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Possible role of free radicals in theophylline-induced seizures in mice
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Abstract

Theophylline is a methylxanthine bronchodilator with a narrow therapeutic index and is prone to induce seizures, the mechanisms for which

are not clearly defined. Free radicals have considerable neurotoxic potential and the present study evaluated the possible involvement of these

bioactive moieties in aminophylline-induced seizures in mice. Aminophylline (50–250 mg/kg) induced convulsions and mortality in mice in a

dose-dependent manner. The anti-oxidants, melatonin (25–100 mg/kg) and N-actylcysteine (100 and 200 mg/kg) attenuated aminophylline

seizures and mortality. Similar antagonism of aminophylline seizures was also observed after pretreatments with nitric oxide (NO) synthase

inhibitors, L-NAME (3 and 10 mg/kg) and 7-nitroindazole (10 and 30 mg/kg). Further, combined treatment with otherwise sub-effective doses of

melatonin and L-NAME or 7-nitroindazole produced marked protective effects against these seizures. Aminophylline-induced seizures enhanced

malondialdehyde (MDA) concentrations and NO metabolite (NOx) levels in the brain homogenates of mice, and these were attenuated by

melatonin and L-NAME pretreatments. The results are suggestive of the possible involvement of free radicals (reactive oxygen and reactive

nitrogen species) in the convulsiogenic effects of aminophylline.

D 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Theophylline, a methylxanthine used in the treatment of

bronchial asthma and chronic obstructive pulmonary disease,

has a narrow therapeutic index, and a high propensity to

induce toxicity. The toxic manifestations include cardiotoxi-

city and neurotoxicity, which has resulted in its restricted use.

However, the recent demonstration of anti-inflammatory and

immunomodulatory effects of the drug has generated renewed

interest for the use of this potent and pharmacoeconomically

viable bronchodilator (Barnes and Pauwels, 1994; Barnes,

1998), and strategies to overcome its toxicity potential

warrant consideration.

Theophylline is a potent CNS stimulant and seizures are a

potentially fatal complication of theophylline toxicity (Nakada

et al., 1983). Theophylline induced convulsions are usually

not preceded by other milder, warning symptoms and are
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relatively refractory to conventional anticonvulsant agents

(Czuczwar et al., 1987). In an attempt to evaluate the

mechanisms involved in this phenomenon, several mechan-

isms have been proposed, but no clearcut consensus regarding

the toxicodynamics of theophylline-induced seizures has

emerged (Hornfeldt and Larson, 1994; Chakrabarti et al.,

1993, 1998), and thus, the treatment of its overdose/toxicity

still remains far from satisfactory.

Free radicals play a crucial role in health and disease

(Hollan, 1995; Lohr and Browning, 1995). Both reactive

oxygen species (ROS) and reactive nitrogen species (RNS)

constitute the most complex interactive systems, aimed at

maintaining the homeostasis, in different situations (Tomasian

et al., 2000; Darley-Usmar et al., 1995). Any disturbance/

change in this balance results in biochemical and cellular

alterations leading to development of various pathophysio-

logical states such as rheumatoid arthritis, septic shock,

ischaemia reperfusion injury, atherogenesis, carcinogenesis

and diabetes mellitus (Wardle, 1990). These reactive species

are also known to be involved in several CNS disorders viz.

neuropsychiatry, traumatic brain injury, and Alzheimer’s

disease (Lohr and Browning, 1995; Zhang and Snyder,
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1995). Further, excitotoxicity and oxidative stress are shown

to be closely related (Frantseva et al., 2000). Nitric oxide

(NO), a free radical and an important neuromodulator in the

CNS, has been implicated as an endogenous anticonvulsant

on one hand, and is shown to sensitize/promote the

convulsive effects of cocaine on the other (Buisson et al.,

1993; Itzhak, 1994). However, the involvement of ROS and

RNS during theophylline neurotoxicity, with specific refer-

ence to seizures, have not been studied.

In view of the above, the present experimental study was

designed to explore the possible involvement of ROS and

RNS, and their interactions, during the convulsiogenic effects

of theophylline. Convulsions were induced in mice by

aminophylline (ethylenediamine salt of theophylline), and their

modulation by drugs affecting ROS and RNS activity, were

assessed. Malondialdehyde (MDA), which is a marker of lipid

peroxidation, and nitrates and nitrites (NOx), which are stable

metabolites of NO, were assayed in brain homogenates of mice

for corroborative evidence.

