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Abstract
Gamma-decanolactone (GD) has been shown to reduce epileptic behavior in different models, inflammatory decreasing, 
oxidative stress, and genotoxic parameters. This study assessed the GD effect on the pentylenetetrazole (PTZ) model after 
acute and subchronic treatment. We evaluated the expression of the inflammatory marker cyclooxygenase-2 (COX-2), 
GluN2B, a subunit of the NMDA glutamate receptor, adenosine A1 receptor, and GD genotoxicity and mutagenicity. Male 
and female mice were treated with GD (300 mg/kg) for 12 days. On the tenth day, they were tested in the Hot Plate test. 
On the thirteenth day, all animals received PTZ (90 mg/kg), and epileptic behavior PTZ-induced was observed for 30 min. 
Pregabalin (PGB) (30 mg/kg) was used as a positive control. Samples of the hippocampus and blood were collected for 
Western Blotting analyses and Comet Assay and bone marrow to the Micronucleus test. Only the acute treatment of GD 
reduced the seizure occurrence and increased the latency to the first stage 3 seizures. Males treated with GD for 12 days 
demonstrated a significant increase in the expression of the GluN2B receptor and a decrease in the COX-2 expression. Acute 
and subchronic treatment with GD and PGB reduced the DNA damage produced by PTZ in males and females. There is 
no increase in the micronucleus frequency in bone marrow after subchronic treatment. This study suggests that GD, after 
12 days, could not reduce PTZ-induced seizures, but it has been shown to protect against DNA damage, reduce COX-2 and 
increase GluN2B expression.
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Introduction

Epilepsy is the most common neurological disease glob-
ally, and around 50 million people are affected by this [1]. 
One of the essential characteristics of this pathology is the 
occurrence of seizures, a behavioral manifestation generated 
by abnormal neuronal synchronization and activity [2], in 
addition to cognitive changes, behavioral and psychological 
impairments [3]. Currently, several cellular processes are 
associated with epilepsy and have helped to elucidate their 
pathophysiology.

Neuroinflammation has an essential role in epilepsy 
pathogenesis. The increase in neuronal activity during sei-
zures could increase chemical mediator release, leading to 
intense excitability of affected tissue. This intense excit-
ability is responsible for extending and intensify the seizure 
activity [4–6].
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The cyclooxygenase-2 (COX-2) is an inducible enzyme 
involved in the neuroinflammatory process by converting 
arachidonic acid into prostaglandins. Its expression con-
tributes not only to repair but also to injury and chronic-
ity [7, 8]. This inducible enzyme is expressed in several 
pathological processes, such as inflammation and pain [9]. 
Studies that evaluated neuroinflammation in epilepsy mod-
els demonstrated that seizure induction up-regulates the 
expression of COX-2. On the other hand, neuroprotection 
and increased latency for the seizures can be observed 
when COX-2 is inhibited [10–12].

Anti-inflammatory drugs have a neuroprotective effect 
on PTZ- induced seizures, and the effects appear to be 
related to the inhibition of cytokines and the COX-2. After 
the Kindling PTZ model, a decrease in Interleukin 1β (IL-
1β) and Tumor Necrosis Factor α (TNF-α) was demon-
strated, as well as less seizure severity in rats treated with 
dexamethasone [13]. It was also observed that sodium 
diclofenac (a COX-2 inhibitor) was able to decrease 
TNF-α and Interleukin 6 (IL-6) in the hippocampus of 
rats [14].

Several antiseizure drugs are available for therapeutic 
use. Among the most recent antiseizure drugs, pregabalin 
(PGB) is a GABA analog approved by the Food and Drug 
Administration (FDA) in 1999 [15] for refractory epilepsy 
treatment. It has shown the effects of monotherapy and adju-
vant therapy for focal and generalized seizures [16]. PGB is 
also given to chronic pain, mainly neuropathic pain [17–19].

The significant adverse effects of traditional antisei-
zure drugs, the difficulty of finding treatments that suit all 
patients, and the cost–benefit of standard treatments, have 
increased the demand for new drugs. Several natural prod-
ucts can influence GABAergic function. Some compounds 
have also been shown to reduce the frequency of epileptic 
seizures in models of epilepsy, also having neuroprotective 
effects [20]. Lactones are among the organic compounds 
that have bioactive properties that act on the central nerv-
ous system. Such substances have been recognized for some 
properties such as anesthetic, anti-inflammatory, and hyp-
notic activity [21–24].

GD, a synthetic monoterpene lactone, has been evalu-
ated for its neuroprotective ability in different animal models 
[25–28]. Studies carried out by our group investigated the 
effect of GD in a pentylenetetrazole (PTZ) model, both acute 
and chronic, and seizure-induced by Pilocarpine, 4-amino-
pyridine, and isoniazid [25, 27, 28]. GD has been shown 
to reduce seizures and increase the latency for the first sei-
zure (stage 3) in these models, demonstrating a significant 
neuroprotective effect. Also, an in vitro study conducted by 
our group demonstrated that GD inhibited TNF-α and the 
intracellular formation of reactive oxygen species (ROS), 
decreasing genotoxicity and apoptosis in microglial cells 
[26].

