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Abstract: Ellagic acid (EA) is a natural dietary polyphenol that has many beneficial properties,
including anti-inflammatory, antioxidant, antiviral, antibacterial, and neuroprotective effects. Studies
have revealed that EA may modulate seizure activity in chemically induced animal models of seizures.
Therefore, the aim of the present study was to investigate the effect of EA on the seizure threshold in
two acute seizure tests in male mice, i.e., in the intravenous (i.v.) pentylenetetrazole (PTZ) seizure test
and in the maximal electroshock seizure threshold (MEST) test. The obtained results showed that EA
(100 mg/kg) significantly elevated the threshold for both the first myoclonic twitch and generalized
clonic seizure in the i.v. PTZ seizure test. At the highest dose tested (200 mg/kg), EA increased
the threshold for tonic hindlimb extension in the MEST test. EA did not produce any significant
changes in motor coordination (assessed in the chimney test) or muscular strength (investigated in the
grip-strength test). The plasma and total brain concentration-time profiles of EA after intraperitoneal
and oral administration were also determined. Although further studies are necessary to confirm the
anticonvulsant activity of EA, our findings suggest that it may modulate seizure susceptibility in
animal models.

Keywords: ellagic acid; mice; seizure models; pentylenetetrazole; seizure threshold

1. Introduction

Epilepsy is a chronic neurological disease diagnosed in approximately 65 million people
worldwide [1]. The pathomechanism of this disease is still not fully understood. Pharma-
cotherapy is the main form of treatment for epilepsy, but about 30% of epileptic patients
remain drug-resistant [2]. Moreover, antiseizure drugs (ASDs) can cause numerous side
effects when used alone or in polytherapy. Therefore, up to 25% of patients discontinue
pharmacotherapy [3]. There is a need to find more effective and safer ASDs, and to explore
new therapeutic strategies for epileptic disorders. Plants seem to be a promising source of
compounds with anticonvulsant properties.

Ellagic acid (EA) is a dietary polyphenol found in many natural products. It is present,
as a subfraction of ellagitannins, in many fruits, vegetables, herbs, and nuts [4,5]. Many
studies have shown that EA impacts antioxidant and anti-inflammatory mediators, reduces
lipid peroxidation, and scavenges free radicals in mammalian tissues and cells [6–12].
Moreover, EA exhibits antiviral [13], antibacterial [14], and antiproliferative [15] activities
as well as providing chemoprotection against several carcinogens [16–18]. The intrinsic
antioxidant capacity of EA is responsible for its broad-spectrum pharmacological proper-
ties, including the protection of neurons in neurodegenerative diseases [19–21]. Preclinical
data from in vivo models demonstrated that EA ameliorates motor disturbances and
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neuro-inflammatory biomarker levels in a rat model of Parkinson’s disease [22]. More-
over, treatment with this polyphenol may represent a novel approach to alleviating the
symptoms of multiple sclerosis [23], Alzheimer’s disease [24–26], or traumatic brain in-
jury [27]. The potential antidepressant activity of EA was also proposed on the basis of its
ability to control depressive-like behavior in rodents [28–31]. To date, information on the
antiepileptic properties of EA is very limited. In one study by Dhingra and Jangra [32],
acute (40 mg/kg) and chronic administration of EA (20 and 40 mg/kg) significantly re-
versed the pentylenetetrazole- (PTZ 80 mg/kg, administrated intraperitoneally, i.p.) and
picrotoxin-induced (6 mg/kg, i.p.) convulsions in mice. It is worth noting that EA is poorly
absorbed and is further metabolized by the gut microbiota [33–36], which may minimize
the therapeutic benefit and limit the clinical use of EA after oral (p.o.) administration. To
overcome this challenge, some delivery systems and preparations have been developed
to enhance its bioavailability [37]. Interestingly, El-Missiry et al. [38] demonstrated that
EA coated in calcium-alginate nanoparticles (Ca2+-EA-ALG NPs) exhibits higher anti-
convulsant and neuroprotective potential than unencapsulated EA (50 mg/kg) against
PTZ-induced brain impairment and convulsions in mice.

