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Introduction

SUMMARY

Purpose: In view of a putative role of oxidative stress in the pathophysiology of seizures,
this study addressed the interactions between N-acetylcysteine (NAC), a potent antioxidant
and two antiepileptic drugs sodium valproate (SVP) and phenytoin (PHT) on experimental
seizures in mice. Methods: The interaction was studied at three fixed ratio combinations
(i.e., 1:1, 1:3, and 3:1) in the mouse maximal electroshock (MES) test using isobolographic
analysis. Markers of oxidative stress (reduced glutathione [GSH] and malondialdehyde
[MDA]) were estimated in the cortex of mice pretreated with either of these drugs alone
or their 3:1 ratio combinations at the experimentally determined EDsq values (EDsgexp val-
ues). The grip strength and spontaneous alternation behavior (SAB) were also assessed. In
addition, serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline
phosphatase (ALP), and calcium levels were estimated. Results: We found an anticonvul-
sant action of NAC in the MES test. Further, the EDsgexp values for the combinations of
PHT and NAC did not differ from the theoretically calculated EDs( values indicating additive
effects. In case of SVP and NAC, however, the EDsgexp values were lower than the theoret-
ically calculated EDsg values. The interaction of SVP with NAC at the fixed ratios of 1:3 and
3:1 was found to be synergistic. No significant changes were observed in the grip strength,
SAB, cortical GSH and MDA levels, serum AST, ALT, ALP, or calcium levels. Conclusion:
Our results thus hold promise for the use of NAC as an adjunct to PHT and SVP therapy.

antioxidant properties and a few studies have reported the ben-
eficial effects of NAC administration against lipid peroxidation

Oxidative stress and mitochondrial dysfunction are increasingly
being recognized to have important roles in the pathophysiol-
ogy of neurological diseases like epilepsy [1-3]. Reactive oxy-
gen species have been implicated in the initial phases of seizure-
induced pathology [4] and several studies have reported oxidative
stress in different brain regions after experimental seizures [5-7].
The ability of antioxidants to protect against the seizure manifes-
tations and the accompanying biochemical changes further high-
lights a role of free radicals in seizures [8,9].

Phenytoin (PHT) and sodium valproate (SVP) are among the
widely used first-line AEDs effective in the treatment of both gen-
eralized tonic—clonic (GTC) and focal onset seizures [10]. How-
ever, these drugs have a narrow margin of safety and their use
in epileptic patients has occasionally been associated with distur-
bances in the blood antioxidant defense systems and increased
lipid peroxidation [11,12].

N-acetylcysteine (NAC) is a thiol-containing compound, which
has been used in clinical practice for several years [13]. It has
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both in the peripheral tissues and in the central nervous sys-
tem (CNS) [14,15]. NAC in high doses has been reported to im-
prove and stabilize the neurological symptoms in patients with
Unverricht-Lundborg disease, a type of progressive myoclonic
epilepsy in which oxidative stress has been thought to be an im-
portant factor [16]. In addition, NAC administration has been re-
ported to reverse the memory impairment in aged SAMP8 mice
[17]. In preclinical studies, NAC has shown effectiveness against
aminophylline [6] and pentylenetetrazole (PTZ)-induced seizures
[18]. We previously reported a facilitatory action of NAC on the
anticonvulsant effects of SVP against the PTZ [18] and the elec-
troconvulsive threshold model [19] of seizures. In view of above,
this study was planned to analyze the type of interactions of NAC
with PHT and SVP in the mouse maximal electroshock (MES) test
and further to investigate the role of oxidative stress in the me-
diation of above effects. The latter is relevant in view of a role of
oxidative stress in seizures and the evidence for the involvement
of peroxidative injury in the adverse effects of AEDs. Further, the
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effects of PHT, SVP, NAC, and their combinations on neuromuscu-
lar function, memory, liver enzymes, alkaline phosphatase (ALP),
and calcium levels were also investigated.

Methods
Animals

Swiss albino mice of either sex weighing between 24 and34 g,
raised at the Central Animal House Facility of Jamia Hamdard
were used. The animals were housed in polypropylene cages un-
der controlled environmental conditions. The mice were main-
tained on a natural light and dark cycle, and had free access to
food and water. The Jamia Hamdard Animal Ethics Committee
approved the experimental protocol and procedures (Project num-
ber: 272).