Although several behavioral studies of the GD effect have 
been carried out, its ability to modulate neurotransmission 
systems is still scarce. Pereira et al. 1997 [29] demonstrated 
GD’s inhibitory effect on glutamate binding in cortex 
samples.

N-methyl-d-aspartate receptors (NMDARs) are iono-
tropic glutamate receptors (iGluRs) that play essential 
roles in physiology and pathophysiology of mammalian 
CNS [30]. Studies have indicated that NMDARs play dif-
ferent roles under different conditions, for instance, under 
normal activation and overactivation. Under normal activa-
tion, activated GluN2B is mainly located in the synapses. In 
contrast, under overactivation, extrasynaptic GluN2B will 
be additionally activated [31–34]. The NMDARs subunits, 
GluN2A, and GluN2B are the main in the adult forebrain. 
GluN2B has a bidirectional activity of the signaling of ERK, 
CREB, BDNF, and PI3K. Moreover, GluN2B may play a 
more active role in changing the NMDARs effect from nor-
mal activation to overactivation [35].

Adenosine is a crucial neuromodulator known for its 
homeostatic and endogenous anticonvulsant effects on 
neural network activities. It is deficiency could conduce to 
excitotoxicity in patients with epilepsy [36–38]. The known 
adenosine anticonvulsant effect is attributed to the adenosine 
A1 receptor, which is distributed throughout the brain, and 
in the hippocampus, there is a high density [38–40].

Thus, studies aiming to investigate NMDA and Adeno-
sine’s role in the GD mechanism of action are necessary. 
Besides, behavioral studies carried out to date have only 
evaluated GD’s acute effect, and it is also essential to dem-
onstrate its effects after repeated administrations. Therefore, 
this study aimed to evaluate a possible GD neuroprotective 
effect after subchronic treatment using the PTZ-induced sei-
zure and compare it to the acute treatment. Also, inflamma-
tory marker expression COX-2, mutagenicity, genotoxicity, 
and a possible GluN2B and adenosine A1 modulation were 
investigated.

Material and Methods

Animals

CF-1 mice were obtained from the Reproduction and 
Research Center (CREAL) at the Federal University of Rio 
Grande do Sul (UFRGS). To conduct this study, we needed 
87 male and 87 female CF-1 mice. Five of each sex were 
driven to pilot test. All of them were 45 days old. 4–5 ani-
mals were housed per box (33 × 17 × 40 cm), with food and 
water ad libitum, under a 12-h light/dark cycle (lights at 
7:00 am) and a constant temperature 23 ± 2 °C at CREAL, 
UFRGS. The Ethics Committee on Animal Use (CEUA-
UFRGS) approved the project, under number 36326/2019. 
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The entire experiment was conducted following the National 
Council for Animal Experimentation Control (CONCEA), 
prioritizing animal comfort and respect.

Drugs and Pharmacological Procedures

GD and PTZ were purchased from Sigma-Aldrich (St. Louis, 
USA). GD was solubilized in tween 80 (5%) and PTZ in 
saline solution (0.9%). According to our previous studies, 
a dose of 300 mg/kg of GD was used [24, 41]. A pilot test 
and previous studies were considered to define the dose of 
90 mg/kg PTZ, used as a convulsant agent [24]. PGB (Pre-
fiss®; Aché Laboratórios Farmacêuticos S.A), has been used 
to treat epilepsy and chronic pain, and in this study, it was 
used for comparison purposes in subchronic treatment. It 
was solubilized in tween 80 (5%) and administered at a dose 
of 30 mg/kg [16]. Tween 80 (5%) and saline (0.9%) were 
administered as controls. All drugs were administered intra-
peritoneally (i.p), except PTZ, which was given subcutane-
ously (s.c) at a volume of 10 ml/kg body weight.

The animals were randomly divided into seven groups: 
12 animals for Saline; Sal12; Tween; PGB; GD 12 and GD 1 
and 10 animals for Sal 1 group. The experimental design of 
this study is shown in Fig. 1. The experiment was conducted 
for 13 days. Pharmacological administrations were always 
performed in the morning, between 7 am and 11 am. The 
registration of the animals’ weight was every 3 days.

PTZ‑Induced Seizure Model and Samples Collection

In the acute trial, Sal or GD was administered 30 min before 
PTZ injection. For the subchronic evaluation, after 12 days 
of treatment, the animals were submitted to the PTZ-induced 
seizure model of the thirteenth day, 1 day after the last drug 
administration. In the acute and subchronic tests, the ani-
mals were observed for 30 min by a blinded researcher 
who recorded the behavior according to an adapted Racine 
scale [42]. The adapted scale consists of five stages: 0—no 

epileptic behavior; 1—Jerkings, playing piano; 2—clonic 
forelimb seizures lasting less than 3 s; 3—clonic forelimb 
seizures lasting more than 3 s; 4—generalized seizures with 
tonic extension episodes and full status epilepticus; 5—
death. The latency for the first clonic forelimb seizure (stage 
3) and the percentage of occurrence of these seizures were 
recorded. We used stage 3 seizure for comparison purposes 
since it is evident and easy to observe in mice. At the end of 
the treatments, the animals were killed by decapitation, and 
the hippocampus samples were collected immediately, using 
surgical instruments on a frozen platform. The hippocam-
pus samples were identified in individual tubes and kept on 
-80ºC until the tests described in Fig. 1 [43].

