(11.0-120.0)

15.43 ± 8.8
(6.0-54.0)

15.77 ± 3.86
(9.0-22.0)

1/2 0.04

fasting glucose (mg/dl) 72.03 ± 8.98
(53.0-90.0)

86.47 ± 7.94
(64.0-101.0)

88.5 ± 7.05
(74.0-101.0)

1/2; 1/3 0.001

insulin (mU/ml) 2.48 ± 0.64
(1.34-3.75)

4.19 ± 0.64
(3.13-5.3)

 4.55 ± 0.92
(3.09-5.98)

1/2; 1/3 0.001

HOMA-IR 0.44 ± 0.13
(0.22-0.7)

0.91 ± 0.18
(0.66-1.29)

1.0 ± 0.23
(0.65-1.51)

1/2; 1/3 0.001

CRP (mg/l) 0.9 ± 1.44
(0.2-5.6)

0.56 ± 0.72
(0.2-3.8)

1.87 ± 3.16
(0.1-5.7) 0.42

HCO3- (mmol/l) 19.95 ± 2.03
(16.5-24.1)

22.62 ± 1.68
(19.5-25.5)

21.95 ± 1.08
(19.1-24.3)

1/2; 1/3 0.001

BE (mEq/l) -4.39 ± 2.14
(-7.9-0.4)

-1.68 ± 1.75
(-4.9-0.9)

-2.35 ± 1.05
(-4.2- (-0.5))

1/2; 1/3 0.001

BHBA (mmol/l) 4.31 ± 1.62
(1.0-7.3)

0.29 ± 0.23
(0.1-1.3)

0.29 ± 0.25
(0.1-1.3)

1/2; 1/3 0.001

KD – patients with epilepsy treated with the ketogenic diet and pharmacotherapy; VPA – group of patients with epilepsy treated with valproates; C – 
control group; SD – standard deviation; BMI – body mass index; WHR – waist/hip ratio; SDS – standard deviation score; AST – aspartate aminotransferase; 
ALT – alanine aminotransferase; HOMA-IR – insulin resistance score; CRP – C-reactive protein; HCO3- – bicarbonate level; BE – base excess; BHBA – beta-
hydroxybutyrate; significant differences are marked in bold
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in the regulation of metabolic processes by reducing 
glucose uptake by myocytes and increasing insulin 
resistance. It is also postulated to have a stimulating 
effect on nervous tissue’s excitability by inhibiting the 
activity of adenylyl cyclase (Zhao et al. 2015). Moreover, 
chemerin plays a role in the regulation of adaptive and 
innate cellular immunity and modulates the functioning 
of the immune system. It is considered an adipokine 
with a  pro-inflammatory effect, but due to its multi-
functional nature, it may also exert anti-inflammatory 
properties under certain conditions (Shimamura et al. 
2009). 

Resistin is a pro-inflammatory peptide that was 
initially called FIZZ3 (found in inflammatory zone 3) 
(Holcomb et al. 2000). This hormone is believed to be 
secreted by mainly stromal cells in human adipose 
tissue, with trace amounts derived from preadipocytes 
and adipocytes (Oświęcimska, 2010). The expression 
of  resistin mRNA is enhanced by pro-inflammatory 
cytokines such as IL-1, IL-6, TNF-α and lipopolysac-
charides, while PPARγ receptor agonists inhibit it (Tilg 
& Moschen, 2006; Steppan & Lazar, 2004). In mice, 
resistin has been shown to increase blood glucose and 
insulin levels and to inhibit the hypoglycaemic effect 
of insulin (Steppan et al. 2001). Nevertheless, there 
are conflicting results in studies on the impact of this 
adipokine on the development of insulin resistance in 
humans (Steppan & Lazar, 2004). Elevated concentra-
tions of resistin show positive correlations with inflam-
matory markers such as CRP, IL-6, soluble TNF-α 
receptor-2, and lipoprotein-associated phospholipase 
A2. Furthermore, they are related to an increased risk 
of cardiovascular disease and metabolic syndrome 
(Oświęcimska, 2010). 

The KD is linked to a significant shift in the propor-
tions of delivered nutrients due to an increase in the 
supply of lipids combined with restricted carbohydrate 
intake. The diet modifies endocrine activity in adipose 
tissue by changing the profile of secreted adipokines 
(Paoli et al. 2015; De Amicis et al. 2019). The vast 
majority of the adipose tissue’s hormones affect the 
course of inflammatory processes (Trayhurn & Wood, 
2004). This aspect of their activity seems particularly 
interesting in the context of hypotheses regarding the 
role of inflammatory processes in the development 
of epilepsy and its complications. Many studies have 
demonstrated that a number of substances secreted 
in inflammatory states of the CNS or peripheral 
tissues induce changes in the expression and function 
of  neurotransmitter receptors, leading to a decrease 
in the seizure threshold. In the longer term, recurrent 
epileptic seizures cause damage to neurons and the 
blood-brain barrier, which promotes further activation 
and expansion of inflammatory processes. By increasing 
the secretion of pro-inflammatory cytokines, low-grade 
inflammation can increase the frequency of seizures and 
their generalization, as well as contribute to the devel-

opment of drug resistance and epilepsy complications 
(Paudel et al. 2018). 

The KD has proven clinical efficacy in the treatment 
of refractory epilepsy in children, but there is more 
to explore in regard to its mechanism of action and 
potential new therapeutic possibilities associated with 
the function of adipokines or substances modulating 
their secretion/activity. This compelled us to study the 
serum concentrations of selected pro-inflammatory 
adipokines (leptin, chemerin, and resistin) in children 
with epilepsy who are being treated with the KD. We 
compared the results with those obtained from chil-
dren receiving valproates (VPA) and a control group 
(children diagnosed with headaches) and analysed 
the correlations with anthropometric and metabolic 
parameters.