Drugs

PHT was procured from Abbott, India; SVP from Sanofi Aventis,
India; and NAC from Samarth Pharma, India.

Electroconvulsions

Electroconvulsions were produced in mice using a current (25 mA,
0.2 seconds) delivered via ear clip electrodes. Tonic hind limb ex-
tension was taken as the endpoint. The protective efficacy of the
drugs under investigation (i.e., PHT, SVP, and NAC) was deter-
mined as their ability to protect 50% of mice against the MES-
induced tonic hind limb extension and expressed as respective
median effective dose (EDsg) values with 95% confidence limits
[20].

Isobolographic Analysis

The type of drug interactions between antiepileptic drugs (AEDs)
and NAC were determined using isobolographic analysis. The fol-
lowing dose ratios were used, i.e., 1:1, 1:3 and 3:1. Theoreti-
cal additive (EDsgaqq) and experimental (EDsgexp) values were
determined for theoretic additivity and administered combina-
tion, respectively in the MES test in mice. The following equa-
tion was used to determine the EDsgaqq values: (EDsgaqq) = f1 X
(EDSO)drugl + fz X (EDSO>drug2r where f] is a fraction of drug 1
and f, is a fraction of drug 2 in the total amount of drug com-
bination. Each EDsgexp value was obtained from at least four to
five groups of mice (10 animals per group) administered with
different amounts of drugs at fixed ratio combination. From the
dose-response curves of the combined drugs, the EDsgexp values
with their standard error of mean (SEM) values were determined
[20]. The SEM for the respective EDs( values was determined us-
ing the following equations: SEM (EDsp) = 2.3 x (EDsgp) x SEM
(log [EDso]) where logarithm is to base 10

SEM (log [EDso]) = s/sqrt (N'/2), where s is the difference be-
tween two log doses whose expected effects differ by 1 probit; N’ is
the total number of animals tested between the log dose limits cor-
responding to expected probits 4 and 6; and sqrt is the square root
of the expression in parentheses. The SEM for the EDsg,qq for the
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respective fixed fraction of drug dose combination was determined
as follows:

SEM (EDs),q4 = {f1 X 2.3 x (ED50); x (logS; /sqrt [N} /2])}

+{f2 x 2.3 x (ED50), x (logS,/sqrt [N}/2])}

The interaction index, which indicates the strength of the in-
teraction, was calculated as follows: interaction index = EDsgexp/
EDsgadd- To visualize the type of interactions, the isoboles were
drawn by plotting the points reflecting the respective doses of
NAC (on the x-axis) and doses of AEDs (i.e., PHT, SVP) on the
y-axis. The straight line connecting the EDsy values for the two
tested drugs, administered alone, against the MES test, repre-
sents the theoretic isobole for the additive effect. If experimen-
tally determined data points are placed on this line, then the
drug effects are additive. When the points reflecting combina-
tions of various fixed ratios are significantly below this line, the
two component drugs act synergistically. Conversely, antagonism
may be recognized if these points are located above the additive
isobole.

Grip Strength and Spontaneous Alternation
Behavior

Grip Strength was measured with the help of a grip strength me-
ter [Panlab, Barcelona, Spain; 21]. In brief, the mouse was allowed
to grip wire mesh of the apparatus by its front paws. The strength
was recorded digitally in the instrument. For spontaneous alterna-
tion behavior, the method as described previously [21,22] was em-
ployed. The mice were allowed to traverse a cross-maze for 6 min.
The number and sequence of arm entries were then recorded.
An alternation was defined as entry into four different arms on
overlapping quintuple sets. Five consecutive arm choices within
the total set of arm choices made up a quintuple set. The per-
centage alternation score = (actual alternation/possible alterna-
tion) x 100, where possible alternations are number of arm entries
minus 4.

Estimation of Tissue Glutathione (GSH) and
Malondialdehyde (MDA)

GSH levels were estimated using a spectrophotometric procedure
based on the method of Ellman [23]. Lipid peroxidation was as-
sayed with the aid of thiobarbituric acid following the method of
Konings and Drijver [24].