The data from pharmacokinetic studies [23,35,36] reveal that, when ingested, most EA
is metabolized by the microbiota into dibenzopyran-6-one derivatives—urolithins (UROs).
These metabolites are better absorbed and reach tissues more easily to potentially exert
their beneficial effects, e.g., after blood-brain barrier (BBB) penetration; however, they have
poor antioxidant capacity compared to EA [39]. According to Gasperotti et al. [40], UROs
can be detected both in the plasma and in the brain of rats administered intravenously
(i.v.) with EA. On the other hand, the results of the study by Yan et al. [41] proved that EA
(50 mg/kg, p.o.) was detectable in several rat tissues, including the plasma, kidney, liver,
heart, lung, and brain. Regarding the neurotherapeutic properties of EA, it seems that the
effects of in vivo testing require confirmation of EA’s ability to cross the BBB, in order to
justify treatment using it.

The present study was undertaken to evaluate the effect of EA on seizure thresholds
in two acute seizure tests in mice: an i.v. PTZ seizure test and a maximal electroshock
seizure threshold (MEST) test. Moreover, the acute adverse effects of EA on neuromuscular
strength (in the grip-strength test) and motor coordination (in the chimney test) were
investigated. The plasma and total brain concentration-time profiles of EA after i.p. and
p.o. administration were also determined.

2. Results
2.1. Brain and Serum Concentrations of EA in Mice

Brain and serum concentrations of EA after its acute i.p. and p.o administration
(100 mg/kg) are shown in Figure 1A,B.

After the p.o. administration, the highest serum concentration of EA (62.43 ng/mL)
was noted 30 min after treatment. Furthermore, EA reached the peak serum concentration
(730.44 ng/mL) at 15 min after i.p. injection. Similarly, the mean concentrations in serum
were over 4 and 5 times higher at 30 and 60 min after i.p. injection, respectively, than after
p.o. administration (Figure 1A).

After p.o. and i.p. administration, the highest brain concentration of EA was noted
60 min after treatment (8.30 and 9.67 ng/g, respectively (Figure 1B)).
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Figure 1. Serum (A) and brain (B) concentrations of EA in mice. Data are presented as the mean + standard error of the 
mean (SEM). EA (100 mg/kg) was administrated i.p. or p.o. 5, 15, 30, 60, 120, 180, 360, and 720 min before the mice were 
decapitated. Experimental groups consisted of 3–5 animals. 
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2.2. Effect of EA in the PTZ-Induced Seizure Threshold Test 
The effect of EA on the seizure threshold in the i.v. PTZ test is shown in Figure 2A–

C (one-way ANOVA: F (2,27) = 8.347, p < 0.0015 for myoclonic twitch; F (2,27) = 12.78, p < 
0.0001 for generalized tonus; F (2,16) = 19.06, p < 0.0001 for forelimb tonus). EA, 
administered at the dose of 100 mg/kg, significantly affected the susceptibility of mice to 
the PTZ-induced first myoclonic twitch and generalized clonic seizures with the loss of 
the righting reflex (Dunnett’s post hoc test: p < 0.05 vs. control group); however, it did not 
affect the threshold for forelimb tonus. VPA (150 mg/kg) significantly increased the 
threshold for the onset of all the studied endpoints (Dunnett’s post hoc test: p < 0.01 for 
myoclonic twitch; p < 0.001 for generalized clonus and forelimb tonus). 

   

Figure 2. Effect of ellagic acid on the threshold for the onset of the first myoclonic twitch (A), generalized clonus (B), and 
forelimb tonus (C) in the i.v. PTZ seizure threshold test in mice. Ellagic acid and valproate (positive control) were injected 
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Figure 1. Serum (A) and brain (B) concentrations of EA in mice. Data are presented as the mean + standard error of the
mean (SEM). EA (100 mg/kg) was administrated i.p. or p.o. 5, 15, 30, 60, 120, 180, 360, and 720 min before the mice were
decapitated. Experimental groups consisted of 3–5 animals.