Hot Plate Test

The Hot Plaque Test was used to assess central analgesia 
in treating animals [44], considering that some antiseizure 
drugs are administered to treat chronic pain [45–47]. The 
test protocol was applied on the tenth day of the experiment, 
after 30, 60, 90, and 120 min of pharmacological administra-
tion. 24 h before the test, the animals were placed under the 
off plate for habituation [48, 49]. The test was performed 
with a 55 ± 0.5 °C plate, and the researcher was blinded. The 
recorded behaviors were: changing feet (tapping), jumping, 
and standing or licking one of the paws [50]. According to 
previous studies, the nociceptive limit was 20 s per animal 
to avoid tissue damage [49, 51, 52].

Western Blotting Assay

Frozen hippocampus samples were homogenized in 
lysis buffer (150 mM NaCl, 20 mM Tris, 5 mM EDTA, 
10% glycerol, 10% NP 40, pH 7.4) centrifuged at 7000 g 
for 15  min at 4  °C. The supernatant was collected, 
and the protein concentration was determined by the 

Fig. 1  The scheme of experi-
mental design. The mice were 
daily treated with SAL, Tween, 
PGB, or GD. On the tenth day, 
we performed the Hot Plate 
test. On the thirteenth day, we 
performed acute treatments with 
SAL or GD. Immediately after 
observing epileptic behavior, 
the animals were killed, and the 
hippocampus, blood, and mar-
row samples were collected. i.p 
(intraperitoneal injections), s.c 
(subcutaneous injections)
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Bradford method [43] using BSA (1 mg/ml) as standard. A 
sample of 80 μg of total proteins was separated by electro-
phoresis on 12% sodium dodecyl sulfate–polyacrylamide 
gel (SDS-PAGE). After electrophoresis, the proteins were 
transferred to a nitrocellulose membrane. Membranes were 
blocked with a 1% BSA for 1 h at room temperature and 
then were incubated with the primary rabbit polyclonal 
antibodies overnight at 4 °C. For these experiments, we 
used ant-GluN2B (190 kDa), anti-adenosine A1 (37 kDa), 
anti-COX-2 (69 kDa), and anti-βactin (45 kDa), the con-
centration of antibodies was: 1:1000. After incubation, the 
membranes were washed three times in TTBS (Tris Buffer 
Salina with 0,05% Tween 20) and then incubated with per-
oxidase-bound anti-rabbit secondary antibody (1:5.000) at 
room temperature for 2 h. The membranes were washed 
with TBS three times for 10 min. Protein bands were then 
visualized using an Enhanced Chemiluminescent Reagent 
(ECL) in the iBright™ Imaging System, then quantified 
by ImageJ 1.52a software.

Alkaline Comet Assay

The Alkaline Comet assay was carried out to evaluate gen-
otoxic effects following the recommendation described by 
Tice et al. [53], with minor modification [54]. The sam-
ples of peripheral blood and hippocampus were collected 
immediately after epileptic behavior observation. Blood 
samples (50 lL) were transferred to heparin tubes (25.000 
UI, 10 lL), and the hippocampus samples were transferred 
to PBS buffer. Cell suspension (10 lL) was embedded in 
90 lL low melting point agarose 0.75% (GibcoBRL) and 
spread onto agarose-precoated microscope slides. After 
solidification, slides were placed in lysis buffer (2.5 M 
NaCl, 100 Mm EDTA, and 10 mM Tris, freshly added 1% 
Triton X-100 (Sigma) and 10% DMSO, pH 10) for 48 h at 
4 °C. The slides were incubated in a freshly prepared alka-
line buffer (300 mM NaOH and 1 mM EDTA, pH > 13) 
for 20 min at 4 °C in an electrophoresis cube. An electric 
current of 300 mA at 25 V (0.90 V/cm) was applied for 
15 min to induce DNA electrophoresis. The slides were 
then neutralized (0.4 M Tris, pH 7.5), stained with sil-
ver, and analyzed under a microscope. Images of 100 
randomly selected cells (50 cells from each slide) were 
analyzed from each duplicated sample. Cells were visu-
ally scored according to tail size into five classes, ranging 
from undamaged (0) to maximum damaged (4), resulting 
in a single DNA-damage score for each sample. Therefore, 
the damage index (DI) ranged from 0 (undamaged, 100 
cells × 0) to 400 (with maximum damage, 100 × 4). Dam-
age frequency (DF) was calculated based on the number 
of cells with tail versus those with no tail [55].

Micronucleus (MN) Test in Bone Marrow

The MN test was performed according to the US Environ-
mental Protection Agency Gene-Tox Program guidelines 
[56]. Bone marrow from both femurs was suspended in fetal 
calf serum, and smears were prepared on clean glass slides. 
Slides were air-dried, fixed in methanol, stained in 10% 
Giemsa and coded for blind analysis. The polychromatic 
erythrocyte/normochromatic erythrocyte (PCE/NCE) ratio 
was determined in 1000 cells to avoid false-negative results 
and obtain a value of bone marrow toxicity. The incidence of 
MN was observed in 2000 PCE for each animal using bright-
field optical microscopy at ×1000 magnification.