MATERIAL AND METHODS
The study involved 72 patients from the Department 
of Paediatric Neurology at the Independent Public 
Healthcare Centre – Municipal Hospital Complex in 
Chorzów. There were 40 girls and 32 boys aged 3-9 
years without signs of puberty (at Tanner stage I). The 
participants were divided into 3 groups. The study 
group (KD) consisted of 24 patients (11 girls, 13 boys) 
aged 3-9 years (average age 6.2 ± 2.2 years) who were 
diagnosed with drug-resistant epilepsy and treated for 
>3 months with the KD. In this period, no modifications 
in the pharmacotherapy were introduced. Generalized 
seizures were observed in 14 children from this group 
(6 girls and 8 boys). There were polymorphic seizures 
in 9 of them (5 girls, 4 boys), and 1 boy experienced 
focal seizures.

The KD was the only treatment administered 
to 3 patients, while 4 children on the KD also received 
1 medication (of these, 3 patients received VPA, and 1 
received levetiracetam). There were 14 patients on the 
KD who also received 2 antiepileptic drugs (10 patients 
received VPA in combination with topiramate, leve-
tiracetam, ethosuximide, or clonazepam, while 
4 patients were given levetiracetam in combination with 
clonazepam or vigabatrin). In the 3 remaining patients, 
triple pharmacotherapy was used in addition to the KD 
(with the use of VPA in each case).

The second study group consisted of children diag-
nosed with epilepsy who were treated with only VPA. 
This group included 26 patients (16 girls, 10 boys) aged 
3-9 years (average age 6.7 ± 2.3 years). In this group, 
generalized seizures were observed in 17 children 
(10  girls, 7 boys), while 9 (5 girls, 4 boys) presented 
with focal seizures. The antiepileptic treatment prior 
to biochemical assays lasted at least 3 months. 

The control group (C) was composed of 22 patients 
(13 girls, 9 boys) aged 3-9 years (average age 7.7 ± 1.6 
years) who were admitted to the hospital to determine 
the cause of headaches. Laboratory and imaging tests in 
these patients did not reveal any abnormalities.
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(homeostasis assessment model - insulin resistance) 
score was calculated according to the formula:

The research was approved by the Bioethics 
Committee of the Medical University of Silesia in 
Katowice (Resolution No. KNW/0022/KB1/155/15 
of  15.12.2015). Additionally, we received written 
consent from the patients’ parents or legal guardians.

Statistical Analysis
A database was created in a Microsoft Excel spread-
sheet. Statistical calculations were done using the 
software Statistica 10.0 (StatSoft Inc., USA). The 
Kolmogorov-Smirnov test was used to check whether 
the tested parameters had a normal distribution. The 
homogeneity of variances was assessed with Levene’s 
test. For variables with a normal distribution, group 
comparisons were performed using a one-way analysis 
of variance (one-way ANOVA) and Tukey’s HSD post-
hoc tests. The Kruskal-Wallis test was used if the distri-
bution of variables differed significantly from a normal 
distribution and Levene’s test showed no homogeneity 
of variances. 

For variables with a normal distribution, linear 
correlations were established by determining Pearson 
coefficients. In the case of variables with a distribu-
tion significantly deviating from normal, Spearman 
coefficients were used. A significance level of α<0.05 
was adopted in statistical calculations. Values in 
the tables and text are presented as the mean ± SD 
(minimum-maximum).

RESULTS
The results of the anthropometric measurements and 
biochemical assays are shown in Table I. Leptin levels 
in the KD group (2.71 ± 0.93 ng/ml, range 1.28-4.32 ng/
ml) were significantly lower (p=0.001) than in the VPA 
group (5.85 ± 1.79 ng/ml, range 3.45-10.48 ng/ml) and 
C group (6.14 ± 2.07 ng/ml, range 3.31-10.89 ng/ml) 
(Fig. 1). 

Chemerin levels in children treated with the KD 
(144.24 ± 23.47 ng/ml, range 104.88-197.80 ng/ml) 
were also significantly lower (p=0.001) than in the VPA 
group (180.79 ± 12.87 ng/ml, range 157.86-208.68 ng/
ml) and C group (182.80 ± 12.71 ng/ml, range 155.37-
199.20 ng/ml) (Fig. 2). 

Conversely, resistin concentrations in the KD group 
(3.53 ± 0.44 ng/ml, range 2.56-4.26 ng/ml) were signifi-
cantly higher (p=0.003) than in the VPA group (3.16 ± 
0.31 ng/ml, range 2.58-4.02 ng ml) and C group (3.15 ± 
0.32 ng/ml, range 2.67-4.26 ng/ml) (Fig. 3). 

The analysis of correlations established that in 
children treated with the KD, serum leptin concentra-
tions correlated with insulin levels (r=0.60, p<0.01) 
and HOMA-IR scores (r=0.55; p<0.01). In contrast, 
chemerin levels in this group showed a negative corre-
lation with body mass (r=-0.49; p=0.02) and height 
(r =-0.47; p=0.02) expressed as SDS. In the VPA group, 
there was a positive relationship between chemerin 
concentrations and WHR (r=0.49; p=0.02). Resistin 
levels and fasting blood glucose (r=0.50; p=0.02) also 
correlated positively, while in the case of AST, this rela-
tionship was inversed (r =-0.47; p=0.02). 

For each patient, a detailed medical history was 
obtained, and a meticulous physical examination was 
performed, which took into account anthropometric 
measurements [weight, height, waist and hip circumfer-
ences, and sexual maturity according to the Tanner scale 
(Marshall & Tanner, 1969)] . The results of the measure-
ments were used to calculate the body mass index 
(BMI) according to the formula BMI = body weight 
(kg)/height (m2). The waist/hip ratio (WHR) was calcu-
lated according to the formula WHR = waist circum-
ference (cm)/hip circumference (cm). Anthropometric 
measurements were also expressed as standard devia-
tions from the mean values (standard deviation score, 
SDS) for age and sex. All parameters were matched 
against percentile growth charts from the OLAF PL0080 
research project (Świąder-Leśniak et al. 2015; Kułaga et 
al. 2015).

