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Abstract Certain minerals and trace elements are essen-
tial for the development of healthy nervous system. Altered
serum levels of these elements may lead to the development
of various diseases including epilepsy. The present study
was designed to evaluate the association of serum calcium,
magnesium, zinc and copper in the development of genetic
generalized epilepsy [GGE; erstwhile known as idiopathic
generalized epilepsy (IGE)] as well as idiopathic intractable
epilepsy (IIE), in which seizures persist despite treatment
with at least two or three antiepileptic drugs tolerated at
reasonable dosage. 200 GGE patients and equal number of
healthy controls were recruited for study with their written
informed consent. The patients were further divided into
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responders and non-responders based on their response to
antiepileptic drugs. Copper and zinc levels were assayed by
atomic absorption spectrophotometer whereas calcium and
magnesium were analyzed by Human Star 600 fully auto-
mated biochemistry analyzer. The patients with GGE
had significant low levels of calcium, magnesium
and zinc (1.85 £ 0.33, 0.69 & 0.13 mmol/L and 11.33 +
3.32 umol/L respectively) and the corresponding values for
controls were 2.27 £+ 0.22, 0.89 4+ 0.15, 12.71 &+ 3.24
(p < 0.05). Significant high levels of copper were found in
patients as compared to controls (26.69 £ 8.79 umol/L;
16.64 &+ 3.64) (p < 0.05). Significantly decreased levels of
zinc were noted in non-responders (10.38 £ 2.99) com-
pared to responders (12.62 £ 3.30) (p < 0.05). No signifi-
cant difference was observed in serum calcium, magnesium
and copper levels between responders and non-responders.
In conclusion, low levels of calcium, magnesium, zinc and
high levels of copper were found to be associated with
GGE. Further, the patients with IIE were also found to have
low levels of zinc.

Keywords Genetic generalized epilepsy (GGE) -
Idiopathic intractable epilepsy (IIE) - Trace elements -
Minerals - Anti-epileptic drugs (AEDs)

Introduction

Epilepsy is one of the most common chronic neurological
disorders manifesting as sudden, recurrent and unprovoked
epileptic seizures with a prevalence of 3-6/1,000 world
population [1]. Genetic generalized epilepsy (GGE) is a
common form of epilepsy, clinically characterized by
absence, myoclonic seizures, and tonic—clonic seizures
with the electroencephalographic (EEG) pattern of
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bilateral, synchronous, and symmetrical spike and wave or
polyspike and wave discharges. Four main GGE subsyn-
dromes namely childhood absence epilepsy (CAE), juve-
nile absence epilepsy (JAE), juvenile myoclonic epilepsy
(JME), and GGE with tonic—clonic seizures alone (GTCA)
have been identified based on predominant seizure type and
age of onset [2, 3]. The exact pathogenesis of idiopathic
seizure is not fully understood. Several factors such as
neurotransmitters, transporters, granule cells, voltage gated
ionic currents and non-neural proliferations may play a key
role for epilepsy [4, 5]. However, any mutation or defect in
mitochondrial respiratory chain complexes, synapses, and
neurotransmitter receptors or in the voltage and ligand
channels may alter brain excitability and cause epileptic
seizures [6].

The ionic regulatory system (IRS) comprises network of
pumps, channels and exchangers. When the neuron is at
rest, this system runs in a steady state and responds well to
increase neuronal signaling by resuming normal ion dis-
tributions. The IRS has the ability to recognize intra and
extra-cellular ions rapidly, but this can be overwhelmed by
excessive activity, allowing ion concentration to drift
towards equilibrium permitting their effects to terminate
neuronal dynamics [7, 8]. Certain minerals and trace ele-
ments are essential for the development of healthy nervous
system and neuronal susceptibility to excitability and the
movement of trace elements across cell membranes,
between extra and intracellular fluid is responsible for the
primary functions of body. Altered homeostasis of some
trace elements in the brain may be involved in the sus-
ceptibility, development and termination of seizures in
animal models of genetically determined epilepsy [9].