2. Materials and methods

2.1. Subjects

Swiss albino mice (15–25 g) of either sex were used. Our

pilot studies have shown that no significant differences existed

across male and female mice with reference to seizure

susceptibility and intensity. The animals were housed in

standard laboratory conditions of light dark schedule (12

h light–12 h dark, lights on at 7 AM), and room temperature of

22T2 -C. They had free access to food and water (except

during the observation period). Each experimental group

comprised of 10 animals (n =10). Animal care was as per

Guidelines for Care and Use of Animals in Scientific Research

formulated by the Indian National Science Academy, and the

study protocol was approved by the Institutional Animal

Ethical Committee.

2.2. Aminophylline-induced convulsions

Experiments were carried out with graded single doses of

aminophylline from 50–250 mg/kg administered intraperito-

neally (ip) to mice and subsequently put into individual

perspex cages (25�25�10 cm). The mice were then observed

for 60 min, and the following parameters were studied:

a. Percent animals having clonic/tonic–clonic convulsions

b. Latency of onset of convulsions (min)

c. Percent mortality at 1 and 24 h.

Appropriate vehicle treated groups served as controls. All

experiments were carried out in a quiet room between 10 AM

and 3 PM. On the basis of the results obtained with various

doses of aminophylline, a dose producing tonic–clonic

seizures in 100% of animals was selected for subsequent

experiments to investigate the modulatory effects of different

drugs. In mice, which did not show any seizures during the
observation period of 1 h, the seizure latency was taken as 60

min for the purpose of data analysis.

2.3. Biochemical studies

After observing the percent incidence of convulsions and

mortality for 1 h, the animals were decapitated under ether

anesthesia. The brains were quickly removed, cleaned with ice

cold saline and stored at �80 -C. Brain samples were thawed

and homogenized with 10 ml of ice cold 0.1 M phosphate

buffer (pH 7.4). Aliquots of homogenates were used to

determine MDA and NOx.

MDAwas measured by the method of Liu et al. (1990). The

reagents acetic acid 1.5 ml (20%) pH 3.5, 1.5 ml thiobarbituric

acid (0.8%) and 0.2 ml sodium dodecyl sulfate (8.1%) were

added to 0.1 ml of processed tissue samples, and heated at 100

-C for 60 min. The mixture was cooled with tap water and 5 ml

of n-butanol /pyridine (15 :1), 1 ml of distilled water was

added. The mixture was vortexed and after centrifugation at

4000 rpm for 10 min, the organic layer was separated, and

absorbance was measured at 532 nm using a UV–VIS

Spectrophotometer (UV 5740 SS, ECIL). Protein estimation

was done by Lowry’s method (Lowry et al., 1951) and the data

were expressed as nmol/mg protein.

For NOx assay (Tracey et al., 1995) brain homogenates were

centrifuged at 10,000 �g for 15 min at 4 -C. Fifty microlitres

of supernatant was mixed with 20 Al of 0.86 mM of NADPH,

0.11 mM FAD and 20 mU of nitrate reductase. Samples were

allowed to incubate for 1 h at room temperature in the dark.

Then 5 Al of 1 M ZnSO4 was added and the samples were

centrifuged at 6000 �g for 5 min at 4 -C, and the supernatants

were removed. One hundred microlitres of Greiss reagent (1 :1

mixture of 1% sulfanilamide in 5% H3PO4 and 0.1% N-(1-

naphthyl)ethylenediamine) was added to 50 Al of supernatant,
and the mixture was incubated for 10 min at room temperature.

Absorbance was measured at 540 nm in a microplate reader

(MS 5605A, ECIL), and converted to NOx content using a

nitrate standard curve. The data were expressed as nmol/mg

protein.

2.4. Drugs

The drugs used were: Aminophylline, L-NAME (NN-nitro-
L-arginine methyl ester), 7-nitroindazole (7-NI), L-arginine

HCl, N-acetylcysteine (all from Sigma Chemical Co., USA),

and glyceryl trinitrate (GTN, Panacea Biotec). Melatonin was a

gift from Dabur Research Foundation (India). Aminophylline,

N-acetyl cysteine and L-NAME were dissolved in distilled

water. Melatonin was dissolved in 5% ethanol and 7-

nitroindazole in a drop of Tween 20, and then diluted/

suspended in normal saline. All drugs were injected intraper-

itoneally (ip) in a volume of 10 ml/kg body weight of mice.