Estimation of Serum Alanine Aminotransferase
(ALT), Aspartate Aminotransferase (AST), ALP,
and Calcium

The estimation of serum ALT and AST was based on the method
of Reitman and Frankel [25] and was performed using a kit from
Span Diagnostics, India. The estimation of serum ALP was done
using a kit based on the method of Kind and King [26]. Calcium
estimations were carried out using a reagent kit employing ortho-
cresolphthalein complexone as the color-developing agent [27].
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Statistical Analysis

In interaction studies, Student’s ¢-test was used to compare statisti-
cal significance between the EDsgaqq value and the EDsgexp value.
An EDsgexp value significantly less than the EDsgaqq value was
considered to indicate a synergistic interaction between the drugs
used in combination. The results of grip strength test, spontaneous
alternation behavior, and all biochemical parameters were ana-
lyzed by one-way analysis of variance (ANOVA), Kruskal-Wallis
test, or unpaired #-test, wherever appropriate. The percentage in-
cidence of seizures was analyzed using Fisher’s exact test. P < 0.05
was considered significant.

Results

Anticonvulsant Effects of PHT, SVP, and NAC
Administered Alone in the MES Test in Mice

The respective EDsg values for PHT, SVP, and NAC against MES-
induced seizures were found to be 10 mg/kg, 354.8 mg/kg, and
316.2 mg/kg.

Anticonvulsant Activity of the Combinations of
PHT and NAC in the MES Test in Mice and
Isobolographic Analysis of Interactions

The combinations of PHT and NAC at the three fixed ratios of 1:1,
1:3, and 3:1 exerted potent anticonvulsant activities in the mouse
MES test (Table 1). With isobolographic analysis, it was observed
that all combinations tested between PHT and NAC, i.e., at the
fixed ratios of 1:1, 1:3, and 3:1 displayed additive interactions. The
EDsoexp values for the three fixed ratios of 1:1, 1:3, and 3:1 were
lower than the corresponding EDs 544 Values. However, the differ-
ence between the EDsqexp and the EDsgaqq values for the different
ratios were not statistically significant, thus displaying only a slight
tendency toward supraadditivity. The interaction index values are

P.U. Devietal.

shown in Table 1. The isobolograms depicting the type of interac-
tions between PHT and NAC at the three fixed ratios of 1:1, 1:3,
and 3:1 are shown in Figure 1(A)—(C), respectively.

Anticonvulsant Activity of the Combinations of
SVP and NAC in the MES Test in Mice and
Isobolographic Analysis of Interactions

The combinations of SVP and NAC at the three fixed ratios of
1:1, 1:3, and 3:1 exerted clear-cut anticonvulsant activities in the
mouse MES test (Table 2). The combination of SVP with NAC at
the fixed ratio of 1:1 exerted an additive interaction because the
difference between the EDsgexp value and the EDsgadq value was
not statistically significant. However, the remaining combinations
of SVP and NAC (i.e., at the fixed ratios of 1:3 and 3:1) exerted
synergistic interactions. The interaction index values for the com-
binations of SVP and NAC are shown in Table 2. The isobolograms
depicting the type of interactions between SVP and NAC at the
three fixed ratios of 1:1, 1:3, and 3:1 are shown in Figure 2(A)—(C),
respectively.

Effects of PHT, SVP, NAC and Their Combinations
Alone and in the Presence of Electroshock on
Cortical GSH and MDA Levels

The cortical GSH and MDA content of various groups are depicted
in Table 3. In case of electroshock treated animals, no change
in cortical GSH and MDA content was observed as compared to
the control group. Compared to the control group, a significant
reduction in cortical MDA level was observed in the group that
was treated with PHT (10 mg/kg; KW = 48.098, P < 0.0001,
Kruskal-Wallis ANOVA; P < 0.001, Dunn’s Multiple Comparisons
Test). The administration of SVP (110 mg/kg) and NAC (33 mg/kg)
also produced a significant reduction in the cortical GSH (KW =
48.242, P < 0.0001, Kruskal-Wallis ANOVA; P < 0.01, Dunn’s

Table 1 Anticonvulsant activity and analysis of interaction of the combinations of PHT and NAC in the MES test in mice

FR (h=10) PHT (mg/kg) NAC (mg/kg) % Protection % Mortality EDs0add EDso exp Interaction index
1:1 1.25 40 20 20 163.1 £26.72 112.2 £33.55 0.69
25 80 60 10
5 160 70 0
10 320 80 0
1:3 0.625 60 30 0 239.7 +38.81 177.8 £81.79 0.74
1.25 120 50 0
25 240 60 0
5 480 70 0
3:1 1.875 20 10 0 86.5 + 14.63 56.2+14.22 0.65
3.75 40 30 0
7.5 80 70 0
15 160 90 0