Venous blood samples of 10 ml were drawn in the 
morning between 8 AM and 10 AM in the fasted state at 

the same time as routine laboratory tests during hospi-
talization. Levels of high-sensitivity C-reactive protein 
(CRP), fasting blood glucose, beta-hydroxybutyrate 
(BHBA), alanine aminotransferase (ALT) and aspar-
tate aminotransferase (AST) activities, lipid profile, and 
gasometry were determined at the Laboratory of  the 
Municipal Hospital Complex in Chorzów (formerly 
the Chorzów Centre of Paediatrics and Oncology). 
Hormonal tests were performed at the Institute and 
Department of Medical and Molecular Biology, Faculty 
of Medical Sciences, Medical University of Silesia in 
Katowice. 

Leptin, chemerin, resistin, and vaspin concentra-
tions were determined via the enzyme-linked immuno-
sorbent assay (ELISA) method using commercial tests 
(Bio-Vendor LLC Laboratorní Medicína a.s., Prague, 
Czech Republic). For insulin levels, the same method was 
applied using a Mercordia Ultrasensitive Insulin ELISA 
kit (Mercordia AB, Uppsala, Sweden). The HOMA-IR 
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In the control group, leptin concentrations corre-
lated with body mass (r=0.10; p=0.04), insulin concen-
trations (r =0.51, p=0.02), and HOMA-IR scores 
(r=0.52; p=0.01). Furthermore, an inverse relationship 
was found between chemerin concentrations and age 
(r =-0.43; p=0.04), height (r=-0.46; p=0.03), and ALT 
activity (r=0.60; p<0.01). Table II shows the results 
of the correlation analysis between anthropometric 
parameters, biochemical assays, and serum adipokine 
levels.

DISCUSSION
Reports published over the past two decades provide 
a growing body of evidence regarding the role played 
by a dysfunctional immune system and inflammation 
in the process of epileptogenesis (Vezzani & Granata, 
2005; Vezzani, 2008; Vezzani et al. 2011). It is believed 
that the brain is not a privileged organ in terms 
of  immunity, despite the existence of the blood-brain 
barrier. Nevertheless, it does have its own local immune 
system, where glial cells play a primary role. These cells 
protect and nourish the neurons and also participate in 
initiating inflammatory processes (Engelhardt, 2008). 

Glial dysfunction might be a potential factor 
causing a chronic inflammatory conditions. Such 
conditions predispose a patient to the occurrence or 
aggravation of  various central nervous system disor-
ders and manifest at the cellular level. One example is 
the overexpression of pro-inflammatory cytokines or 
intercellular communication disorders (Damani et  al. 
2011; Vezzani & Friedman, 2011; Aronica & Crino, 

2011). Additionally, a process with the characteristics 
of peripheral or systemic inflammation may provoke an 
inflammatory response in the CNS, causing exacerba-
tion of ictal activity due to modulation of the activity 
of drug-metabolising enzymes and systems that trans-
port drugs across the brain ((Riazi et al. 2010; Nielsen 
et al. 2007; Yu et al. 2011). 

The KD is one of the non-pharmacological methods 
used to treat drug-resistant epilepsy. Like the pathomech-
anism of epileptogenesis, the anticonvulsant mechanism 
of the KD is very complex. Despite its many years of use 
and numerous studies, its mechanism has not been fully 
understood (Simeone et al. 2017; Maalouf et al. 2009; 
Giordano et al. 2014). It is believed that the diet has 
a direct anticonvulsant and neuroprotective effect thanks 
to ketone bodies. It is also thought to provoke changes 
in neurotransmission (increases in GABA production, 
inhibition of the glutaminergic system, and stimulation 
of the noradrenergic system), inhibition of voltage-
gated ion channels (sodium and calcium), increases 
in ATP synthesis and adenosine accumulation, reduc-
tions in oxidative stress, and modulation of hormonal 
processes and of the immune response (Maalouf et al. 
2009; Stafstrom & Rho, 2012; Gasior et al. 2006). 

The anti-inflammatory effect of fasting and the KD 
has been well documented (Maalouf et al. 2009; Gasior 
et  al. 2006). By inhibiting the microglia’s pro-inflam-
matory response, ketone bodies inhibit transmission 
related to the NFκB pathway and the associated produc-
tion of pro-inflammatory cytokines (Maalouf et  al. 
2009; Ghosh et al. 2018).). The gene expression of  the 
NFκB transcription factor (nuclear factor κB) is also 

Fig. 1. Serum leptin concentrations in the examined groups of children (n=72)
KD – ketogenic diet; VPA – valproates; C – controls; *p=0.001 KD vs. VPA and KD vs. C
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affected by receptors that are activated by peroxisome 
proliferator-activated receptor (PPAR), which is present 
in various body tissues (including microglia). They are 
involved in the regulation of carbohydrate and lipid 
metabolism, adipogenesis, and immunomodulation, 
and ketone bodies modulate their levels (Maalouf et al. 
2009; Badman et al. 2007). 

Changes in serum adipokine levels in patients using 
KD therapy would seem extremely interesting when 
considering the links between low-grade inflammation 
within the CNS or peripheral tissues and the phenom-
enon of drug resistance in epilepsy, along with the anti-
inflammatory effect discovered in the anti-epileptic 
mechanism of the KD. Adipose tissue hormones indeed 
participate in the regulation of the body’s metabolism 
and energy homeostasis, as well as the modulation 
of inflammatory processes. Our results indicate that one 
of the potential mechanisms behind the KD’s action in 
patients with drug-resistant epilepsy may be a decrease 
in the concentration of the pro-inflammatory adipo-
kines leptin and chemerin.