Statistical Analyses

RM two-way ANOVA followed by Tukey’s test was applied 
to analyze mice’s weight. The Generalize Estimate Equa-
tion (GEE) was applied to analyze the Hot Plate data. The 
behavior data and Western Blotting results were analyzed 
by one-way ANOVA followed by Tukey’s test. Alkaline 
Comet Assay and Micronucleus test were analyzed using 
the one-way ANOVA followed by Dunnett’s test. Two-way 
ANOVA followed by Tukey’s was used to compare sexes, 
2 × 2 Fisher’s Exact Test was used to compare the occurrence 
of seizures in percentage (%). GraphPad Prism 7.0 software 
was used for all variance analyses, and IBM SPSS Statistics 
20 Software was used for GEE analysis.

Results

GD Induces Weight Change

In this study, the animal’s body weight was recorded 
throughout the treatment. GD decreased their body weight 
significantly when compared to the other groups at the 
third and fourth weights measurements in males [Fig. 2A, 
F(3,44) = 4.01, P = 0.0132 RM two-way ANOVA] and only 
on the fourth weights measurements in females [Fig. 2B, 
F(3,44) = 1.488, P = 0.2309 RM two-way ANOVA].

GD Did Not Affect Nociception on the Hot Plate Test

The Hot Plate Test was used to evaluate the antinociceptive 
activity of GD. This test assesses when animals remain on 
a metal plate heated until they react to the thermal stimulus. 
The GEE presented no significant interaction between treat-
ment and time measurements  (X2 = 14.963, P = 0.092), as 
shown in Fig. 3A and B. However, there was an increase in 
the latency to nociceptive behaviors in females  (X2 = 7.774, 
P = 0.005 data not shown), independent of group and 
time  (X2 = 16.269, P = 0.179 data not shown).
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Effect of GD Subchronic and Acute Treatments 
in Latency to the First Stage 3 Seizure and Their 
Occurrence

Both male and female mice that received GD, showed 
no significant difference in the latency to stage 3 sei-
zure [Fig.  4A, males: F(3,41) = 0.09356, P = 0.4322, 
n = 9–12; females: F(3,44) = 1.205, P = 0.3189, n = 12, 
one-way ANOVA] there was no sex difference as well 
[F(1,85) = 3.628, P = 0.0602 two-way ANOVA]. There was 
no difference in the seizure occurrence between groups 
compared by 2 × 2 Fisher’s Exact Test (Fig. 4B, P > 0.05 
for all comparison, n = 9–12), animals that died after the 
occurrence of stage 3 seizures were excluded from the 
analysis. Unlike subchronic treatment, a single adminis-
tration of GD increased the latency for stage 3 seizures 
in males and in females [Fig. 5A, males: F(3,37) = 9.628, 
P =  < 0.0001, n = 9–12; females: F(3,42) = 8.193, 
P = 0.0002, n = 10–12], one-way ANOVA, without 

difference between sex F(1,79) = 0.1398, P = 0.7095 two-
way ANOVA. Acute treatment with GD showed a signifi-
cant decrease in the occurrence of seizures compared to 
controls in males (Fig. 5B, P = 0.031, 2 × 2 Fisher Exact 
Test) and females (Fig. 5B, P = 0.005, Fisher Exact Test). 
However, it was not different to subchronic GD treatment 
(Fig. 5B, males: P = 0.089 and females: P = 0.096, 2 × 2 
Fisher Exact Test). There was no difference between sex 
(Fig. 5B, P = 1.000). Animals that died after the occur-
rence of stage 3 seizures were excluded from the analysis. 
Stage 5 was used to compare the mortality between the 
treatments. The results showed that GD in repeat doses 
increased the mortality significantly when compared with 
PGB in males (Fig. 6A, P = 0.0020, 2 × 2 Fisher’s Exact 
Test) and when compared with all control groups with 
females (SAL12, P = 0.001, Tween, P = 0.0138, PGB, 
P = 0.0138, 2 × 2 Fisher’s Exact Test). However, the acute 
dose of GD reduced significantly the animal’s mortality 
compared to control (Fig. 6B, males: P = 0.015, females: 
P = 0.0001, 2 × 2 Fisher’s Exact Test) and also when 
compared to GD given for 12 days (P < 0.0001 for both 
sexes, 2 × 2 Fisher’s Exact Test). There was no difference 
between sex in any mortality analyses (P > 0.05, 2 × 2 
Fisher’s Exact Test).  