Previous reports have suggested that altered levels of
trace elements and minerals play an important role in the
pathophysiology and recurrence of seizures [9-12]. Volt-
age-gated calcium channels are integral membrane proteins
that form calcium selective pores in the plasma membrane.
In neurons, the rapid influx of calcium depolarizes the cell
membrane potential and mediates action potential, mem-
brane potential oscillations and regulates the intracellular
signaling pathways as well as neurotransmitter release.
Any alteration in their expression can cause pathophysio-
logical changes in the brain in turn leads to epileptic sei-
zures [13]. Influx of calcium and decreased K* and Cl™
transport mechanisms contribute to the increased mem-
brane excitability [14]. Excitotoxicity can be achieved by
pathologically increased levels of glutamate, excitotoxins
like NMDA and kainic acid by allowing high levels of
calcium ions to enter the cell [15]. This influx activates
number of enzymes like phospholipases, endonucleases
and proteases that may lead to cell damage. The patho-
logical variations in serum calcium levels have been
reported to result in epileptic convulsions [16, 17].

Magnesium is an essential element having a role in
neuronal excitability. It helps in slowing the electric dis-
charge as well as its spread in the brain. Hence depletion of
magnesium can lead to hyper excitability of neurons [18,
19]. Low Mg can reduce surface charge of neuronal
membrane, thereby increasing neuronal hyper excitability
[20].

Zinc is abundant in brain especially in hippocampus and
an important element for normal neuronal communication
as well as proper functioning of the inhibitory neuro-
transmitter, gamma amino butyric acid (GABA). Zinc may
play a role in pyridoxal phosphate-mediated regulation of
glutamic acid decarboxylase, the key enzyme in the syn-
thesis of GABA [17, 21]. Altered zinc metabolism has been
found to play a role in the pathology of epilepsy. Low
levels of serum zinc may play an important role in the
induction epileptic seizures via activating NMDA receptors
[10, 22].

Copper is an important trace element that acts as a co-
factor for different enzymes. Copper in low dosage has
been reported to produce seizures in animals via inhibiting
Mg ATPase and Na, K ATPase enzymes. Copper inhibits
Mg®" adenosine triphosphatase and Na™ K"ATPase
enzymes thereby disturb Na K homeostasis. This further
leads to epileptiform discharges [23, 24].

Some studies have been carried out to evaluate the
association of various minerals and trace elements with
febrile seizures [25-27]. However, there are very few
reports on the association of these minerals and trace ele-
ments with GGE. Therefore, the current study was
designed to evaluate the association of serum levels of
minerals such as calcium and trace elements like magne-
sium, zinc and copper with GGE as well as IIE in a South
Indian population from Andhra Pradesh.

Methods

Two hundred diagnosed epileptic patients of GGE (mal-
e:female = 131:69) along with age and sex matched
healthy controls were recruited for this study with their
written informed consent. The study was approved by the
Ethical Committee of the ‘Institute of Genetics and Hos-
pital for Genetic Diseases’, as well as from the study
hospital. The clinical diagnosis was made according to the
admitted criteria by International League Against Epilepsy
by an expert epileptologist from tertiary care centre on the
basis of age of onset, predominant type of seizures being
generalised seizures in addition to myoclonic seizures,
absence seizures and on EEG findings. In addition patient
should have normal intelligence and the MRI Brain has to
be normal. The seizures usually are infrequent. Classical
EEG findings are normal background with generalised

@ Springer



2372

Neurochem Res (2014) 39:2370-2376

spike and wave discharges typical of individual syndrome
type and having photosensitivity and activation during
hyperventilation. For childhood absence/juvenile absence
epilepsy, patients had typical absences along with classical
generalised spike and wave or polyspike and wave dis-
charges of 3 Hz (>2.5 to <4.5 Hz) For juvenile myoclonic
epilepsy, patient had myoclonic jerks with poly spike and
wave discharges of >4.5 Hz frequency. For GGE, the
discharges are 3—4.5 Hz frequency. There can be positive
family history. The information on demographic features
such as socioeconomic status, nutritional status and geo-
graphic area were collected in a specially designed pro-
forma. The seizure types, medical history were also
obtained about each patient. The subjects were on their
normal dietary regime. The patients were further divided
into two sub-groups, responders and non-responders on the
basis of their response to prescribed antiepileptic drugs
(AEDs). Non-responders included the patients who had one
or more seizures in the previous 6 months despite being
treated with at least two antiepileptic drugs such as phe-
nytoin, carbamazepine, sodium Valproate etc.

Three milliliters of venous blood was collected from all
the subjects in sterile silicone tubes without addition of
anticoagulants and centrifuged at 2,500 rpm for 20 min.
The serum was collected in sterile tubes. The tubes were
stored at —80 °C until the levels of serum Ca, Mg, Zn and
Cu were analysed. Estimation of copper and zinc is done
by AA-700 atomic absorption spectrophotometer with auto
sampler (Shimadzu, Japan) using an acetylene flame and
hollow cathode lamps. Sera were diluted with distilled
water (1:4). The analysis wavelengths were 324.8 and
213.9 respectively [28, 29] whereas calcium and magne-
sium were estimated by Human Star 600 fully automated
biochemistry analyser using Human kits, Germany. The
difference in the levels of minerals and trace elements was
evaluated by Student’s ¢ test and the p value of <0.05 was
considered to be significant.