The research by de Brito Toscano et al. suggests that 
the development of temporal lobe epilepsy (TLE) in 
adults is associated with local and systemic activation 
of low-grade inflammation due to constant stimulation 
of CNS cells (especially astrocytes and microglia) and 
leukocytes, which manifests as elevated serum leptin 
levels. They are a very good predictor of TLE diag-
nosis in a logistic regression model. They may also be 
responsible for the somatic complications of epilepsy 
in the form of hypertension and disorders of the diges-
tive, cardiovascular, and respiratory systems (de Brito 

Toscano et al. 2019). Interestingly, another study 
observed a negative correlation between leptin levels 
and the frequency of generalized seizures observed. 
Concentrations of this adipokine were reduced within 
24 hours of a seizure, which can be explained by the 
body’s anti-inflammatory compensatory response 
to convulsions (Palmio et al. 2016). 

A small number of studies on animals indicate 
bi-directional effects of leptin in epileptogenesis. It 
can exert both pro-seizure and anticonvulsant effects. 
In some types of epilepsy, leptin can inhibit epilepto-
genesis by activating potassium channels (Bentzen 
et al. 2014). Xu et al. found elevated plasma and brain 
concentrations of leptin accompanied by a reduction in 
seizures when researching the effect of this adipokine 
on seizures induced by the administration of 4-amino-
pyridine or pentylenetetrazole in mouse models. This 
result is associated with the inhibitory effect of leptin 
on synaptic transmission and the selective inhibi-
tion of AMPA receptors (Xu et al. 2008). On the other 
hand, a positive correlation was observed between 
leptin levels and seizure activity in mouse models 
with epilepsy induced by intraventricular administra-
tion of  penicillin (Ayyildiz et al. 2006). Lynch et al. 
described a similar effect in mouse models for leptin 
supplied together with NMDA and kainate receptor 
agonists (Lynch et al. 2010).

Our results are consistent with those presented 
by Rauchenzauner et al. who examined 10 prepu-
bertal children with epilepsy and Glut 1 deficiency 
syndrome treated with the KD for 6 months (keto-
genic ratio 3:1). They noted lower levels of insulin, 

Fig. 2. Serum chemerin concentrations in the examined groups of children (n=72)
KD – ketogenic diet; VPA – valproates; C – controls; *p<0.001 DK vs. VPA and KD vs. C
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leptin, and HOMA-IR scores than the control group, 
which consisted of children with benign childhood 
epilepsy (Rauchenzauner et al. 2008). In a prospective 
uncontrolled study, Lambrechts et al. demonstrated 
a decrease in leptin levels following a 12-month period 
of using different variants of the KD in 1 to 40-year-
old patients with refractory epilepsy (Lambrechts et al. 
2016). Other studies, however, have not found changes 
in the concentration of this hormone in the course 
of KD treatments lasting 3 (Rho & Stafstrom, 2012), 6, 
and 12 months (De Amicis et al. 2019). This may have 
resulted from methodological differences in the type 
of KD used, study protocol, age, diagnosis, and multi-
drug pharmacotherapy administered in parallel to the 
diet. 

It is also hypothesized that the decrease in leptin 
levels caused by the KD is associated with body mass 
loss (De Amicis et al. 2019). Our results point to the 
existence of such a dependence since the body mass 
and BMI in the KD group were significantly lower than 
in the children receiving VPA and healthy children. 
Moreover, we confirmed that elevated leptin levels in 
children treated with VPA, as reported by a number 
of studies, are associated with an increased appetite, the 
development of obesity, and insulin resistance rather 
than with the direct effect of this drug (Tokgoz et al. 
2012; Cansu et al. 2011; Hamed et al. 2009; Aydin et al. 
2005; Rauchenzauner et al. 2008; Sonmez et al. 2013). 
Leptin levels in the VPA group were indeed similar 
to those in the control group, but there were no signifi-
cant differences in body mass, BMI, insulin levels, or 
HOMA-IR scores. Amongst other antiepileptic drugs, 

carbamazepine, oxcarbazepine, and lamotrigine do not 
affect leptin levels (Hamed et al. 2009; Uludag et al. 
2009; Cansu et al. 2011). In the case of topiramate in the 
paediatric population, an inverse relationship (a reduc-
tion of plasma leptin levels) was detected (Sonmez et al. 
2013, Ozcelik et al. 2014). However, these observations 
have not been confirmed in adult populations using 
topiramate as both a monotherapy and an add-on drug 
(Genc et al. 2010; Theisen et al. 2008). 

There is only one report about the concentration 
of chemerin in the sera of children with idiopathic 
epilepsy aged 5-10 years. Concentrations of this adipo-
kine were significantly higher in a group of 50 patients 
aged 5-10 years than a control group of healthy chil-
dren. Furthermore, they correlated with the severity 
of  the disease and its duration. They have also been 
proven to  be a valuable predictor of poor response 
to pharmacotherapy with 80% sensitivity and 88% spec-
ificity. It was suggested that elevated levels of chemerin 
in epileptic patients may be a manifestation of the 
activation of inflammatory processes, especially since 
previous studies also indicated pro-inflammatory effects 
of this adipokine in other neurological conditions, such 
as strokes, multiple sclerosis, and autoimmune enceph-
alitis (Elhady et al. 2018). In light of the scant data, 
the significantly lower levels of chemerin observed in 
children treated with the KD seem to confirm its anti-
inflammatory mechanism of action. 

For resistin, we obtained slightly different results 
than in the case of leptin and chemerin since the levels 
of this adipokine were significantly higher in chil-
dren treated with the KD than in the other groups. 