Fig. 2  Weight measurement of males (A) and females (B) dur-
ing the 12 days of treatment. Weights measurements 1, 2, 3, 4 were 
performed on experimental days 3, 6, 9, 12, respectively. A F(3, 
44) = 4.01, P = 0.0132. B F(3,44) = 1.488, P = 0.2309. RM two-Way 
ANOVA, n = 12. Results of Tukey’s test is represented as *P < 0.05, 
**P < 0.01, ***P < 0.001. Values represent means ± SEM

Fig. 3  The latency of male (A) and female (B) to Hot Plate response. 
The evaluations were performed on the tenth day of the treatment, at 
30, 60, 90, and 120 min after administering the drugs. No significant 
interaction between treatment and time measurements was observed 
 (X2 = 14.963, P = 0.092), as shown in A and B. Generalized Estimat-
ing Equation, values represent means ± SEM, n = 12
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GD Treatments Affect the Expression of the GluN2B 
Receptor, Adenosine A1 Receptor, and COX‑2

Males treated with GD during 12 days, demonstrated a 
significant increase in the expression of the GluN2B-
containing glutamate NMDA receptor compared to saline 
and Sal12 [Fig. 7B, F(6,22) = 4.725, P = 0.0031, n = 3–6, 
one-way ANOVA]. There was no difference in females 
between groups [Fig. 7B, F (6,18) = 0.9703, P = 0.4727, 
n = 3–5 one-way ANOVA], neither between sex [Fig. 7B, 
F(1,41) = 1.654, P = 0.2056, n = 3–6, two-way ANOVA].

When COX-2 expression was evaluated (Fig. 8), the 
results showed that the group of males treated with GD for 
12 days reduced the expression of this protein. This effect 
was not repeated in the group of females [Fig. 8B, males: 
F(6,23) = 5.143, P = 0.0018, females: F(6,29) = 0.6614, 
P = 0.6811, n = 3–6, one-way ANOVA], without a sex dif-
ference [Fig.  8B, F(1,52) = 1.253, P = 0.2681, two-way 
ANOVA].

In addition, adenosine A1 expression was evaluated. In 
males, no difference was observed [Fig. 9B, F(6,18) = 1.352, 
P = 0.2860, n = 3–5, one-way ANOVA]. In females, the 
groups treated with GD12 and PGB showed an increase in 

the expression of adenosine A1 compared to the GD1 group 
[Fig. 9B, F(6,19) = 3.324, P = 0.0207, n = 3–5, one-way 
ANOVA], no difference was observed between sex [Fig. 9B, 
F(1,37) = 0.1214, P = 0.7295].

DNA Damage PTZ‑Induced is Mitigated by GD 
Treatment

The Comet assay was used to assess GD’s genotoxic 
effect and compare the effects between males and females 
(Figs. 10A, B and 11A, B). As observed in previous studies, 
PTZ induced DNA damage observed by the increase in the 
damage index (DI) and damage frequency (DF) (SAL 1 and 
Sal12) when compared to the saline group, both in males 
and females.

Also, GD reduced DNA damage in acute and subchronic 
treatments. GD decreased both DI and DF in peripheral 
blood and hippocampus, except DF in the GD12 group that 
did not decrease significantly in the hippocampus in both 

Fig. 4  Stage 3 seizures evaluation in the PTZ-induced seizure model. 
A Latency to the first stage 3 seizures between GD and controls in 
subchronic treatment. A F(3,41) = 0.09356, P = 0.4322 n = 9–12 
males, F(3,44) = 1.205, P = 0.3189 n = 12 females, one-way ANOVA. 
There was no difference between sex [F(1,85) = 3.628, P = 0.0602, 
two-way ANOVA]. Values represent mean ± SEM. B No differ-
ence in the seizure occurrence was observed in any pair comparison 
(P > 0.05, n = 9–12, 2 × 2 contingency table by Fisher’s Exact Test). 
Values represent a percentage

Fig. 5  Stage 3 seizures evaluation in the PTZ-induced seizure model. 
A Latency to the first seizure in acute treatment with GD. B Latency 
to stage 3 seizures after GD acute treatment compared with con-
trol and subchronic GD treatment. [F(3,37) = 9.628, P =  < 0.0001, 
n = 9–12, males, F(3,42) = 8.193, P = 0.0002, n = 10–12, females, 
on-way ANOVA], comparison between sex [F(1,79) = 0,01,398, 
P = 0,7095 two-way ANOVA]. Results of Tukey’s test is repre-
sented as *P < 0.05, **P < 0.01, ***P < 0.001. Values represent 
means ± SEM. (B) Occurrence of stage 3 seizures after GD acute 
treatment compared with control group (P = 0.031, males, P = 0.005, 
females,), comparison between acute e subchronic GD treat-
ment (P = 0.089, males, P = 0.096, females) as well between sex 
(P =  < 0.05). 2 × 2, contingency table by Fisher’s Exact Test. Values 
represent percentages



2072 Neurochemical Research (2021) 46:2066–2078

1 3

sexes. PGB reduced DI and DF in male and female mice in 
both analyzed tissues in subchronic treatment.

The Treatments Did Not Increase the Micronucleus 
Frequency

The micronucleus test showed that the treatments did not 
increase the micronucleus frequency in polychromatic 
erythrocytes (MNPCE) from bone marrow in female and 
male mice (Fig. 12). The polychromatic erythrocytes/nor-
mochromatic erythrocytes (PCE/NCE) ratio was similar in 
all groups (data not shown).