2.2. Effect of EA in the PTZ-Induced Seizure Threshold Test

The effect of EA on the seizure threshold in the i.v. PTZ test is shown in Figure 2A–C
(one-way ANOVA: F (2,27) = 8.347, p < 0.0015 for myoclonic twitch; F (2,27) = 12.78,
p < 0.0001 for generalized tonus; F (2,16) = 19.06, p < 0.0001 for forelimb tonus). EA,
administered at the dose of 100 mg/kg, significantly affected the susceptibility of mice to
the PTZ-induced first myoclonic twitch and generalized clonic seizures with the loss of
the righting reflex (Dunnett’s post hoc test: p < 0.05 vs. control group); however, it did
not affect the threshold for forelimb tonus. VPA (150 mg/kg) significantly increased the
threshold for the onset of all the studied endpoints (Dunnett’s post hoc test: p < 0.01 for
myoclonic twitch; p < 0.001 for generalized clonus and forelimb tonus).
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Figure 2. Effect of ellagic acid on the threshold for the onset of the first myoclonic twitch (A), generalized clonus (B),
and forelimb tonus (C) in the i.v. PTZ seizure threshold test in mice. Ellagic acid and valproate (positive control) were
injected i.p. 60 and 15 min before the test, respectively. The doses are shown on the abscissa. Control animals received 0.5%
methylcellulose. Data are expressed as means (mg/kg PTZ) ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. the control group
(one-way ANOVA followed by Dunnett’s post hoc test).

2.3. Effect of EA in the MEST Test

The influence of EA on the threshold for the tonic hindlimb extension in the MEST
test is shown in Figure 3 (one-way ANOVA: F (3,33) = 14.40, p < 0.0001). EA at a dose
of 100 mg/kg did not affect the seizure threshold. However, a statistically significant
increase in the CS50 value was observed for a dose of 200 mg/kg (p < 0.05). Positive
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control (VPA at 150 mg/kg) significantly increased the seizure threshold (p < 0.001 vs. the
vehicle-treated group).
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2.4. Effects of EA on Motor Coordination and Muscular Strength in Mice

Table 1 presents the influence of EA at doses of 100 and 200 mg/kg on neuromuscular
strength and motor coordination in mice. There were no significant impairments of motor
coordination in the chimney test (Fisher’s exact test: p > 0.05). Moreover, EA at any of
the doses tested had no effect on muscular strength, as assessed by the grip strength test
(one-way ANOVA: F (3,36) = 1.088, p = 0.367).

Table 1. Effect of EA on skeletal muscular strength and motor coordination in mice.

Treatment
(mg/kg)

Impairment of Motor
Performance (%)

Neuromuscular
Strength (mN/g)

Control 0 32.4 ± 1.2
VPA (150) 0 32.2 ± 0.8
EA (100) 0 32.3 ± 1.3
EA (200) 0 30.1 ± 0.9

Results are presented as a percentage of animals showing motor coordination impairment in the chimney test,
and as a mean ± SEM of grip strength in millinewtons per gram of mouse body weight (mN/g) from the grip
strength test, assessing skeletal muscular strength in mice, with n = 10 mice for each experimental group. The
results from the grip-strength test were analyzed using a one-way ANOVA test. Fisher’s exact probability test
was used to analyze the results from the chimney test.

3. Discussion

Due to its multi-faceted action, EA has many potential health benefits for humans [20].
Among these mechanisms of action, free radical scavenging, iron chelation, the activation
of different cell signaling pathways, and the mitigation of mitochondrial dysfunction are
often mentioned. Its protective effects against several neurodegenerative disorders have
also been highlighted [19]. Moreover, recent reports suggest that EA may demonstrate
anticonvulsant activity [32,38]. Here, we provide novel data on the effect of EA in the
control of seizure thresholds in the i.v. PTZ and MEST test.