Fig. 3. Serum resistin concentrations in the examined groups of children (n=72)
KD – ketogenic diet; VPA – valproates; C – controls; *p=0.003 KD vs. VPA and KD vs. C
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Tab. 2. Analysis of correlation between anthropometric parameters 
and biochemical assays and the concentrations of tested 
adipokines in all examined children (n=72)

Parameter
leptin 

[ng/ml]

chemerin

[ng/ml]

resistin

[ng/ml]

age (years) r=0.15
p=0.24

r=0.07
p=0.54

r=0.20
p=0.10

body mass (kg) r=0.26

p=0.03

r=0.08
p=0.53

r=-0.02
p=0.88

body mass SDS r=0.28

p=0.02

r=0.09
p=0.44

r=-0.16
p=0.19

height (cm) r=0.25

p=0.04

r=0.08
p=0.50

r=0.06
p=0.64

height SDS r=0.23
p=0.05

r=0.03
p=0.82

r=-0.18
p=0.15

BMI (kg/m2) r=0.24

p=0.04

r=0.07
p=0.59

r=-0.13
p=0.27

BMI SDS r=0.28

p=0.02

r=0.12
p=0.34

r=-0.21
p=0.08

waist circ. (cm) r=0.26

p=0.03

r=0.11
p=0.37

r=-0.05
p=0.66

waist circ. SDS r=0.29

p=0.02

r=0.15
p=0.22

r=-0.16
p=0.20

hip circ. (cm) r=0.23
p=0.05

r=0.11
p=0.39

r=-0.03
p=0.79

hip circ. SDS r=0.22
p=0.07

r=0.12
p=0.32

r=-0.23
p=0.06

WHR r=-0.04
p=0.70

r=-0.02
p=0.90

r=-0.02
p=0.85

total cholesterol 
(mg/dl)

r=-0.16
p=0.20

r=-0.07
p=0.56

r=0.05
p=0.66

LDL-cholesterol 
(mg/dl)

r=-0.11
p=0.36

r=-0.04
p=0.73

r=0.03
p=0.79

HDL-cholesterol 
(mg/dl)

r=-0.01
p=0.91

r=0.12
p=0.31

r=0.07
p=0.58

triglycerides 
(mg/dl)

r=-0.36

p<0.01*

r=-0.29

p=0.02*

r=0.18
p=0.13*

AST (IU/l) r=-0.19
p=0.12*

r=0.08
p=0.54*

r=-0.15
p=0.20*

ALT (IU/l) r=-0.13
p=0.30*

r=-0.17
p=0.17

r=-0.03
p=0.83*

fasting glucose 
(mg/dl)

r=0.48

p<0.01

r=0.43

p<0.01

r=-0.23
p=0.06

insulin (mU/ml) r=0.66

p<0.01

r=0.51

p<0.01

r=-0.34

p<0.01

HOMA-IR r=0.66

p<0.01

r=0.54

p<0.01

r=-0.34

p<0.01

CRP (mg/l) r=-0.07
p=0.55

r=0.09
p=0.49*

r=0.09
p=0.49*

HCO3- (mmol/l) r=0.40

p=0.01

r=0.36

p<0.01

r=-0.22
p=0.08

BE (mEq/l) r=0.37

p<0.01

r=0.34

p=0.01

r=-0.22
p=0.07

BHBA (mmol/l) r=-0.72

p<0.01*

r=-0.50

p<0.01*

r=0.32
p=0.01*

BMI – body mass index; WHR – waist/hip ratio; SDS – standard deviation 
score; AST – aspartate aminotransferase; ALT – alanine aminotransferase; 
HOMA-IR – insulin resistance score; CRP – C-reactive protein; HCO3- – 
bicarbonate level; BE – base excess; BHBA – beta-hydroxybutyrate; * 
Spearman correlation; significant correlations are marked in bold

The results of the few studies on resistin concentra-
tions in patients with epilepsy have been very diver-
gent (de Brito Toscano et al. 2019; Sonmez et al. 2013; 
Tomoum & El-Hadidi, 2009). De Brito Toscano et al. 
demonstrated that resistin levels in patients with TLE 
are significantly lower than in a control group (de Brito 
Toscano et al. 2019). In prospective studies, Tomoum 
et al. did not demonstrate any significant difference 
regarding resistin levels during VPA therapy in chil-
dren, although none of the patients developed obesity, 
which is consistent with our observations (Tomoum 
& El-Hadidi, 2009). On the other hand, Sonmez et al. 
found a significant increase in its levels over 12 months 
of VPA treatment (Sonmez et al. 2013). The current 
state of knowledge does not allow us to explain these 
discrepancies. Perhaps the key to interpreting them is 
that resistin is not a typical adipokine as its main source 
is mononuclear stromal cells from adipose tissue and 
not adipocytes (Oświęcimska, 2010). 

There are a few limitations to this study. It is cross-
sectional study, and the groups were relatively small. 
In the majority of cases, children from the KD group 
also received additional pharmacotherapy. However, 
for clinical reasons, standardization of the KD group in 
terms of the anti-epileptic drugs administered turned 
out not to be feasible. 

In our research, we evaluated serum concentrations 
of chemerin and resistin in children treated with the KD 
for the first time ever. We did not find any reports on 
this subject in the literature. Another merit of the study 
is its wide assessment of metabolic parameters, which 
cover carbohydrate metabolism, lipid metabolism, and 
acid-base balance. The examined groups consisted 
exclusively of prepubertal children with drug-resistant 
epilepsy. In contrast to previous studies, we compared 
the results of adipokine levels in children with drug-
resistant epilepsy treated with the KD to those of not 
only healthy children, but also children with epilepsy 
who were receiving VPA.

CONCLUSIONS
The results demonstrated that serum proinflamma-
tory adipokines leptin and chemerin were signifi-
cantly lower in in children with drug-resistant epilepsy 
treated with KD than patients treated with VPA and the 
control group. We also showed their relationship to the 
parameters of acid-base balance and insulin resistance. 
Therefore, our results suggest that one of the potential 
mechanisms of the KD in children with drug-resistant 
epilepsy might be a decrease in pro-inflammatory 
adipokine levels. 



