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Kainic acid (KA) has been used to study the neurotoxicity induced after status epilepticus (SE) due to activation of excitatory amino
acids with neuronal damage. Medicinal plants can protect against damage caused by KA-induced SE; in particular, organic extracts
of Heterotheca inuloides and its metabolite quercetin display antioxidant activity and act as hepatoprotective agents. However, it is
unknown whether these properties can protect against the hyperexcitability underlying the damage caused by KA-induced SE. Our
aim was to study the protective effects (with regard to behavior and antioxidant activity) of administration of natural products
methanolic (ME) and acetonic (AE) extracts and quercetin (Q) from H. inuloides at doses of 30 mg/kg (ME30, AE30, and Q30
groups), 100 mg/kg (ME100, AE100, and Q100 groups), and 300 mg/kg (ME300, AE300, and Q300 groups) against damage in
brain regions of male Wistar rats treated with KA. We found dose-dependent effects on behavioral and biochemical studies in
the all-natural product groups vs. the control group, with decreases in seizure severity (Racine’s scale) and increases in seizure
latency (p <0.05 in the ME100, AE100, Q100, and Q300 groups and p <0.01 in the AE300 and ME300 groups); on lipid
peroxidation and carbonylated proteins in all brain tissues (p < 0.0001); and on GPx, GR, CAT, and SOD activities with all the
treatments vs. KA (p <0.001). In addition, there were strong negative correlations between carbonyl levels and latency in the
group treated with KA and in the group treated with methanolic extract in the presence of KA (r=-0.9919, p =0.0084). This
evidence suggests that organic extracts and quercetin from H. inuloides exert anticonvulsant effects via direct scavenging of
reactive oxygen species (ROS) and modulation of antioxidant enzyme activity.
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1. Introduction

Epilepsy is a chronic neurological disorder with a high inci-
dence at the extremes of life, and this condition affects
almost 70 million people worldwide [1, 2]. This disease
involves an abnormal increase in the electrical activity of
cortical neurons that leads to recurrent, spontaneous, exces-
sive, and unpredictable seizures (epileptic convulsions) [3].
To examine epilepsy, researchers have established experi-
mental models involving kainic acid- (KA-) induced status
epilepticus that reflect the neuropathogenesis and induced
neuronal hyperexcitability of this disease [4]. These pro-
cesses are due to imbalance between the inhibitory and
excitatory systems and involve oxidative stress caused by
ROS (including superoxide anions (O,"), hydroxyl radicals
(HO), and nonradical molecules, such as hydrogen perox-
ide (H,0,) and '0O,) and other species (including nitric
oxide (NO,), hypochlorous acid (HOCI), and peroxynitrite
(ONOO-)) as well as increases in intracellular calcium
[5-7]. When the levels of ROS exceed the levels of the
cellular factors that are responsible for protecting cellular
biomolecules against the damage generated by oxidizing
species, the system is said to be in a state of oxidative stress.
Under these conditions, ROS can damage biomolecules,
including nucleic acids, proteins, lipids, carbohydrates, and
enzymes [8, 9].

Heterotheca inuloides (H. inuloides) is commonly
known as “Mexican arnica,” but it is known by other names
in different regions of Mexico [10, 11]. In Mexican tradi-
tional medicine, infusions of this plant are used primarily
to treat contusions and bruises [12]. Several studies on this
plant have resulted in the isolation of different classes of
compounds, mainly flavonoids [13], cadinene-type sesqui-
terpenes, triterpenoids, and phytosterols. The ethnomedical
uses and chemical constituents of this species have been
reviewed [14] as have the protective effects of its methanolic
and acetonic extracts [15]. Previous studies have reported
that the methanolic extract and other natural products iso-
lated from the dried flowers of H. inuloides possess antiox-
idant activity and can inhibit lipid peroxidation, scavenge
ROS, and act as cytoprotective agents [16, 17]; these studies
showed that the sesquiterpenoids 7-hydroxy-3,4-dihydroca-
dalin, beta-caryophyllene 4,5 alpha-oxide, 7-hydroxycada-
lin, and beta-caryophyllene inhibited mitochondrial and
microsomal lipid peroxidation induced by Fe(III)-
ADP/NADPH to protect against oxidative stress. However,
this study is the first to show the antiseizure role of H.
inuloides.

The aim of this study was to examine the protective
effects of administration of methanolic and acetonic extracts
and quercetin from H. inuloides (30, 100, and 300 mg/kg)
against damage in different brain areas of male Wistar rats
treated with kainic acid (KA) with regard to behavior
(severity and latency of seizures) and biochemical indices
(activity of the antioxidants glutathione reductase (GR)
glutathione peroxidase (GPx), superoxide dismutase (SOD),
and catalase (CAT) and levels of oxidative damage markers
such as malondialdehyde (MDA) and carbonylated pro-
teins (CP).
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2. Materials and Methods

2.1. Drugs. All reagents and chemicals were purchased from
Sigma (St. Louis, MO). KA was purchased from Tocris
Bioscience (Bristol, UK). All other chemicals used in this
study were of reagent grade and were commercially available.