Discussion

This study aimed to evaluate the effect of repeated GD 
administration on the seizure model induced by PTZ in male 
and female mice. The animals received GD 300 mg/kg for 
12 consecutive days and had their behavior evaluated after 
acute administration of PTZ. Throughout the GD treatment, 
the animals’ weights were recorded every 3 days (four meas-
ures). The results showed that males had a significant weight 

Fig. 6  Mortality (stage 5) evaluation in the PTZ-induced seizure 
model. A GD in repeat dose compared with controls in males (only 
different of PGB, P = 0.0020) and females (P < 0.05). B The acute 
dose of GD was compared with control (P = 0.015, males, P = 0.0001, 
females) and GD in repeat doses (P = 0,0001 for both sexes). Compar-
ison between sex (all mortality analysis, P > 0.05). 2 × 2, contingency 
table by Fisher’s Exact Test. *P < 0.05, **P < 0.01, ***P < 0.001. Val-
ues represent percentages

Fig. 7  Effect of the GD acute (Sal1 and GD1) and subchronic (Sal12, 
Tween, PGB and GD12) treatment on the expression of GluN2B, in 
male and female mice, after PTZ-induced seizure. The group saline 
(control) did not receive PTZ administration. A Bands representa-
tive of an experiment on males. B Comparative GluN2B expression 
in males [F(6,22) = 4.725, P = 0.0031, n = 3–6, one-way ANOVA] and 
females [F (6,18) = 0.9703, P = 0.4727, n = 3–5, one-way ANOVA]. 
Comparison between sex [F(1,41) = 1.654, P = 0.2056, n = 3–6, two-
way ANOVA]. Results of Tukey’s test is represented as *P < 0.05, 
**P < 0.01, ***P < 0.001. Values represent means ± SEM

Fig. 8  Effect of the GD acute (Sal1 and GD1) and subchronic (Sal12, 
Tween, PGB and GD12) treatment on the expression of COX2, in 
male and female mice, after PTZ-induced seizure. The group called 
saline (control) did not receive PTZ administration. A Bands rep-
resentative of an experiment on females. B Comparative COX-2 
expression in males [F(6,23) = 5.143, P = 0.0018, n = 3–6, one-way 
ANOVA] and in females [F(6,29) = 0.6614, P = 0.6811, n = 3–6, 
one-way ANOVA]. Comparison between sex ( F(1,52) = 1.253, 
P = 0.2681, two-way ANOVA). Results of Tukey’s test is repre-
sented as *P < 0.05, **P < 0.01, ***P < 0.001. Values represent 
means ± SEM
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reduction concerning the control group at the third measure-
ment. (Fig. 2), while in females, a significant reduction was 
observed only in the fourth measurement. GD 300 mg, when 
given acutely, did not show a toxic effect [41]. However, 
perhaps its repeated administration may interfere with some 
metabolic pathway or determine more pronounced toxic 
effects, which should be investigated in the future.

The Hot Plate Test is used to assess the potential antino-
ciceptive effect of compounds by applying a thermal stim-
ulus [50]. The test allows evaluating the supraspinal pain 
responses since the choice of which paw lift to avoid thermal 
discomfort requires the nervous system’s superior structures 
[57]. Here, GD did not show a difference in the response 
compared to the control group, both in males and females 
neither at different times. Despite this, there was a differ-
ence between sexes that was independent of time and treat-
ment group. Stress-induced analgesia in rats was more pro-
nounced in females than in males. Besides that, factors such 
as body weight as hormonal changes, skin sensitivity, and 
habituation to the plate were not evaluated in this study. Per-
haps they could explain GD’s absence in this model [58–60].

PGB administered over 10  days showed no differ-
ence from the control group in the hot plate latency. A 
different result was demonstrated by Hamada et al. [61], 
which observed the antinociceptive effect of acute PGB 

administration (40 mg/kg) in the same model. £uszczki 
[62] observed a dose-dependent effect of PGB, in which the 
dose of 175.26 mg/kg was able to increase the antinocicep-
tive effect by 50%. Thus, the antinociceptive action of PGB 
seems to be associated with higher doses than tested in this 
study, explaining the lack in this study.

A previous study showed that GD’s acute administration 
at a dose of 300 mg/kg was able to block seizures induced 
by a single dose of PTZ [24]. Also, in the PTZ-kindling 
model, GD is commonly used for drug evaluation, demon-
strating a neuroprotective effect [25]. In more recent work, 
GD reduced acute seizures isoniazid and 4-aminopyridine-
induced, and it was able to protect against neuronal damage 
induced by pilocarpine [21, 22]. Finally, a study of action 
mechanism suggested that GD’s anticonvulsant effect may 
be related to the possible modulation of the adenosine A1 
receptor [43].

On the other hand, in this study, the GD 300 mg/kg 
repeated administration had not been shown to protect 
against acute PTZ-induced seizures. There was no sig-
nificant difference to the control in the latency for the first 
stage 3 seizures. However, there was an increase in stage 3 
seizures occurrence in the GD12 group, which could help 

Fig. 9  Effect of the GD acute (Sal1 and GD1) and subchronic (Sal12, 
Tween, PGB and GD12) treatment on the expression of adenosine 
A1, in male and female mice, after PTZ-induced seizure. The group 
called saline (control) did not receive PTZ administration. A Bands 
representative of an experiment on males. B Comparative adenosine 
A1 expression in males [F(6,18) = 1.352, P = 0.2860, n = 3–5, one-
way ANOVA], and in females [F(6,19) = 3.324, P = 0.0207, n = 3,5, 
one-way ANOVA]. Comparison between sex [F(1,37) = 0.1214, 
P = 0.7295]. Results of Tukey’s test is represented as *P < 0.05, 
**P < 0.01, ***P < 0.001. Values represent means ± SEM