Data are presented as median effective dose (EDsg) values (in mg/kg) £ SEM.
Statistical analysis was performed with Student’s t-test.

n, number of animals per experimental group; PHT, phenytoin; NAC, N-acetylcysteine; MES, maximal electroshock; EDsg aqq, theoretical additive EDsq value;

EDsoexp, €xperimentally determined EDsg value.
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Figure 1 Isobologram displaying the type of interaction between phenytoin (PHT) and N-acetylcysteine (NAC) at the fixed ratio of 1:1(A), 1:3(B), 3:1(C) in the
mouse maximal electroshock model. The EDs, values for NAC and PHT are plotted on the x- and y-axes, respectively.

Table 2 Anticonvulsant activity and analysis of interaction of the combinations of SVP and NAC in the MES test in mice

FR(n=10) SVP (mgrkg) NAC (mg/kg) % Protection % Mortality EDs0add EDs0exp Interaction index
1:1 45 40 20 10 335.54+74.42 251.2 £69.33 0.75
90 80 50 10
180 160 60 0
360 320 80 0
1:3 11.25 30 30 0 325.9 + 62.66 125.9 +43.44" 0.39
22.5 60 40 10
45 120 60 0
90 240 70 10
3:1 67.5 20 30 20 345.1 £ 86.17 141.2 4+ 45.47" 0.41
135 40 60 0
270 80 70 0
540 160 90 0

Data are presented as median effective dose (EDsp) values (in mg/kg) + SEM.

Statistical analysis was performed with Student’s t-test.

n, number of animals per experimental group; SVP, Sodium valproate; NAC, N-acetylcysteine; MES, maximal electroshock; EDsoadd, theoretical additive EDsg
value; EDsgexp, €Xperimentally determined EDsg value.

*P < 0.05 between theoretical additive and experimental EDs values.

© 2012 Blackwell Publishing Ltd CNS Neuroscience & Therapeutics 18 (2012) 406413 409
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Figure 2 Isobologram displaying the type of interaction between sodium valproate (SVP) and N acetylcysteine (NAC) at the fixed ratio of 1:1(A), 1:3(B), 3:1(C)

in the mouse maximal electroshock model. The EDs values for NAC and SVP are plotted on the x- and y-axes, respectively.

Multiple Comparisons Test) and MDA levels (P < 0.001, Dunn’s
Multiple Comparisons Test). However, none of the other treat-
ments produced any significant effect on the cortical GSH and
MDA levels except the groups that were pretreated with either
PHT (10 mg/kg) or SVP + NAC (110 + 33 mg/kg) before elec-
troshock. Although the former treatment produced a significant
reduction in the cortical MDA levels (P < 0.001, Dunn’s Multi-
ple Comparisons Test), the latter significantly lowered the cortical
GSH levels (P < 0.01, Dunn’s Multiple Comparisons Test) com-
pared to the control group.

Effects of PHT, SVP, NAC and Their Combinations
Alone and in the Presence of Electroshock on
Serum ALT and AST Levels

The results are presented in Table 3. None of the drug treat-
ments at the dose levels investigated in this study affected the
ALT (KW = 8.078, P = 0.7063) and AST activities (F [11,72] =
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2.182, P = 0.0247, Tukey-Kramer Multiple Comparisons Test)
significantly.

Effects of PHT, SVP, NAC and Their Combinations
Alone and in the Presence of Electroshock on
Serum ALP and Calcium Levels

Electroshocktreatment caused a mild (nonsignificant) elevation
in the serum ALP level. Compared to the normal control, a
significant increase in the serum ALP level was observed in
the group that was pretreated with the combination of PHT
(5 mg/kg) and NAC (54 mg/kg) and subjected to electroshock
(KW = 30.644, P = 0.0013, Kruskal-Wallis ANOVA; P < 0.05,
Dunn’s Multiple Comparisons Test). The serum calcium levels
were not altered significantly after electroshock treatment. One-
week treatment with PHT (10 mg/kg), SVP (360 mg/kg), and
NAC (320 mg/kg) caused an elevation in the serum calcium lev-
els, however a significant increase was observed only after SVP