498 Copyright © 2021 Neuroendocrinology Letters ISSN 0172–780X • www.nel.edu

Chyra et al: Adipokines in epilepsy

REFERENCES

1  Ahima RS, Lazar MA (2008). Adipokines and the peripheral and 
neural control of energy balance. Mol Endocrinol. 22:  1023–
1031.

2  Aronica E, Crino PB (2011). Inflammation in epilepsy: clinical 
observations. Epilepsia. 52(3): 26–32.

3  Aydin K, Serdaroglu A, Okuyaz C, Bideci A (2005). Serum insulin, 
leptin, and neuropeptide Y levels in epileptic children treated 
with valproate. J Child Neurol. 20(10): 848–51.

4  Ayyildiz M, Yildirim M, Agar E, Baltaci AK (2006). The effect 
of  leptin on penicillin-induced epileptiform activity in rats. 
Brain Res Bull. 68(5): 374–378.

5  Badman MK, Pissios P, Kennedy AR, Koukos G, Flier JS, Maratos-
Flier E (2007). Hepatic fibroblast growth factor 21 is regulated 
by PPARalpha and is a key mediator of hepatic lipid metabolism 
in ketotic states. Cell Metab. 5: 426–437.

6  Bentzen BH, Olesen SP, Ronn LC, Grunnet M (2014). BK channel 
activators and their therapeutic perspectives. Front Physiol. 5: 389.

7  Cansu A, Serdaroglu A, Camurdan O, Hirfanoglu T, Cinaz P 
(2011). Serum insulin, cortisol, leptin, neuropeptide Y, galanin 
and ghrelin levels in epileptic children receiving valproate. 
Horm Res Paediatr. 76(1): 65–71.

8  Cansu A, Serdaroglu A, Cinaz P (2011). Serum insulin, cortisol, 
leptin, neuropeptide Y, galanin and ghrelin levels in epileptic chil-
dren receiving oxcarbazepine. Eur J Paediatr Neurol. 15(6): 527–31.

9  Damani MR, Zhao L, Fontainhas AM, Amaral J, Fariss RN, Wong 
WT (2011). Age-related alterations in the dynamic behavior 
of microglia. Aging Cell. 10(2): 263–276.

10  De Amicis R, Leone A, Lessa C, Foppiani A, Ravella S, Ravasenghi 
S et al. (2019) Long-Term Effects of a Classic Ketogenic Diet on 
Ghrelin and Leptin Concentration: A 12-Month Prospective Study 
in a Cohort of Italian Children and Adults with GLUT1-Deficiency 
Syndrome and Drug Resistant Epilepsy. Nutrients. 11: E1716.

11  de Brito Toscano EC, Lessa JM, Goncalves AP, Rocha NP, 
Giannetti AV, de Oliveira GN et al. (2019) Circulating levels 
of  adipokines are altered in patients with temporal lobe epi-
lepsy. Epilepsy Behav. 90: 137–141.

12  Dudzińska M (2014). Dieta ketogenna [(The Ketogenic Diet) (In 
Polish)]. Warsaw: PZWL.

13  Elhady M, Youness ER, Gafar HS, Abdel Aziz A, Mostafa RS 
(2018). Circulating irisin and chemerin levels as predictors 
of  seizure control in children with idiopathic epilepsy. Neurol 
Sci. 39: 1453–1458.

14  Engelhardt B (2008). The blood-central nervous system barri-
ers actively control immune cell entry into the central nervous 
system. Curr Pharm Des. 14(16): 1555–1565.

15  Fantuzzi G (2005). Adipose tissue, adipokines and inflamma-
tion. J. Allergy Clin. Immunol. 115: 911–919.

16  Gasior M, Rogawski MA, Hartman AL (2006). Neuroprotective 
and disease-modifying effects of ketogenic diet. Behav Phar-
macol. 17(5-6): 431–439.

17  Genc B, Dogan EA, Dogan U, Genc E (2010). Anthropometric 
indexes, insulin resistance, and serum leptin and lipid levels in 
women with cryptogenic epilepsy receiving topiramate treat-
ment. J Clin Neurosci. 17(10): 1256–9.

18  Ghosh S, Castillo E, Frias E, Swanson RA (2018). Bioenergetic 
regulation of glia. Glia. 66(6): 1200–1212.

19  Giordano C, Marchio M, Timofeeva E, Biagini G (2014). Neuroac-
tive peptides as putative mediators of antiepileptic ketogenic 
diets. Front Neurol. 5: 63.

20  Hamed S, Fida N, Hamed E (2009). States of serum leptin and 
insulin in children with epilepsy: risk predictors of weight gain. 
Eur J Paediatr Neurol. 13(3): 261–8.

21  Hauner H, Hochberg Z (2002). Endocrinology of adipose tissue. 
Horm Metab Res. 34(11/12): 605–606.

22  Holcomb IN, Kabakoff RC, Chan B, Baker TW, Gurney A, Henzel 
W et al. (2000) FIZZ1, a novel cysteine-rich secreted protein 
associated with pulmonary inflammation, defines a new gene 
family. EMBO J. 19(15): 4046–4055.

23  Kershaw E, Flier JS (2004). Adipose tissue as an endocrine 
organ. J. Clin. Endocrinol. Metab. 89: 2548–2556.

24  Kossoff EH, Zupec-Kania BA, Auvin S, Ballaban-Gil KR, Bergqvist 
AGC, Blackford R et al. (2018). Optimal Clinical management 
of children receiving dietary therapies for epilepsy: updated 
recommendations of International Ketogenic Diet Study Group. 
Epilepsia Open. 3(2): 175–192.