Fig. 10  Comet assay in A peripheral blood and B hippocampus of 
male mice of the different groups. Damage index was range from 0 
(completely undamaged, 100 cells × 0) to 400 (with maximum dam-
age 100 × 4). Damage frequency was calculated based on the num-
ber of cells with tail versus those with no tail. *P < 0.05; **P < 0.01; 
***P < 0.001 in comparison to Saline group; aP < 0.05; aaP < 0.01; 
aaaP < 0.001 in comparison to Sal 1 group; bP < 0.05; bbP < 0.01; 
bbbP < 0.001 in comparison to Sal 12 group. N = 4–6. DI damage 
index; DF damage frequency
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understand the possible toxic effect at this dose and time of 
treatment, as observed in body weight. Perhaps the lack of 
protection observed in this study is related to the GD action 

in different molecular targets, which this compound’s acute 
administrations would not modulate. Little is known about 
the mechanism of GD action. The neurochemical evalua-
tion, carried out employing a binding assay, showed that GD 
could dose-dependently inhibit the l-[3H]-glutamate specific 
union, and this action could be involved in the anticonvul-
sant activity of this compound [29]. Here, GD was tested 
only at a dose of 300 mg/kg after 12 consecutive days, which 
could, through repeated administrations, modulate targets 
other than glutamate receptors.

Our study shows that GD increased the expression of the 
GluN2B receptors in the male hippocampus compared to 
the SAL 12 group, while it did not protect against PTZ-
induced seizure. This result is a curious finding because 
Pereira et al. [29], using a binding technique, demonstrated 
that GD could antagonize glutamate binding in rat cortex 
receptors. The GluN2B ability to play different brain roles 
under overactivation and the activation of different signaling 
pathways could explain the results observed here since, in 
this study, GD was administered repeatedly for 12 days. For 
instance, GluN2B bidirectionally regulates BDNF expres-
sion, which depends on the activation degree of NMDARs. 
In a previous study with cortical neurons in vitro, ifenprodil, 
a selective antagonist of the GluN2B subunit, prevented the 
BDNF levels from increasing behind moderate activation of 
GluN2B, induced by a low dose of the NMDA. In contrast, 
under overactivation conditions, ifenprodil enhanced BDNF 
expression after high-dose NMDA exposure [34]. In this 
sense, likely GD administered acutely or repeatedly could 
stimulate the expression of glutamate receptors differently, 
including the GluN2B receptor, and thus determine different 
behavioral effects.

Previous studies have shown that treatment with lac-
tonic compounds can modulate the expression of GluN2B 
receptors. The increase in the GluN2B receptor expression 
and phosphorylation was observed in mice hippocampus 
after chronic treatment with simvastatin, an important lac-
tone used to reduce hepatic cholesterol biosynthesis [63]. 
Those authors found that increased expression of GluN2B 
has resulted in the farnesyl-pyrophosphate (FPP) decrease, 
a mevalonate pathway intermediate. This study has also 
shown an increase of histone H3K9 and H3K27 acetylation 
of GluN2B promoter, resulting from this statin treatment. 
Other studies have indicated epigenetic GluN2B modula-
tion through acetylation and deacetylation of histones. His-
tone acetylation alters the compact chromatin structure and 
makes it accessible for DNA regulation of proteins [64]. 
Fujita et al. [64] observed that vorinostat, an HDAC (a class 
of histones deacetylase) inhibitor increased the GluN2B 
expression in rat hippocampus using histone acetylation. 
Furthermore, Nghia et al. [65] studied chronic treatment 
with antidepressant imipramine and observed an increase in 
histones H3K9 and H3K27 in GluN2B promoter implicated 

Fig. 11  Comet assay in A peripheral blood and B hippocampus of 
female mice of the different groups. Damage index was range from 0 
(completely undamaged, 100 cells × 0) to 400 (with maximum dam-
age 100 × 4). Damage frequency was calculated based on the number 
of cells with tail versus those with no tail. * P < 0.05; **P < 0.01; 
***P < 0.001 in comparison to Saline group; aP < 0.05; aaP < 0.01; 
aaaP < 0.001 in comparison to Sal 1 group; bP < 0.05; bbP < 0.01; 
bbbP < 0.001 in comparison to Sal 12 group. N = 4–6. DI damage 
index; DF damage frequency

Fig. 12  The evaluation of the different treatments’ mutagenic activity 
using the micronucleus test in the bone marrow. No significant differ-
ence among the groups was found using one-way ANOVA and Tuk-
ey’s test. N = 5–6. aMNPCE: micronucleus in polychromatic erythro-
cytes
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by a decrease in HDAC activity. We did not measure histone 
acetylation in this study. However, the mentioned studies 
reinforce the importance of rated epigenetic modifications 
in GluN2B expression, and it is being considered in the sub-
sequent studies.