The absorption of EA in animals is very poor, and EA usually undergoes extensive
metabolism by the gut microbiota to produce UROs [42]. Therefore, evaluation of the
pharmacokinetic and tissue distribution profiles of EA is important. Yan et al. [41] showed
that after oral administration of EA at 50 mg/kg, EA was detected in many rat tissues.
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Notably, EA was detected in the brain at a relatively low concentration at 0.5, 1, 2 and 4 h
after treatment. In order to characterize the ability of EA to cross the BBB after the p.o. and
i.p. route of administration in mice, we performed a pilot pharmacokinetic study. We have
shown that changes in the serum concentrations of EA (100 mg/kg) following i.p. and
p.o. administration follow a similar time-course pattern. The maximum concentrations
were reached at almost the same time points, i.e., at about 30 min after p.o. administration
and 15 min after i.p. injection. Some reports suggested that EA has poor absorption,
rapid distribution and elimination, which may prevent animal tissues from attaining and
maintaining sufficiently high concentrations [43–45]. Oral administration appears to be
the most preferred route of administration of EA; however, there are many factors that can
complicate its absorption. EA is a weak acid, which is ionized at the physiological pH (4);
it also forms poorly soluble complexes with divalent ions, such as Mg2+ and Ca2+, and
eventually, EA is metabolized by intestinal microorganisms [42,44,46]. All of the above
can inhibit the biological activity of this polyphenol. In studies by Teel and Martin [45]
and Lei et al. [43], the maximal blood level of EA in rodents was reached 30 min after
the p.o. administration of its synthetic form or as extract of pomegranate leaf (Punica
granatum, a natural source of EA). Furthermore, Smart et al. [44] and Teel [47] showed that
the concentration of EA in mice blood was highest within the first 15–30 min after i.v. or i.p.
administration, and it decreased rapidly over time. The present study is in line with the
abovementioned reports. In one study by Teel [47], the amount of EA in the mouse brains
was low and was approximately constant over the time period from 15 min to 24 h. The
authors indicated that this likely reflects the relative impermeability of the BBB to EA. In
our study, the maximum EA concentrations in the mouse brains correspond with those
described by Yan and colleagues [41], and were reached at about 60 min after p.o. and
i.p. administration. In the study by Farbood et al. [27], in rats pretreated with EA (p.o.) at
a dose of 100 mg/kg for 7 consecutive days, the BBB function was normal; therefore, it
can be concluded that EA did not cause severe BBB disturbances. It seems that, despite
its low concentration in animal brains, EA may exert central effects. The pretreatment
time of 60 min for EA was used in all subsequent experiments to study its acute effects on
seizure thresholds.

In the i.v. PTZ seizure threshold test, EA (100 mg/kg) slightly increased the seizure
threshold for the onset of both the first myoclonic twitch and the generalized clonic seizures.
A potentially high dose of this polyphenol was unable to slow down the progression of
seizures from generalized clonus to forelimb tonic extension. This test is considered as
an extremely sensitive parametric method for assessing seizure thresholds in rodents [48].
The proconvulsant activity of PTZ is at least partially mediated by its ability to block the
chloride ion channel in the γ-aminobutyric acid type A (GABAA) receptor complex, and
the PTZ seizure thresholds are particularly sensitive to compounds that affect GABAergic
neurotransmission [49]. Studies by Dhingra and Jangra [32] and El-Missiry et al. [38]
suggest that free and encapsulated EA (Ca2+-EA-ALG NPs) at doses of 20–50 mg/kg
inhibited PTZ- and/or picrotoxin-induced convulsions in mice through an increase in
GABA levels in the brain. Thus, it seems that an increased seizure threshold for myoclonic
twitch and generalized clonus following EA administration could have resulted from the
enhancement of GABAergic neurotransmission.

In the next experiment, EA at a higher dose (200 mg/kg) significantly raised the seizure
threshold for the tonic hindlimb extension in the MEST test. As a model of generalized
tonic-clonic seizures in humans, the MEST test may be useful in detecting anticonvulsants
that are acting as sodium channel blockers [50]. Therefore, it seems that EA at a higher
dose also inhibits tonic seizures by blocking sodium channels. To date, there is no data
on the direct influence of this compound on the inhibition of sodium influx through
cell membranes.

There is clear evidence of the involvement of inflammatory processes in epilepto-
genesis [51]. Seizures are associated with increased mitochondrial membrane oxidative
stress and the downregulation of glutathione homeostasis in the hippocampus [52–54].
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Data suggest that high levels of proinflammatory cytokines are risk factors for epilepsy,
and that anti-cytokine agents are therapeutic for epilepsy [55]. Some authors also sug-
gest that combating oxidative stress is a key approach to improving disease outcomes in
epilepsy [56]; thus, antioxidants may be an effective treatment. PTZ significantly increased
the proinflammatory mediators in mice, such as IL-6 and TNF-α [38]. Furthermore, after
PTZ-induced seizures, significant decreases in GSH, cysteine, glutathione disulfide, and
protein thiols, as well as increases in the protein disulfides and protein carbonyl levels, were
observed in the mouse hippocampus [57]. It is worth mentioning that EA has been reported
to show antioxidant activity [58], with efficacy in reducing IL-6, IL-1β, and TNF-α levels,
in inhibiting NF-κB action and also in normalizing lipid metabolism and the lipidemic
profile [26,27,38,59,60].