© 2012 Blackwell Publishing Ltd
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Table 3 Effects of PHT, SVP, NAC and their combinations alone and in the presence of electroshock on cortical GSH, MDA levels and serum ALT, AST, ALP,

calcium levels

Treatment GSH (ng/mg protein) MDA (nM/mg protein)  ALT (IU/L) AST (IU/L) ALP (KA Units) Calcium (mg/dL)
Control 4474 £ 125 3.46 £0.10 10.8 £2.82 40+3.60 13.8+1.38 8.2+0.31
Electroshock (ES) 3580 + 350 2.67 £0.12 126 +2.64 73.4+849 188+1.23 8.9+0.18
PHT (10) 3808 + 153 2.1940.01""" 1544217  746+£11.1 21.6+1.44 9.44+0.41
SVP (360) 4585 + 123 2.88 +£0.01 11.7+£237 4944+7.02 151+0.29 10.8+£0.46""
NAC (320) 4144 £+ 100 2.64 +0.01 126+234 483+622 19.8+1.59 9.4+0.37
PHT (5) + NAC (54) 3458 + 212 2.85+0.13 1144275 59.7+841 20.1+1.54 8.9+0.27
SVP (110) + NAC (33) 328441107 218+0.13"" 944+189 506+382 17.7+258 8.1+£0.13
PHT (10) + ES 3753 + 244 2174015 1314226 68.8+8.01 17.9+£2.28 9.24+0.32
SVP (360) + ES 4067 £+ 140 3.06+0.12 10+218 63.7+792 158+1.62 10.1 +£0.40
NAC (320) + ES 4468 + 87 2.63+£0.11 13.4+£246 51.4+6.07 17+£1.0 9+0.22
PHT (5) + NAC (54) + ES 3544 + 187 2.83+0.12 10.84+1.62 6484839 2394148 9.8+0.19
SVP (110) + NAC (33) +ES 3121 +£304"" 2.65+0.01 8+1.31 60.8 +5.98 20+ 1.66 84+0.16

Data are presented as mean £ SEM. Values in parentheses represent the dose in mg/kg, p.o. Treatment duration = 7 days. Number of animals per group =7.
*P < 0.05, **P < 0.01 and ***P < 0.001 compared to control group. The results were analyzed with Kruskal-Wallis nonparametric ANOVA test followed by

the post hoc Dunn’s test.;

PHT, phenytoin; SVP, sodium valproate; NAC, N-acetylcysteine; GSH, reduced glutathione; MDA, malondialdehyde; ALT, alanine aminotransferase; AST,
aspartate aminotransferase; IU, International units; ALP, alkaline phosphatase; KA units, King Armstrong units.

treatment (KW = 42.655, P < 0.0001, Kruskal-Wallis ANOVA;
P < 0.01, Dunn’s Multiple Comparisons Test). None of the other
treatments modified the serum ALP and calcium levels signifi-
cantly (Table 3).

Discussion

The epilepsies are common CNS disorders that sometimes require
a combined therapy, especially for patients with refractory seizures
inadequately controlled with monotherapy. The primary aim of
using such combinations is to enhance the efficacy and to min-
imize the adverse effects. At the preclinical stage, experimental
seizure models not only provide an invaluable means of identi-
fying potentially useful anticonvulsant agents but also aid in the
bioevaluation of combinations of AEDs, which is of pivotal impor-
tance for their subsequent clinical application. In this study, the
MES test was used because it is one of the standardized and most
validated experimental models of GTC seizures [28]. Although
PHT and SVP are the first-line AEDs used in the management of
GTC seizures [10], we had earlier found a facilitatory action of
NAC, a potent antioxidant, on the anticonvulsant effects of SVP
against the electroconvulsive threshold model of seizures in mice
[19]. This work was, thus, undertaken to characterize the nature
of interaction between standard AEDs (i.e., PHT, SVP) and NAC
in the mouse MES test using isobolographic analysis. The latter is
considered to be the optimal method to detect drug interactions of
AEDs in animal models of epilepsy [29].