The pretreatment times for melatonin, N-acetylcysteine, L-

arginine and GTN was 60 min, and that for NO synthase

inhibitors (L-NAME or 7-NI) was 30 min. The doses and

pretreatment times of the various drugs were selected on the

basis of earlier studies.
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2.5. Statistical analysis

The quantal data (incidence of seizures and mortality) was

analysed using the Fisher’s Exact Test. The latency data was

analysed by the Kruskal–Wallis one way ANOVA for

nonparametric data followed by Mann–Whitney U test (two-

tailed) for inter group comparisons. The results of the

biochemical assay (MDA and NOx) were also analysed using

the Mann–Whitney U test (two-tailed). A p value of at least

0.05 was considered as the level of significance in all statistical

tests.

3. Results

Aminophylline (50–250 mg/kg, ip) administration induced

convulsions and mortality in mice in a dose dependent manner.

At 50 mg/kg of the drug there was increased exploratory

activity, and none of the mice showed convulsions or mortality.

At the dose level of 100 mg/kg, convulsions were seen in 20%

of animals with no mortality. At a higher dose of aminophylline

(200 mg/kg), 40% of mice showed clonic/tonic–clonic

convulsions and mortality, and at still higher doses (250 mg/

kg) of the drug, all animals in the group exhibited tonic–clonic

convulsions with 90% mortality (Table 1). The results of the

aminophylline (250 mg/kg) group were significantly different

from the vehicle control group ( p <0.05, Fisher’s test).

Accordingly, for subsequent experiments, the dose of 250

mg/kg was selected for studying possible protective effects of

drugs against aminophylline seizures, and a dose of 100 mg/kg

of the drug was used as a subconvulsive dose for studying
Table 1

Effects of antioxidants and NO modulators on aminophylline (A) seizures in

mice

Treatment (mg/kg, ip) Incidence % Latency (min)

(Mean+SE)

Mortality

(24 h) %

Controls (V) 0 60.0T0.0 0

A (100) 20 54.0T3.9 0

A (250) 100* 20.0T2.3* 90*

Mel (25)+A 90 25.8T4.5 80

Mel (50)+A 70 32.5T6.0 40a

Mel (100)+A 50 50.0T4.6a 30a

NAC (100)+A 80 28.6T5.3 60

NAC (200)+A 60 40.9T5.3b 30

L-NAME (3)+A 90 23.8T4.0 80

L-NAME (10)+A 20a 53.0T4.6a 0a

7-NI (10)+A 100 18.2T2.3 60

7-NI (30)+A 80 28.0T5.4 50

L-Arg (1000)+A (100) 60 37.2T6.1 20

GTN (10)+A (100) 50 42.5T5.7 60c

L-NAME (3) +

Mel (25)+A 60a 39.7T5.5a 0a

7-NI (10) +

Mel (25)+A 90 34.0T4.7a 30a

n =10, per group; V — vehicle; A — A (250 mg/kg); Mel — Melatonin; NAC

— N-acetylcysteine; 7-NI — 7-nitroindazole; L-Arg — L-Arginine; GTN —

Glyceryl trinitrate.

* p <0.02 (compared to controls); ap <0.05; bp <0.02 (compared to respective

A-250 mg/kg values); cp <0.05 (compared to respective Amino-100 mg/kg

values).
potentiating effects of drugs. Vehicle (5% ethanol and/or tween

20 in saline) pretreatment, per se, had no significant effect on

aminophylline seizures (data not shown). Further, none of the

mice showed any significant neurobehavioral effects when

observed up to 1 h. Earlier studies have also used these

solvents for dissolving melatonin or 7-NI in neurobehavioral

studies (Borowicz et al., 1999; Masood et al., 2005).

Overall analysis of latency data showed that the mean

latencies for onset of seizures were significantly different

across all groups [H(15)=51.8, p <0.001, Kruskall–Wallis

test]. As shown in Table 1, the latency for onset of seizures in

the aminophylline (250 mg/kg) group was also significantly

lower when compared to the vehicle treated group ( p <0.02,

Mann–Whitney U test).

Melatonin (25–100 mg/kg, ip) pretreatment exhibited a

dose-related protective effect against aminophylline (250 mg/

kg) seizures, with maximum protection against convulsions

and mortality being seen with the dose of 100 mg/kg. Further,

latency of onset of convulsions was also significantly greater

with this dose, when compared to the vehicle+aminophylline

group ( p <0.05, Mann–Whitney U test). Dose related attenua-

tions of aminophylline (250 mg/kg) seizures were also seen

after N-acetylcysteine (100 and 200 mg/kg). Whereas the lower

dose was ineffective in reducing the seizure incidence,

mortality or onset latency, the higher dose of 200 mg/kg of

the drug significantly delayed the onset of seizures and reduced

the 24 h post-ictal mortality ( p <0.05).