Some preclinical studies indicate that the dose-related antinociceptive action of EA
has both peripheral and central components that involve mediation by the opioidergic sys-
tem and the L-arginine-NO-cGMP-ATP-sensitive K+ channels pathway [61–63]. In another
study, Olgar et al. [64] showed that EA suppresses Ca2+ currents in rat ventricular myocytes
and exerts negative inotropic effects through the activation of NOS-GC-cGMP pathways. It
should be noted that NO is a multifunctional signaling molecule, but it is also a key media-
tor of excitotoxic neuronal damage and is involved in the neurobiology of many diseases,
including epilepsy [65–67]. According to Prast and Philippu [68], the NO/cGMP pathway
may be involved in GABA-mediated transmission and glutamate-mediated excitatory
transmission. The release of GABA is biphasically dependent on the concentration of NO.
Basal NO levels decrease GABA release, but high concentrations of NO enhance GABA out-
flow. Thus, it seems that an increased seizure threshold following EA administration could
have resulted from a high NO concentration and a subsequent increase in GABA-mediated
neuronal inhibition. The glutamate-mediated excitatory transmission process also seems to
be controlled by NO/cGMP in a biphasic manner. In general, guanylyl cyclase is activated
by NO, and it increases the cGMP level and suppresses glutamate release; however, very
high cGMP concentrations increase the release of glutamate [68]. Hence, EA at the doses
used in our study could have also inhibited the release of this excitatory neurotransmitter.
We can only speculate that EA (as a NO/cGMP modulator) may modulate inhibitory
and excitatory neurotransmission and/or some ion channel functioning. This issue needs
further investigation. EA also has other in vivo effects, i.e., antidepressant- or anxiolytic-
like effects, suggesting its ability to modulate the monoaminergic pathways (serotonergic,
noradrenergic, dopaminergic) [28,69]. Clinical data has revealed that monoamines play an
important role in regulating epileptogenesis, seizure susceptibility, and convulsions [70].
The antidepressant activity of EA may also be mediated by modulation of the endogenous
production of brain-derived neurotrophic factor (BDNF) [30]. Studies have shown that
BDNF is upregulated in areas implicated in epileptogenesis, and interference with BDNF
signal transduction inhibits the development of the epileptic state [71]. Although further
studies are needed to confirm which mechanisms are responsible for the anticonvulsant
activity of EA, the results of in vitro and in vivo studies provide a rationale for considering
this polyphenol as a compound with the potential to modulate seizure susceptibility in
animal models.

Bhandary et al. [72] demonstrated that the pomegranate extracts, as well as the
synthetic EA, at levels up to 2000 mg/kg body weight did not cause any adverse effects
and may be considered nontoxic and safe. Furthermore, Patel et al. [73] showed that, in a
study of the acute toxicity of standardized pomegranate extract in rats and mice, the oral
LD50 of EA was greater than 5000 mg/kg body weight. It is worth mentioning that, in
our study, none of the doses of EA produced any acute side effects as determined by the
chimney test and the grip-strength test.

In conclusion, the present study demonstrates that EA exerts slight anticonvulsant
effects in two distinct seizure threshold tests in mice. Its antiseizure properties may
result not only from the enhancement of GABAergic neurotransmission but also from the
inhibition of sodium influx through cell membranes. It is possible that other mechanisms
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may be involved too. Further detailed studies of this multi-target bioactive compound in
animal models of seizures and epilepsy are required. The possible interactions of EA with
ASDs should be also assessed.