Results

Two hundred patients with GGE and 200 age and sex
matched healthy controls were included in this study. The
mean = SD age (in years) of the patients with GGE was
249 + 15.1 and the healthy controls were 22.9 + 16.8
(Table 1). The family history of GGE was observed in
23 % patients (Table 1). Out of 200 GGE patients, in
majority the age of onset was <15 years (110 patients
55 %) and remaining 90 patients (45 %) had the onset
above the age of 20 years. The mean time since diagnosis
was 14.8 years. The type of seizures in different age groups
has been given in Table 2. Serum Ca, Mg, Zn and Cu
levels in patient and control groups are given in Table 3.
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Table 1 Demographic features of GGE patients and controls

Demographic features Patients (n = 200) Controls (n = 200)

Age [years (mean £ SD)]

<15 8.1 £247 10.5 + 4.5

>15 383 + 122 37.0 £ 10.0
Sex (male:female) 131:69 131:69
Family history (%) 23 2

Table 2 Seizure types in different age groups in GGE patients

Seizure type Age of onset

<15 years (n = 110)

Age of onset
>15 years (n = 90)

Absence 40 (36.4 %) 222 %)
Myoclonus 8 (7.2 %) 72 (79.9 %)
Tonic—clonic 102 (92.7 %) 88 (97.8 %)

When gender and age were not taken into account in the
patient group, the mean £ SD levels of Ca, Mg, Zn and Cu
were 1.85 £ 0.33, 0.69 £ 0.13 mmol/L, 11.33 &£ 3.32 and
26.69 £ 8.79 umol/L. respectively. The corresponding
values for control group were 2.27 + 0.22, 0.89 % 0.15,
12.71 £ 3.24 and 16.64 £ 3.64 respectively. The
mean £ SD serum levels of Ca in patients were signifi-
cantly lower (1.85 % 0.33) when compared to healthy
controls (2.27 £ 0.22) (p < 0.001). A significant differ-
ence was found in the serum Mg levels which were low in
patients (0.69 £ 0.13) as compared to controls
(0.89 £ 0.15) (p < 0.001). Similar trend was observed in
case of serum levels of Zn also. Statistically significant
lower levels of =zinc were observed in patients
(11.33 £ 3.32) when compared to healthy controls
(12.71 £ 3.24) (p = 0.001). However, we found higher
levels of Cu in patient group (26.69 + 8.79) in comparison
with the control group (16.64 &+ 3.69) (p < 0.001). A sig-
nificant difference was observed in the serum calcium of
female patients when compared to males (1.78 £ 0.30,
1.90 £+ 0.32) (p = 0.01). However, no significant differ-
ence was noted in the serum levels of magnesium, zinc and
copper between males and females. There was no signifi-
cant difference in serum levels of Ca, Mg, Zn and Cu
between different age groups. All the patients were either
on mono-or polytherapy. The drugs prescribed included
Valproate, Eptoin, Lamotrigine, Carbamazepine and Lev-
etiracetam. Significant low levels of serum zinc were
noticed in patient sub  group, non-responders
(10.38 £ 2.99) compared with responders (12.62 £ 3.30)
(p < 0.001). However, no significant difference was
observed in serum calcium, magnesium and copper levels
between responders and non-responders (1.91 £ 0.31,
1.82 + 0.32; 0.67 £ 0.12, 0.69 £ 0.13 and 26.53 + 9.31,
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Table 3 Serum calcium, magnesium, zinc and copper levels in GGE
patients and controls

Parameter Patients (n = 200,  Controls (n = 200, p value
mean + SD) mean + SD)

Calcium 1.85 £ 0.33 227 +£0.22 <0.001%*
(mmol/L)

Magnesium 0.69 £+ 0.13 0.89 £ 0.15 <0.001*
(mmol/L)

Zinc (umol/  11.33 £+ 3.32 12.71 £3.24 <0.001*
L)

Copper 26.69 + 8.79 16.64 £ 3.64 <0.001*
(pmol/L)

* p < 0.05 significant

26.69 £ 841 and p=0.06, p=043 and p = 0.86
respectively). The serum levels of various minerals and
trace elements in different epilepsy types have been given
in Table 4. A significant difference was observed in Zn and
Mg levels between the different types of epilepsy.