Pretreatment with the NO synthase inhibitor, L-NAME (3

and 10 mg/kg) attenuated aminophylline (250 mg/kg) convul-

sions and mortality, the protection with L-NAME (10 mg/kg)

being statistically significant, when compared to the vehicle

treated aminophylline group ( p <0.05) (Table 1). Further, when

sub-effective doses of L-NAME (3 mg/kg) was combined with

an ineffective dose of melatonin (25 mg/kg), the combination

produced a significant protective effect against aminophylline

seizures ( p <0.05). The neuronal NO synthase inhibitor, 7-

nitroindazole (10 and 30 mg/kg), reduced the mortality to 60%

and 50%, respectively but these changes were not statistically

significant ( p >0.05). When sub-effective doses of 7-nitroin-

dazole (10 mg/kg) and melatonin (25 mg/kg) were combined,

an enhancement of anti-convulsant effect was observed, i.e. the

percent mortality was further reduced to 30% as compared to

90% seen in the vehicle + aminophylline treated group

( p <0.05). Administration of the NO precursor, L-arginine

(1000 mg/kg) prior to subconvulsive doses of aminophylline

(100 mg/kg) induced seizures in 60% animals with 20%

mortality and a 32% reduction in seizure latency. However,

these data were not significantly different from the vehicle

treated aminophylline (100 mg/kg) treated group ( p >0.05).

Similar convulsiogenic effects were also seen when the NO

donor, glyceryl trinitrate (10 mg/kg) was combined with the

subthreshold dose of aminophylline, though a significant

enhancement (of 60%) in the 24 h post-seizure mortality was

observed ( p <0.05).

Biochemical data showed that both MDA levels (an index of

lipid peroxidation), and total nitrates and nitrites (NOx, an

index of NO activity), in brain homogenates were higher in the



Table 2

Effects of melatonin and L-NAME on brain MDA and NOx levels during

aminophylline seizures in mice

Dose (mg/kg, ip) NOx

(nmol/mg protein)

MDA

(nmol/mg protein)

Vehicle 15.0T2.8 3.0T0.8
A (100) 26.8T6.2* 4.8T0.5*

A (250) 48.2T5.2* 7.9T1.6*

L-NAME (10)+A 14.5T2.0a 4.8T1.1a

Mel (100)+A 34.3T6.1 5.1T2.0a

Mel (25)+L-NAME(3)+A 13.5T1.2a 3.5T1.2a

All data are expressed as MeanTS.E.
n =10, per group, A — Aminophylline, 250 mg/kg, Mel — Melatonin.

* p <0.05 (compared to Vehicle), ap <0.05 compared to aminophylline 250 mg/

kg) — Mann–Whitney U test.
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aminophylline (100 and 200 mg/kg) treated groups, as

compared to vehicle controls (Table 2). The baseline values

in the vehicle group were 3.0T0.8 and 15.0T2.8 nmol/mg

protein for MDA and NOx, respectively. Aminophylline (250

mg/kg) raised these levels to 7.9T1.6 and 48.2T5.2 nmol/mg

protein, respectively ( p <0.05). Pretreatment with melatonin

(100 mg/kg) and L-NAME (10 mg/kg) attenuated the

aminophylline-induced changes in brain MDA and NOx levels.

Further, combination treatment with sub-effective doses of

melatonin and L-NAME, induced significant reductions in the

above biochemical parameters assayed. At the doses used,

melatonin and L-NAME, per se, did not induce any significant

modulations in MDA and NOx activity in the brain homo-

genates, when compared to the vehicle group ( p >0.05) (data

not shown).

4. Discussion

The therapeutic use of theophylline is associated with a

significant incidence of intractable seizures and mortality

(Barnes and Pauwels, 1994; Barnes, 1998). However, the

seizurogenic effect of the drug could not be satisfactorily

explained by mechanisms like adenosine antagonism and

phosphodiesterase inhibition (Hornfeldt and Larson, 1994;

Gulati et al., 2004). Recently, free radicals have been

implicated in many drug and chemical induced toxicities

(Wardle, 1990; LeBel and Bondy, 1991), and thus the

involvement of free radicals during theophylline seizures was

explored. The xanthine–xanthine oxidase system is an

important pathway of generation of ROS in biological systems

(Cotgreave et al., 1988) and one of the major metabolites of

theophylline is a substrate for xanthine oxidase (Lohmann and

Miech, 1976). It is thus possible that the increased production

of ROS during metabolism of high doses of theophylline could

result in oxidant/anti-oxidant imbalance and thus precipitate

neurotoxicity.