4. Materials and Methods
4.1. Animals

The study was carried out on adult male albino Swiss mice weighing 26–34 g. The
animals were obtained from a licensed breeder (Laboratory Animals Breeding, Warsaw,
Poland). Mice were housed in groups of 8–9 in Makrolon cages (37 cm × 21 cm × 14 cm)
under controlled laboratory conditions (ambient temperature, 21–24 ◦C, relative humid-
ity, 45–65%, 12 h light/dark cycle, light on at 7:00 a.m.). Chow pellets (Agropol S.J.,
Motycz, Poland) and tap water were available ad libitum. The mice were used after at least
one week of acclimatization. All behavioral experiments were performed during the light
phase between 8:00 a.m. and 3:00 p.m., after a minimum 30 min period of acclimatization
to the experimental room. The animals were habituated to handling for one week prior to
behavioral assays to minimize stress and its effects on experimental variability.

The total number of animals used in the present study was 190. The animals were
assigned to the experimental groups as follows: 5 animals/group, in order to deter-
mine the pharmacokinetic study of EA, 6–12 animals/group in the intravenous PTZ test,
20 animals/group in the MEST test, and 10 animals/group in the grip-strength test and the
chimney test. The grip-strength test and the chimney test are very quick and non-invasive
procedures. Therefore, both tests were carried out on the same groups of animals shortly
before the MEST test. This allowed us to limit the total number of animals used in the
present study, which was in accordance with the guidelines of the Ethics Committee.

4.2. Drugs

EA (Sigma-Aldrich, St. Louis, MO, USA) was suspended in a 0.5% aqueous solution
of methylcellulose (Sigma-Aldrich, St. Louis, MO, USA). Valproate (VPA, as sodium salt;
Sigma-Aldrich, St. Louis, MO, USA) was dissolved in saline. EA was administered i.p.
or p.o. by gastric gavage before the respective test. The gavage needle (curved) had a
ball-shaped, smooth, rounded tip to prevent injury to the esophagus and other tissues.
The needle was gently advanced along the upper palate until the esophagus of the mouse
was reached. EA pretreatment time (60 min) in the seizure threshold tests was based on
a pharmacokinetic study (see Figure 1A,B). VPA (positive control) was administered i.p.
15 min prior to the tests. All drug solutions/suspensions were administered at a volume of
10 mL/kg of body weight. The negative control groups received the vehicle only.

4.3. Pharmacokinetic Study of EA

EA was administered at the dose of 100 mg/kg (i.p. or p.o.) 5, 15, 30, 60, 120,
180, 360, and 720 min before the mice were decapitated. The collected blood samples
(~1 mL/Eppendorf tube) were allowed to clot at room temperature. Blood samples were
then centrifuged at 3000× g for 10 min and the serum was collected into new polyethylene
tubes. Brains were removed from skulls and washed with 0.9% NaCl. The samples were
kept at −25 ◦C until analysis.

High-performance liquid chromatography (HPLC) with an ultraviolet (UV) detection
system was used to measure the serum levels of EA. First, 200 µL of serum samples were
washed by shaking (IKA Vibrax VXR, Staufen, Germany) with 1 mL of ethyl acetate. The
organic layers were discarded and the samples were spiked with 10 µL of internal standard
(oxcarbazepine, 4 µL/mL). After vortex mixing (Reax top, Heidolph, Schwabach, Germany),
5 µL of 50% orthophosphoric acid was added to each sample and they were vortexed for
1 min. Then, 1 mL of methanol was added and the samples were shaken for 5 min. After
centrifugation (Eppendorf miniSpin centrifuge), 650 µL of organic layers were transferred
to new tubes and evaporated to dryness in a water bath (37 ◦C) under a gentle stream of
nitrogen. The residues were dissolved in 100 µL of methanol and aliquots of 10 µL were
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injected into the HPLC system. The analysis was performed on a 250 × 4 mm LiChrospher®

100 RP-18 column with a particle size of 5 µm (Merck, Darmstadt, Germany), protected
with a guard column (4 × 4 mm) of the same packing material as the analytical column. The
mobile phase was composed of 0.2% orthophosphoric acid water solution: methanol mixed
at a ratio of 55:45 (v/v) and pumped at a flow rate of 1 mL/min. The column temperature
was kept at 40 ◦C. The HPLC system (Merck-Hitachi, Darmstadt, Germany) consisted of
an L-7100 isocratic pump, an L-7200 autosampler, and a UV variable-wavelength K-2600
detector (Knauer, Berlin, Germany) operating at 254 nm. Data acquisition and processing
were performed using the D-7000 HSM software. In these conditions, the retention times
of EA and internal standard were approximately 7 and 10 min. The calibration curve,
constructed by plotting the ratios of the peak area of EA to internal standard versus EA
concentrations, was linear in the tested concentration range, i.e., from 25 to 2000 ng/mL.
No peaks were present in the chromatogram at the retention times of both compounds.
The method was accurate and precise, with the accuracy expressed as a percentage of the
nominal concentration, in the range of 94% to 106%, and the intra- and inter-day coefficients
of variation (CV%) at less than 10%. The concentrations of EA in the mouse serum were
expressed in ng/mL.