Discussion

The exact pathogenesis of GGE is not fully understood.
However, there are studies suggesting that the body elec-
trolytes, the level of some trace elements and the mem-
brane lipid peroxidation due to increased free radicals or
decreased anti-oxidant defense mechanisms have been
causally involved in some forms of epilepsies and con-
tribute to pathophysiology of neuronal excitability, neuro-
nal excitotoxicity, seizure recurrence and resistance to
AEDs [9, 11]. Seizures are followed by significant altera-
tions in both intra and extra-cellular ion concentrations [30,
31]. With the involvement of metallic elements, the pro-
cesses like oxidative stress, excitotoxicity, mitochondrial
dysfunction or protein aggregation may lead to the atrophy
and death of neurons in some neurodegenerative disorders
[32-34]. As the epileptic seizures induce neurodegenera-
tion, it is assumed that metals may be involved in the
progress of epilepsy [9].

Magnesium is a potential modulator of seizure activity
because of its ability to antagonize the excitatory calcium
influx through NMDA receptor [35, 36] and it was also
demonstrated that low levels of magnesium can increase
the frequency of seizures in the patients with refractory
epilepsy that is considered to be the most important risk
factor for occurrence of sudden unexpected death in epi-
lepsy (SUDEP) [37, 38]. It was also noted that the defi-
ciency of magnesium decreases the seizure thresholds in
animal models of epilepsy [39]. In addition to this, mag-
nesium sulphate is an effective therapeutic agent com-
monly used to prevent and to arrest the recurrence of
seizures of eclampsia and pre-eclampsia [40, 41]. More
recently, case reports have also been described seizures due
to hypomagnesaemia in infants and adults [42, 43]. In the
present study, significant low levels of serum magnesium
were observed in GGE patients compared to the age and
sex matched healthy controls (p < 0.0001). Our results are
in agreement with a previous study carried out by Sood
et al., who reported a significant reduction in serum mag-
nesium levels in patients with GGE when compared to age
and sex matched controls [44]. It has been reported that the
deficiency/reduced levels of magnesium might lead to the
seizure susceptibility or epilepsy [45, 46] because the
reduced Mg concentration can hyper excite the neurons
[18, 47]. In another study by Oladipo et al., the plasma Mg
concentrations were significantly lower in those with epi-
lepsy than in controls [48].

Zinc is an essential trace element that participates in the
structure of superoxide dismutase and glutathione peroxi-
dase enzymes which are known to be involved in antioxi-
dative defense mechanisms. Normally, the free zinc is
concentrated in pre-synaptic vesicles of glutamatergic
neurons [49, 50] and colocalized to GABA and glycine
containing murine neurons [51]. In pathological conditions,
the free zinc that is in excess will be released from synaptic
pools where it exploits o-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) and NMDA receptors to
get into the neurons [52-54]. Under normal physiological
conditions zinc and other trace elements have been found

Table 4 Serum calcium,

Myoclonic epilepsy TC seizures (GGE + GTCS p value
(JME) (n = 92) on awakening) (n = 50)

' ! Parameter Absence epilepsy
magnesium, Zinc and copper (CAE + JAE) (1’1 — 58)
levels in different epilepsy types

Calcium 1.80 £ 0.31
(mmol/L)

Magnesium 0.63 £ 0.12
(mmol/L)

Zinc (pmol/ 11.9 £ 3.77
L)

Copper 26.53 £ 8.69
(umol/L)