PHT, SVP, and NAC produced clear-cut anticonvulsant effects
against MES-induced seizures in mice. The results obtained in this
study with PHT and SVP are in accordance with the established
evidence of the effectiveness of these agents against MES-induced
seizures [20,30,31]. However, ours is probably the first experi-
mental evidence of an anticonvulsant activity being reported with
NAC against MES-induced seizures in mice. Our data further con-

© 2012 Blackwell Publishing Ltd

firms the anticonvulsant properties of NAC that have been re-
ported in other models of seizures viz aminophylline [6] and PTZ-
induced [19] seizures. Even clinically, NAC has been reported to
exhibit beneficial effects in refractory epilepsies like progressive
myoclonic epilepsies where other classical drugs like clonazepam,
valproate, and zonisamide have failed to improve the manifesta-
tions of the disease [16].

In this study, PHT and NAC displayed additive interactions with
a slight tendency toward supraadditivity for all the three fixed ra-
tios (i.e., 1:1, 1:3, and 3:1) against MES-induced seizures in mice.
Isobolographic analysis of the interaction of SVP with NAC at the
fixed ratio of 1:1 also revealed an additive interaction. However,
SVP seems to act synergistically with NAC at the fixed ratios of
1:3 and 3:1 because the EDsqexp values were significantly lower
than the EDsgaqqvalues. These results reveal beneficial pharmaco-
dynamic interactions between AEDs (i.e., PHT, SVP) and NAC for
the prevention of electroshock-induced seizures.

PHT, SVP, NAC (EDs( doses), and their 3:1 fixed ratio combi-
nations (at the EDsgexp values) did not produce any significant
changes either in the grip strength or the spontaneous alterna-
tion behavior. This reflects that the doses employed were devoid
of any adverse effects on the neuromuscular function and spatial
memory.

Several lines of evidence including those from a variety of ex-
perimental models suggest a possible involvement of oxidative
stress in the pathophysiology of epilepsy [1,6]. However, with
respect to electrically induced seizures, there are conflicting re-
ports in literature. While Rola et al. [5] had found a signifi-
cant increase in the levels of MDA in brain tissue of mice im-
mediately after electroconvulsions, Barichello et al. [32] reported
a significant decrease in the thiobarbituric acid reactive species
in the hippocampus with no significant changes in the cortex,
striatum, and cerebellum of rats immediately after a single
electroconvulsive shock. Recently, Nieoczym et al. [33] too
have reported a significant reduction in the lipid peroxidation

CNS Neuroscience & Therapeutics 18 (2012) 406413 411
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intensity in the brain tissue of mice submitted to MES and de-
capitated 3 min after the electroshock. In our study, we did not
find any significant change in GSH and MDA levels after elec-
troshock seizures. Hence, the study doesn’t provide support for ac-
tivation of protective endogenous mechanisms immediately after
seizures.

One-week treatment with PHT alone significantly lowered the
cortical MDA levels, thus signifying its neuroprotective potential,
which is well documented by other workers [34,35] have reported
an increase in the GSH levels in primary cultured rat cerebral cor-
tical cells after one-week treatment with 0.6 mM valproate. In
this study, however, we did not find any significant change in
the cortical GSH levels after one-week treatment with SVP alone.
The nonsignificant changes in the cortical MDA levels observed
in this study after treatment with SVP (360 mg/kg) and NAC
(320 mg/kg) alone are in agreement with the findings of other
investigators [15,36,37]. However, Kamboj et al. [15] have re-
ported significant increases in the GSH levels in different brain
regions including cerebral cortex of rats after NAC administra-
tion for 28 days. In our study, cortical GSH levels were not al-
tered significantly after one-week treatment with NAC alone. The
difference in the duration of drug treatment might be an impor-
tant variable responsible for the observed effects. Combinations
of PHT and SVP with NAC (at the fixed ratio of 3:1) lowered
the cortical GSH and MDA levels, with the latter combination
exerting a statistically significant effect. These results reflect that
probably the reduction in MDA levels may be a consequence of
GSH utilization. However, compared to the electroshock group,
none of the drugs alone or their combinations at their respec-
tive EDs( doses against MES-induced seizures altered the cortical
GSH and MDA levels significantly. Thus none of the drug treat-
ments seem to adversely modulate the body’s endogenous pro-
tective mechanisms. Although the results reveal the sensitizing ef-
fects of NAC on the anticonvulsant effects of PHT and SVP, the real
mechanism(s) for these observed effects are at present not clearly
understood.