Because the concentrations of EA in brain tissue were below the limit of quantification
via the HPLC/UV method, brain concentrations of this compound were measured by
liquid chromatography tandem mass spectrometry (LC-MS/MS) using the Sciex QTRAP
4500 triple quadrupole mass spectrometer, coupled to the Excion LC AC HPLC system
(both from Danaher Corporation, Washington, DC, USA). The brains were homogenized
in distilled water (1:4, w/v) with a tissue homogenizer (TH220; Omni International, Inc.,
Warrenton, VA, USA). The homogenate samples (50 µL), after the addition of 5 µL of 50%
acetic acid, were briefly vortexed and deproteinized at the ratio of 1:3, with 0.1% formic
acid in acetonitrile containing an internal standard (valsartan). Then, they were shaken
for 10 min (IKA Vibrax VXR, Staufen, Germany), and after centrifugation for 10 min at the
speed of 8000× g (Eppendorf miniSpin centrifuge), the supernatant was transferred into
the autosampler vials. Chromatographic separation was carried out on an XBridge™ C18
analytical column (3 × 100 mm, 5 µm, Waters, Ireland) with the oven temperature set at
30 ◦C. The autosampler temperature was maintained at 10 ◦C, and a sample volume of
10 µL was injected into the LC-MS/MS system. The mobile phase, containing 0.1% formic
acid in acetonitrile (A) and 0.1% formic acid in water (B), was delivered at 0.4 mL/min
using a gradient mode. The initial mobile phase composition was 95% B for the first 2 min,
with a linear gradient to 20% B in the next 1 min, then in isocratic mode for 2 min, with a
subsequent change back to 95% B in 1 min. The remaining time of elution was set at 95% B.
The whole HPLC operation lasted 10 min. Electrospray ionization (ESI) in the negative ion
mode was used for ion production. The tandem mass spectrometer was operated at unit
resolution in the selected reaction monitoring mode (SRM), monitoring the transition of the
deprotonated molecular ions m/z 301 to 284 (CE = −40 V) and m/z 301 to 229 (CE = −38 V)
for EA (the first pair was used as a quantifier for quantification and the second as a qualifier
for the identity verification), and m/z 434 to 179 for valsartan (IS). The mass spectrometric
conditions were optimized for EA by a continuous infusion of the standard solution at
the rate of 10 µL/min, using a Harvard infusion pump. The ion source temperature was
maintained at 450 ◦C. The ion spray voltage was set at −4500 V. The curtain gas (CUR)
was set at 40 psi, and the collision gas (CAD) at medium. Data acquisition and processing
were accomplished using the Applied Biosystems Analyst software, version 1.7 (Sciex,
Framingham, MA, USA). The calibration curves were constructed by plotting the ratios
of the peak area of the analyte to IS versus analyte concentrations, and generated by a
weighted (1/x × x) linear regression analysis. The quantitation ranges for this method
were from 2.5 to 1000 ng/g of brain tissue, with accuracy from 92.85–115%. No significant
matrix effect was observed, and there were no stability-related problems during the routine
analysis of the samples.
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4.4. Intravenous PTZ Seizure Threshold Test