Aminophylline administered in high doses of 250 mg/kg

consistently induced seizures in mice, an effect that was not

seen at lower doses (50 and 100 mg/kg) of the drug.

Interestingly, theophylline and aminophylline, in low doses,

have been reported to act as anti-oxidants (Lapenna et al.,

1995; Mahomed et al., 1998). Melatonin acts as an antioxidant

by scavenging hydroxyl radicals, peroxyl radicals, neutralizes
superoxide anion, peroxyl radical and NO, and also stimulates

several antioxidative enzymes viz. superoxide dismutase,

glutathione peroxidase and glutathione reductase (Reiter et

al., 2002). In order to investigate the involvement of free

radicals, melatonin was administered in graded doses (25–100

mg/kg) prior to aminophylline, in separate groups. The

protection offered by melatonin is suggestive of the involve-

ment of ROS in aminophylline seizures.

Reactive nitrogen species (RNS) like NO have been shown

to be an important neuromodulator in the CNS (Zhang and

Snyder, 1995), and studies have suggested both neuroprotec-

tive and neuroexcitatory roles for NO (Rundfeldt et al., 1995).

For example, in various models of experimental convulsions,

NO has been shown to play both inhibitory and excitatory roles

(Przegalinski et al., 1994, 1996). In the present experiments,

NO synthase inhibitors, L-NAME and 7-nitroindazole, admin-

istered prior to aminophylline, significantly blocked the

incidence of seizures and mortality, suggesting that NO may

also play a role in aminophylline seizures. However, Urbanska

et al. (1996) reported that another NO synthase inhibitor, NG-

nitro-L-arginine (NNA), at high doses, enhanced aminophyl-

line seizures, and pharmacokinetic interactions were proposed.

This possibility appears unlikely in our present study, as both

NO synthase inhibitors, L-NAME and 7-NI, even at low doses,

were able to protect against aminophylline seizures. Further,

NNA was also reported to either antagonize of have no effect

on other seizure models (Tutka et al., 1996). Nevertheless,

other studies have also reported protective effects for NO

synthase inhibitors in various seizure models, and our results

are in agreement with the same. It thus appears that the NO

synthase inhibitors have a complex profile in relation to various

seizure models. Involvement of NO in other aminophylline/

theophylline effects like thermoregulation and uterine relaxa-

tion in experimental animals has also been reported (Apaydin

et al., 1998; Zarrindast et al., 2002).

NO, which by itself is a relatively non-toxic molecule, could

lead to generation of highly reactive nitrogen species such as

peroxynitrite (OONO) ion in the presence of/combination with

superoxide anion (Squadrito and Pryor, 1998). Interactions

between ROS and RNS are reported in different situations and

a balance between the two is a critical determinant of several

disease processes (Darley-Usmar et al., 1995; Tomasian et al.,

2000). In the present study, combined treatment of sub-

effective doses of melatonin and NOS-inhibitors, when given

prior to aminophylline, showed a synergistic effect against

aminophylline seizures and mortality, which is suggestive of

involvement of both ROS and RNS in this phenomenon.

However, pharmacokinetic interactions between these agents

cannot be totally discounted, though a study has shown that

melatonin does not influence brain and plasma levels of anti-

convulsants (Borowicz et al., 1999). The results of the

biochemical assay further support this hypothesis originating

from pharmacological studies. The MDA and NOx levels were

elevated in the brain homogenates of aminophylline treated

mice, a dose which produced maximal convulsiogenesis and

mortality. Further, pretreatment with the antioxidant, melatonin

and the NO synthase inhibitor, L-NAME, reverted the changes
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in these biochemical parameters. It is well known that NO in

the presence of superoxides forms a highly toxic peroxynitrite

(OONO) which induces lipid peroxidation and is responsible

for several pathophysiological states (Ischiropoulos and al-

Mehdi, 1995; Szabo, 1996). In view of the pharmacological

and biochemical data obtained, the same may be possible and

substantiates the involvement of both ROS and RNS during

aminophylline seizures. The fact that sub-effective doses of

either melatonin or L-NAME, when given together, were

effective (a) in antagonizing aminophylline seizures, and (b)

lowering levels of MDA and NOx in brain homogenates,

further points towards the synergistic involvement of both ROS

and RNS, in this phenomenon.
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