* p < 0.05 significant

1.85 £ 0.35 1.92 £ 0.32 0.28
0.72 £ 0.13 0.69 &+ 0.15 <0.001*

9.4 +2.18 12.6 + 4.0 <0.001*
27.0 £ 8.52 26.53 £9.13 0.93
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to modulate the neuronal excitability. Enhanced seizure
susceptibility has been reported in Zn deficient mice
whereas it lowers in Zn supplemented mice. No change has
been observed in mice with adequate dietary zinc [55]. In
the present study, significant low levels of serum zinc were
observed in GGE patients compared to healthy controls
(p < 0.001). Our results are in accordance with previous
studies where significant lower levels of serum zinc have
been reported in epileptics [11, 56, 57]. Hypozincemia may
facilitate the seizure activity by inhibiting the inhibitory
neurotransmitter, GABA or by defective production of
superoxide dismutase (SOD) and glutathione peroxidase
(GSH-Px). Low levels of serum zinc have also been
reported in children with febrile seizures [25, 58, 59]. Some
studies have also reported slightly higher levels of serum
zinc in GGE cases compared to controls [17, 60]. Role of
zinc in seizure is controversial as it plays a role in the
synthesis and function of inhibitory neurotransmitter,
GABA at one hand; it also has an inhibitory effect on
GABA on the other hand and thus facilitates seizure
activity [61]. Excess zinc has been implicated in the pro-
duction of free radicals as well as reactive oxygen species
(ROS) which can cause neuronal damage and death [62]. In
addition, the hypozincemia activates NMDA receptors
which may play an important role in the induction of epi-
leptic discharge. However, Atilla et al., found no signifi-
cant difference in serum zinc between cases and controls
[63].

Copper is an important trace element that acts as a co-
factor for different enzymes. It inhibits Mg ATPase and
Na, K ATPase enzymes that disturbs Na, K homeostasis
which in turn alleviates the development of epileptic sei-
zure [23]. It was also known that at high concentrations
copper can produce oxidative damage to biological sys-
tems, including peroxidation of lipids or other macromol-
ecules [64] which is a contributing factor for the
development of epilepsy [9, 11]. The present study shows
significant higher levels of serum copper in GGE patients
compared to healthy controls (p < 0.001). This is in
accordance with previous studies where elevated serum
copper levels in GGE patients have been reported [11, 17,
65]. However, Saad et al. (2013) did not find any signifi-
cant variation in copper levels among epileptic patients and
controls [57].

Calcium is an essential element that plays a major role
in the normal functioning of neurons and at neuromuscular
junction. Due to the depolarization, the excitability of
neurons increases the extra cellular glutamate concentra-
tion reflecting increased intracellular neuronal calcium
which further depolarizes the cell leading to neuronal
injury and or death under conditions of excessive neuronal
activation [13]. High Ca*" concentration in the epileptic
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neurons remains elevated during acute injury phase as well
as chronic epilepsy phase, and plays a role in maintenance
of the spontaneous recurrent seizures. It can alter GABAA
receptor recycling which can serve as a possible mecha-
nism for the effect of Ca>" on altering neuronal excitability
[66]. In the present study also low levels of serum calcium
were observed in GGE patients when compared to control
group (p < 0.001). In a prospective case control study
carried out by Oladipo et al. (2007), calcium levels were
found to be lower in the epileptic patients [16]. The
mechanism suggested for lower calcium levels or hypo-
calcaemia leading to the development of seizures is that
hypomagnesaemia causes serum calcium levels to decline
in a significant way by impairing the synthesis or secretion
of parathyroid hormone [67, 68] and together they produce
a membrane state of hyper excitability of neurons, which
have been found to be associated strongly with seizures in
adults and children [16]. Leaver et al. also observed low
calcium levels in epileptic patients [69]. It has also been
reported that massive accumulation of calcium in brain
occurs due to the rapid inflow of calcium ions from blood
to tissue [70]. This also may be the possible reason for
lower levels of serum calcium in GGE patients. Natelson
et al. (1979) assumed that the release of hormones, epi-
nephrine and corticotrophin during stress, contributes to
low levels of serum calcium just before a seizure [71].

Most of the epileptic seizures can be controlled by
medical therapy with AEDs but 1/3rd of the patients do not
respond and so that they suffer from intractable epilepsy
[72, 73]. We categorized patients with Genetic Generalized
Epilepsy into 2 sub-groups viz. responders and non-
responders (who have developed at least one seizure attack
in previous 6 months despite being treated with 2 AEDs).
We found significant low serum zinc levels in non-
responders when compared to responders (p < 0.001).
Seven et al. [12], also reported low levels of serum zinc in
non-responders and claimed the deficiency of serum zinc is
a causative factor for the idiopathic intractable epilepsy.
However, we did not find any significant difference in the
serum levels of calcium, magnesium and copper with
patient sub groups, responders and non-responders
(p = 0.06, p = 0.43 and p = 0.86) respectively. The risk
of drug resistance (intractable epilepsy) was significantly
higher in non-responder patient group with low levels of
serum zinc.

In conclusion, our results suggest that the low levels of
serum calcium, magnesium, zinc and high levels of are
associated with GGE. However, further studies are required
to examine the association of trace elements in the patho-
genesis of GGE. Our results also indicate that zinc defi-
ciency might be associated with idiopathic intractable

epilepsy.
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