Electroshock treatment caused an elevation in the ALT and AST
levels compared to the control group; however the effect was not
statistically significant. These findings are in accordance with our
earlier observations in the PTZ-induced model of seizures [18] and
indicate the ability of seizures to produce mild stress on the liver.
Akbas et al. [38] have reported enhanced oxidative stress in the
liver of rats administered a convulsive dose of PTZ. Even clinically,
fulminant hepatic failure and hepatomegaly have been considered
as rare complications of seizures [39,40]. One-week treatment
with PHT (10 mg/kg), SVP (360 mg/kg), and NAC (320 mg/kg) did
not modify the serum ALT and AST levels significantly. Our results
with SVP and NAC are in accordance with our earlier observations
[18] and those of other investigators [41-43]. When PHT and SVP
were administered in combination with NAC at doses correspond-
ing to their EDsgexp values for the fixed ratio of 3:1, no significant
alterations in serum ALT and AST levels were observed. Even in
the groups that were pretreated with either of these drugs or their
combinations and subjected to electroshock, no significant alter-
ations in serum ALT and AST levels were evident. These results
indicate that at optimal dose levels, the adverse effects of AEDs on
liver function are rare. This is similar to the observations in the
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clinical settings where also only long-term treatment with AEDs
is occasionally associated with transient alterations of hepatic en-
zyme levels [44-46].

The mild although statistically nonsignificant, elevation in
serum ALP levels after electroshock treatment might be because
of the mild stress caused by electroshock on the liver. In the
group that was pretreated with the combination of PHT (5 mg/kg)
and NAC (54 mg/kg) and subjected to electroshock, a signifi-
cant elevation in serum ALP activity was observed compared to
the normal control group. This biochemical change may well be
because of the influence of electroshock on liver because treat-
ment with the combination of PHT and NAC alone was devoid of
any significant effects on ALP activity. However, no such signifi-
cant effects were observed in the group that was pretreated with
the combination of SVP and NAC and subjected to electroshock,
indicating that NAC may be a better adjunct with SVP than
PHT.

Body electrolytes play a pivotal role in the development of
seizure conditions [47]. Oladipo et al. [48] have reported sig-
nificantly lower levels of serum calcium in epileptic children
compared to the controls. However, in this study, no significant
changes were observed in the serum calcium levels after elec-
troshock treatment. This finding bears similarity to the observa-
tions of Papavasiliou et al. [49] and Hamed et al. [12]. Although
the former had found nonsignificant alterations in serum cal-
cium levels in patients with severe affective illness who had re-
ceived electroconvulsive therapy, the observations of the latter
were made in untreated epileptics. One-week treatment with SVP
(360 mg/kg) alone significantly elevated the serum calcium levels
compared to the control group, however no significant differences
in the levels of serum calcium were observed in the groups that
received either PHT (10 mg/kg) or NAC (320 mg/kg). Our results
with SVP, PHT, and NAC are in accordance with other clinical and
experimental reports [50,51]. Even in the groups that were pre-
treated with either of these drugs and subjected to electroshock,
no significant alterations in serum calcium were seen. These re-
sults reveal that PHT and SVP, when used at optimal dose levels,
can protect against seizures without altering calcium homeosta-
sis. Clinically also, there are a few reports where no significant
differences in serum calcium levels have been found in epileptic
patients receiving either PHT or SVP [52,53]. Even in the combi-
nation groups (at the fixed ratio of 3:1), no significant alterations
in serum calcium levels were observed. These results indicate that
NAC as an adjunct with either PHT or SVP might not produce any
adverse effects on the serum calcium homeostasis, which may be
an added advantage.

To conclude, our results suggest an inherent anticonvulsant ac-
tivity of NAC, but also highlight the sensitizing action of NAC
on the antiepileptic effects of PHT and SVP against MES-induced
seizures. Further, the combinations (at the dose ratio tested) pro-
duced minimal adverse effects on neuromuscular function, mem-
ory, and liver function. The serum calcium homeostasis was also
not significantly affected. Our results thus hold promise for the
use of NAC as an adjunct to PHT and SVP therapy. However, fur-
ther pharmacological and biochemical investigations are required
to understand the molecular mechanisms responsible for the ben-
eficial effects.

© 2012 Blackwell Publishing Ltd
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