Following EA, VPA or vehicle administration, mice were placed in a cylindrical plastic
restrainer (12 cm long, 3 cm inner diameter), and a 27-gauge needle (Sterican®, B. Braun
Melsungen, Melsungen, Germany) was inserted into the lateral tail vein. The 2 cm long nee-
dle was attached by polyethylene tubing (PE20RW, Plastics One Inc., Roanoke, VA, USA) to
a 10 mL plastic syringe containing 1% solution of PTZ (Sigma-Aldrich, St. Louis, MO, USA),
which was mounted in a syringe pump (model Physio 22, Hugo Sachs Elektronik–190
Harvard Apparatus GmbH, March-Hugstetten, Germany). The correct placement of the
needle in the tail vein was verified by the appearance of blood in the tubing. The needle
was secured to the tail with adhesive tape. Following catheterization, the unrestrained
mice were placed in a Plexiglas arena for behavioral observation. PTZ was administered
to animals at a constant rate of 0.2 mL/min. During the test, mice were observed for
the onset of different types of seizures by a trained and treatment-blind observer. The
time that elapsed from the initiation of the PTZ infusion to the onset of three stages of
seizures was measured, i.e., (1) the initial myoclonic twitch, (2) generalized clonus with
loss of the righting reflex, and (3) tonic forelimb extension. The thresholds were calculated
separately for each endpoint according to the formula: threshold dose of PTZ (mg/kg)
= (infusion duration (s) × infusion rate (mL/s) × PTZ concentration (mg/mL) × 1000)/
body weight (g). Seizure thresholds were expressed as the amount of PTZ (mg/kg) ± SEM
needed to produce the first sign of each endpoint in each experimental group. Tonic con-
vulsions were usually lethal for mice. All surviving animals were euthanized immediately
after the end of the infusion [74].

4.5. Maximal Electroshock Seizure Test

One minute before stimulation, a drop of ocular anesthetic (1% solution of tetra-
caine hydrochloride; Sigma-Aldrich, St. Louis, MO, USA) was applied to each eye of
the mice. The maximal electroshock seizures were induced by constant current stimuli
(50 Hz sinewave, 0.2 s) using a rodent shocker (type 221; Hugo Sachs Elektronik, Freiburg,
Germany). An alternating sinusoidal current was administered through transcorneal elec-
trodes, soaked in saline. During stimulation, mice were manually immobilized by the hand
of the experimenter for 3–5 s. Immediately after stimulation, animals were placed in a Plex-
iglas arena for behavioral observation. The endpoint was a tonic extension of the hindlimb
that exceeded a 90◦ angle with the body. The thresholds for maximal electroconvulsion
were assessed by the “up-and-down” method described by Kimball et al. [75]. The current
intensity was lowered or raised by 0.06-log intervals, depending on whether the previously
stimulated animal did or did not exert tonic hindlimb extension, respectively [74]. Each
mouse was stimulated only once at any given current intensity. The data obtained in
groups of 20 animals were used to determine the threshold current-causing endpoint in
50% of the mice (CS50 with confidence limits for 95% probability).

4.6. Grip-Strength Test

The influence of EA on muscular strength in mice was determined via the grip-strength
test (10 mice/group). The apparatus for this test (BioSeb, Chaville, France) consisted of a
steel wire grid (8 × 8 cm) connected to an isometric force transducer. The mouse was lifted
by its tail so that it could grasp the grid with its forepaws. The animal was then pulled back
steadily by the tail until it released the grid. The maximal grip strength value (in newtons
(N)) of the animal was recorded. The mean of three consecutive measurements for each
animal was calculated. Body weight is a factor that affects the grip force; therefore, the
mean force was normalized to body weight and expressed in mN/g ± SEM.

4.7. Chimney Test

The chimney test was used to detect the motor deficits in mice, as induced by EA.
In this test, the inability of the animals (10 mice/group) to climb backward, up through
a Plexiglass tube (3 cm, inner diameter × 30 cm, length), within 60 s was considered as
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a motor impairment [76]. Results were presented as the percentage of mice with motor
coordination impairment.

4.8. Statistical Analysis

Data were analyzed by one-way analysis of variance (one-way ANOVA), followed
by the Dunnett’s post hoc test, for multiple comparisons. In order to perform statistical
analyses of data obtained in the MEST tests, the CS50 values with 95% confidence limits
were transformed into the mean value of logarithms (of current strength) with standard
deviation. Fisher’s exact probability test was used to compare the data from the chim-
ney test. The statistical analysis was carried out using GraphPad Prism for Windows,
version 5.03 (GraphPad Software, San Diego, CA, USA). p < 0.05 was considered to be
statistically significant.
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