Some authors have already observed that gonadal hor-
mones, such as 17β-estradiol, play an essential role in the 
synaptic activity mediated by NMDARs and the receptor 
itself is express in the hippocampus. These influences may 
be directly mediated by ERs (estradiol receptors) or indi-
rectly through the modulation of neurotrophic factors such 
as BDNF [66–68]. In the following studies of our group, it 
will be essential to assess whether this receptor’s expression 
pattern may be under the influence of sex hormones; this can 
be verified through the dosage of these hormones in females.

Here, we observed a significant decrease in the COX-2 
expression in males, but not in females, in groups treated 
with GD for 12 days. Although our treatment did not change 
the animal behavior (latency and seizure occurrence), a 
decrease in COX-2 observed in animals treated with GD may 
indicate a possible anti-inflammatory effect. This observa-
tion was already suggested by Pflüger et al. [26] when they 
identified that GD inhibited TNF- α (a pro-inflammatory 
cytokine) in N9 microglial culture. As already mentioned, 
we did not evaluate the levels of female gonadal hormones. 
It is known that their role goes beyond reproduction, and we 
suspect that these may be associated with the expression of 
COX-2 as well since studies have shown that estrogen can 
inhibit the production of pro-inflammatory cytokines that 
cause a direct and indirect impact on the COX-2- induction 
pathway [69, 70]. This issue is complex and exciting and 
deserves to be assessed using a specific methodology.

In animals treated 12 days with GD, the adenosine A1 
receptor expression was increased compared with animals 
treated 1 day with GD, in females but not in males. This 
result corroborates another study carried out by our research 
group; no changes in the expression of the adenosine A1 
receptor were detected in the hippocampus of mice treated 
with acute GD in the western blotting test [43].

A rapid increase in the adenosine A1 receptor density is 
seen in animals’ hippocampus and cortex after the acute-
seizures induction [71–73]. This increase might be a recep-
tor adenosine A1 compensatory antiepileptic mechanism, 
and the tissue attempts to recover and avoid hyperactivity-
induced damage [73]. Although it does not be significant 
compared with the control group, we observed that GD for 
12 days seems to increase these receptors’ density, espe-
cially in females. However, it did not increase latency for the 
first stage 3 seizures. An interesting observation about the 
lack of effect on epileptic behavior is the GluN2B receptor 
increase in male mice treated 12 days with GD. It seems that, 
although GD may be acting as an adenosine A1 receptor 
modulator, the GluN2B properties in mediating excitatory 

currents can be minimizing the chances of observing the 
effects mediated by adenosine A1 in the epileptic behavior 
of animals. On male mice, the PGB group shows an adeno-
sine A1 increase. At the moment, this is new information 
in the literature and could be a property-related mechanism 
of action.

The antiseizure drugs (AEDs) treatment can have dra-
matic side effects, even in utero. There is evidence of mal-
formation as neural tube defects, congenital heart disease, 
and orofacial clefts on children exposed to AEDs by mother 
treatment during pregnancy, which causes impairments on 
lifelong [74]. These adverse effects reinforce the need to 
evaluate the genotoxicity and mutagenicity of candidate 
compounds to treat epilepsy. Moreover, mutagenic evalu-
ation using a micronucleus test is required to assess the 
safety of compounds with pharmacological potential and 
approve new drugs [75]. In the present study, PTZ alone or 
in combination with GD did not increase the micronucleus 
frequency, indicating these drugs could not induce chromo-
somal mutations in the tested conditions. It suggests that 
the substances do not induce clastogenesis or aneugenesis 
in bone marrow cells, detectable in the micronucleus test 
[76–78]. Besides, GD decreased DNA damage caused by 
PTZ in the hippocampus, both in subchronic and acute treat-
ment, which our group had already observed in previous 
studies with assessment of DNA damage in the total brain 
of male mice [25], cortex [27], and N9 murine microglial 
cell line [26]. Here, the evaluation was carried out in both 
sexes, which is new data regarding the possible protection 
against DNA damage produced by GD in a seizure model. 
The results obtained are specific since we evaluated the hip-
pocampus, the most critical target brain structure of PTZ 
[79]. GD1 decreased DI and DF parameters to detect DNA 
damage, while GD12 decreased significantly only DI in the 
hippocampus in male and female mice. Since the acute but 
not subchronic treatment GD decreased the number of sei-
zures and increased the latency for seizure, this anticonvul-
sant effect likely contributed to the higher DNA protection 
in GD1. Indeed, an anti-inflammatory activity in subchronic 
treatment appears to be more relevant to explain the decrease 
in DNA damage than Sal 12.

Conclusion

This study showed that GD under subchronic treatment did 
not protect animals from seizures induced by PTZ. In con-
trast, this compound confirmed its neuroprotective effect 
after acute treatment. This activity may be related to the 
increased expression of GluN2B-containing glutamate 
NMDA receptors, especially in males. On the other hand, as 
already demonstrated in previous studies, GD seems to have 
an anti-inflammatory effect, decreasing COX-2 expression, 
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in addition to protecting against DNA damage generated by 
PTZ and increasing the adenosine A1 receptor expression in 
females. For the first time, GD was tested on female mice, 
showing a different response pattern than males regarding 
the expression of adenosine A1 receptor, GluN2B recep-
tors, and COX-2, reinforcing the importance of neurophar-
macological studies in both sexes. Further studies on the GD 
neuroprotective profile are needed to complement the data 
obtained in this investigation.
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