25  Kralisch S, Weise S, Sommer G (2009). Interleukin-1 beta 
induces the novel adipokine chemerin adipocytes in vitro. 
Regul Pept. 154(1–3): 102–106.

26  Kułaga Z, Różdżyńska-Świątkowska A, Grajda A, Gurzkowska B, 
Wojtyło M, Góźdź M (2015). Siatki centylowe dla oceny wzrasta-
nia i stanu odżywienia polskich dzieci i młodzieży od urodzenia 
do 18 roku życia [(Percentile charts to assess the growth and 
nutritional status of Polish children and adolescents from birth 
to 18 years of age.) (in Polish with English abstract.)] Standardy 
Medyczne/Pediatria. 12: 119–135.

27  Lago F, Dieguez C, Gomez-Reino J, Gualillo O (2007). The 
emerging role of adipokines as mediators of inflammation and 
immune responses. Cytokine Growth Fact. Rev. 18: 313–325.

28  Lambrechts DA, Brandt-Wouters E, Verschuure P, Vles HS, 
Majoie MJ (2016). A prospective study on changes in blood 
levels of  cholecystokinin-8 and leptin in patients with refrac-
tory epilepsy treated with the ketogenic diet. Epilepsy Res. 
127: 87–92.

29  Landgraf K, Friebe D, Ullrich T, Kratzsch J, Dittrich K, Herberth 
G et al. (2012). Chemerin as a mediator between obesity and 
vascular inflammation in children. J Clin Endocrinol Metab. 
97(4): E556–64.

30  Lehrke M, Becker A, Greif M, Stark R, Laubender RP, von Ziegler 
F et al. (2009). Chemerin is associated with markers of inflam-
mation and components of the metabolic syndrome but does 
not predict coronary atherosclerosis. Eur J Endocrinol. 161(2): 
339–344.

31  Lynch JJ 3rd, Shek EW, Castagne V, Mittelstadt SW (2010). The 
proconvulsant effects of leptin on glutamate receptor-medi-
ated seizures in mice. Brain Res Bull. 82(1–2): 99–103.

32  Maalouf MA, Rho JM, Mattson MP (2009). The neuroprotective 
properties of calorie restriction, the ketogenic diet, and keto-
genic bodies. Brain Res Rev. 59(2): 293–315.

33  Marshall WA, Tanner JM (1969). Variations in pattern of pubertal 
changes in girls. Arch Dis Child. 44: 291–303.

34  Meder W, Wendland M, Busmann A, Kutzleb C, Spodsberg N, John 
H et al. (2003) Characterization of human circulating TIG2 as a 
ligand for the orphan receptor ChemR23. FEBS Lett. 555(3): 495–9.

35  Mora-Muñoz L, Guerrero-Naranjo A, Rodríguez-Jimenez EA, 
Mastronardi CA, Velez-van-Meerbeke (2018) A2. Leptin: role 
over central nervous system in epilepsy. BMC Neurosci. 19: 51.

36  Nielsen KA, Hansen EL, Gille S (2007). Genotyping of the cyto-
chrome P450 2D6 4469 C>T polymorphism Rusing SimpleP-
robes. Scand J Clin Lab Invest. 67(3): 280–290.

37  Obeid M, Frank J, Medina M, Finckbone V, Bliss R, Bista B, 
Majmudar S, Hurst D, Strahlendorf H, Strahlendorf J. Neuropro-
tective effects of leptin following kainic acid-induced status 
epilepticus (2010). Epilepsy Behav. 19: 278–283.

38  Oświęcimska J (2010). Ocena zaburzeń metabolicznych 
oraz czynności hormonalnej tkanki tłuszczowej u młodzieży 
i młodych dorosłych z niedoborem hormonu wzrostu. [(Assess-
ment of metabolic disorders and hormonal function of adipose 
tissue in adolescents and young adults with growth hormone 
deficiency) (in Polish with English abstract.)] Katowice: Śląski 
Uniwersytet Medyczny w Katowicach.

39  Ozcelik A, Serdaroglu A, Bideci A, Arhan E, Soysal S, Demir E et 
al. (2014) et al. The effect of topiramate on body weight and 
ghrelin, leptin, and neuropeptide Y levels of prepubertal chil-
dren with epilepsy. Paediatr Neurol. 51(2): 220–4.

40  Palmio J, Vuolteenaho K, Lehtimäki K, Nieminen R, Peltola J, 
Moilanen E (2016). CSF and plasma adipokines after tonic-
clonic seizures. Seizure. 39: 10–12.

41  Paoli A, Bosco G, Camporesi EM, Mangar D (2015). Ketosis, 
ketogenic diet and food intake control: a complex relationship. 
Front Psychol. 6: 27.

42  Paudel YN, Shaikh MF, Shah S, Kumari Y, Othman I (2018). Role 
of inflammation in epilepsy and neurobehavioral comorbidi-
ties: Implication for therapy. Eur J Pharmacol. 837: 145–155.



499Neuroendocrinology Letters Vol. 42 No. 7 2021 • Article available online: www.nel.edu

Chyra et al: Adipokines in epilepsy

43  Rauchenzauner M, Haberlandt E, Scholl-Burgi S, Karall D (2008). 
Effect of valproic acid treatment on body composition, leptin 
and the soluble leptin receptor in epileptic children. Epilepsy 
Res. 80(2-3): 142–9.

44  Rauchenzauner M, Klepper J, Leiendecker B, Luef G, Rostasy K, 
Ebenbichler C (2008). The ketogenic diet in children with Glut1 
deficiency syndrome and epilepsy. J Pediatr. 153: 716–718.

45  Rho JM, Stafstrom CE (2012). The ketogenic diet: What has sci-
ence taught us? Epilepsy Res. 100: 210–217.

46  Riazi K, Galic MA, Pittman QJ (2010). Contributions of periph-
eral inflammation to seizure susceptibility: cytokines and brain 
excitability. Epilepsy Res. 89(1): 34–42.

47  Rourke JL, Hanse HJ, Cinal CJ (2013). Towards an integrative 
approach to understanding the role of chemerin in human 
health and disease. Obese Rev. 14(3): 245–262.

48  Shimamura K, Matsuda M, Miyamoto Y, Yoshimoto R, Seo T, 
Tokita S (2009). Identification of a stable chemerin analog with 
potent activity toward Chem R23. Peptides. 30(8): 1529–38.

49  Simeone TA, Simeone KA, Rho JM (2017). Ketone bodies as anti-
seizure agents. Neurochem Res. 42(7): 2011–2018.

50  Sonmez FM, Zaman D, Aksoy A, Deger O, Aliyazicioglu R, Kara-
guzel G et al. (2013). The effects of topiramate and valproate 
therapy on insulin, c-peptide, leptin, neuropeptide Y, adipo-
nectin, visfatin, and resistin levels in children with epilepsy. 
Seizure. 22: 856–861.

51  Sperling M, Grzelak T, Czyżewska K (2012). Endokrynna funkcja 
tkanki tłuszczowej w ujęciu historycznym. [(The endocrine 
function of adipose tissue in the historical perspective.) (in 
Polish with English abstract.)] Alergia Astma Immunologia. 
17(1): 16–21.

52  Stafstrom C, Rho JM (2012). The ketogenic diet as a treatment 
paradigm for diverse neurological disorders. Front Pharmacol. 
3: 59.

53  Steppan CM, Bailey ST, Bhat S, Brown EJ, Banerjee RR, Wright 
CM et al. (2001). The hormone resistin links obesity to diabetes. 
Nature. 409: 307–312.

54  Steppan CM, Lazar MA (2004). The current biology of resistin. J. 
Int. Med. 255: 439–447.

55  Świąder-Leśniak A, Kułaga Z, Grajda A, Gurzkowska B, Góźdź 
M, Wojtyło M et al. (2015). Wartości referencyjne obwodu talii 
i  bioder polskich dzieci i młodzieży w wieku 3-18 lat. [(Refer-
ence values of waist and hip circumference of Polish children 
and adolescents aged 3-18 years.) (in Polish with english 
abstract.)] Standardy Medyczne/Pediatria. 12: 137–150.

56  Theisen F, Beyenburg S, Gebhardt S, Kluge M, Blum WF, Rem-
schmidt H et al. (2008). A prospective study of body weight and 
serum leptin levels in patients treated with topiramate. Clin 
Neuropharmacol. 31(4): 226–30.

57  Tilg H, Moschen A (2006). Adipocytokines: mediators linking 
adipose tissue, inflammation and immunity. Nature. 6:  772–
783.

58  Tokgoz H, Aydin K, Oran B, Kiyici A (2012). Plasma leptin, neu-
ropeptide Y, ghrelin, and adiponectin levels and carotid artery 
intima media thickness in epileptic children treated with val-
proate. Childs Nerv Syst. 28(7): 1049–53.

59  Tomoum HY, El-Hadidi ES (2009). Ghrelin and resistin levels in 
children with epilepsy on valproic acid. Journal of Pediatric 
Neurology. 7: 223–229.

60  Trayhurn P, Wood IS (2004). Adipokines: inflammation and the 
pleiotropic role of white adipose tissue. Br J Nutr. 92: 347–355.

61  Uludag I, Kulu U, Sener U, Kose S, Zorlu Y (2009). The effect 
of  carbamazepine treatment on serum leptin levels. Epilepsy 
Res. 86(1): 48–53.

62  Van Der Louw E, Van Den Hurk D, Neal E, Leiendecker B, Fitzsim-
mon G, Dority L et al. (2016). Ketogenic diet guidelines for 
infants with refractory epilepsy. Eur J Paediatr Neurol. 20(6): 
798–809.

63  Vezzani A, Granata T (2005). Brain inflammation in epilepsy: 
experimental and clinical evidence. Epilepsia. 46(11): 1724–
1743.

64  Vezzani A (2008). Innate immunity and inflammation in tem-
poral lobe epilepsy: new emphasis on the role of complement 
activation. Epilepsy Curr. 8(3): 75–77.

65  Vezzani A, French J, Bartfai T et al. (2011) The role of inflamma-
tion in epilepsy. Nat. Rev. Neurol. 7(1): 31–40. 

66  Vezzani A, Friedman A (2011). Brain inflammation as a bio-
marker in epilepsy. Biomark Med. 5(5): 607–614.

67  Xu L, Rensing N, Yang XF, Zhang HX, Thio LL, Rothman SM et 
al. (2008). Leptin inhibits 4-aminopyridine- and pentylenetetra-
zole-induced seizures and AMPAR-mediated synaptic transmis-
sion in rodents. J Clin Invest. 118(1): 272–280.

68  Yu N, Di Q, Liu H, Hu Y, Jiang Y, Yan Y et al. (2011). Nuclear factor-
kappa B activity regulates brain expression of P-glycoprotein in 
the kainic acid-induced seizure rats. Mediators Inflamm. 2011: 
670613.

69  Zhang Y, Proenca R, Maffei M, Barone M, Leopold L, Friedman 
JM (1994). Positional cloning of the mouse obese gene and its 
human homologue. Nature. 372(6505): 425–432.

70  Zhao D, Bi G, Feng J, Huang R, Chen X (2015). Association 
of  serum chemerin levels with acute ischemic stroke and 
carotid artery atherosclerosis in a Chinese Population. Med Sci 
Monit. 21: 3121–3128.

71  Ziora K, Geisler G, Dyduch A, Ostrowska Z, Schneiberg B, 
Oświęcimska J. (2003) Stężenie leptyny w surowicy krwi 
u dziewcząt z jadłowstrętem psychicznym. Endokrynol Pediatr. 
1(2): 33–40.