2.2. Plant Material. H. inuloides flowers were collected in
2010 in the town of Mesas Altas de San Juan Xoconusco
(Donato Guerra, Mexico) and were authenticated by MS
Abigail Aguilar-Contreras. A plant material voucher
(IMSSM-16064) was deposited at the Medicinal Plant
Herbarium of the Mexican Social Security Institute
(IMSS, Mexico City).

2.3. Extracts and Metabolite Preparation. The quercetin
isolated from the methanolic extract of H. inuloides was
provided by Dr. Guillermo Delgado (Instituto de Quimica,
Universidad Nacional Auténoma de México, Mexico). Dried
and powdered plant material (2.0kg) was extracted with
acetone at room temperature (3 times/24h) followed by
methanol extraction (3 times/24h) to yield, after solvent
evaporation, 12 and 15¢g of residue, respectively. Acetone
extract residue was dissolved in olive oil, and methanolic
extract residue and quercetin in phosphate buffer, pH
7.4 [15].

2.4. Animals. Male Wistar rats weighing 180-220 g were used
in this study. These rats were housed individually in boxes,
fed a standard diet (Purina, Mexico), and provided water ad
libitum. The animals were maintained under controlled
conditions with a temperature of 20-25°C and a 12-hour
light/dark cycle. The rats were randomly assigned to experi-
mental groups. All experimental procedures were performed
according to the guidelines of the Official Mexican Norm
(NOM-062-Z0O0-1999) and are part of project 016-2014,
approved by the Research Board of the National Institute of
Pediatrics (NIP), Mexico City, registered at the Office for
Human Research Protection of the NIH (http://ohrp.cit.nih
.gov/search/search.aspx) with number IRB00008064; the
project was also approved by the NIP, Committee of Labora-
tory Animal Use and Care.

2.5. Induction of Convulsive Seizures by KA: Behavioral
Changes. For characterization of behavioral changes fol-
lowing kainate administration, the rat behavioral activities
were monitored over a 4-hour period according to the
phases of crises reported by Lothman and Collins [4]
and considering Racine’s [18] scale. Behavioral changes
that represent convulsive seizures were scored according
to Racine [18], where phase 1 is observed as stereotypical
chewing, phase 2 corresponds to head nodding, phase 3 is
determined by unilateral forelimb clonus, phase 4 is
referred to as bilateral forelimb clonus, and phase 5 is
observed as bilateral forelimb and/or hindlimb clonus with
falling.

2.6. Experimental Groups. The experimental groups used
were proposed to consider control as well as experimental
conditions. In the groups treated with methanolic and
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acetonic extracts of H. inuloides and quercetin (at doses of 30,
100, and 300 mg/kg), the compounds were administered
orally via a cannula in a volume of 2 mL/kg for six days prior
to KA administration for assessment of their protective
effects. The experimental strategy was aimed at exploring
the dose-dependent effects of the treatments.

The animals were divided into the following groups:

(1) Untreated rats (control group) (n=6)

(2) Rats that received KA without treatments (the KA
group) (n=6)

(3) Rats that received phosphate buffer (PB; 0.1 mL/kg)
orally (p.o.) for 6 days (the PB group) (n =6)

(4) Rats that received PB (0.1 mL/kg, p.o.) for 6 days
and were injected with KA on day six (the PB+KA
group) (n=6)

(5) Rats that received olive oil (OO; 0.1 mL/kg, p.o.) for
6 days (the OO group) (n=16)

(6) Rats that received OO (0.1 mL/kg, p.o.) for 6 days
and were injected with KA on day six (the OO
+KA group) (n=16)

(7) Rats that received 30mg/kg methanolic extract
(ME) in PB (0.1mL/kg) for 6 days (the ME30
group) (n=6)

(8) Rats that received 100 mg/kg ME in PB (0.1 mL/kg)
for 6 days (the ME100 group) (n =6)

(9) Rats that received 300 mg/kg ME in PB (0.1 mL/kg)
for 6 days (the ME300 group) (n =6)

(10) Rats that received 30 mg/kg ME in PB (0.1 mL/kg)
for 6 days and were injected with KA on day six
(the ME30+KA group) (n=6)

(11) Rats that received 100 mg/kg ME in PB (0.1 mL/kg)
for 6 days and were injected with KA on day six (the
ME100+KA group) (n=6)

(12) Rats that received 300 mg/kg ME in PB (0.1 mL/kg)
for 6 days and were injected with KA on day six (the
ME300+KA group) (n=6)

(13) Rats that received 30 mg/kg acetonic extract (AE)
in OO (0.1 mL/kg) for 6 days (the AE30 group)
(n=6)

(14) Rats that received 100 mg/kg AE in OO (0.1 mL/kg)
for 6 days (the AE100 group) (n = 6)

(15) Rats that received 300 mg/kg AE in OO (0.1 mL/kg)
for 6 days (the AE300 group) (n =6)

(16) Rats that received 30 mg/kg AE in OO (0.1 mL/kg)
for 6 days and were injected with KA on day six
(the AE30+KA group) (n=6)

(17) Rats that received 100 mg/kg AE in OO (0.1 mL/kg)
for 6 days and were injected with KA on day six (the
AE100+KA group) (n=6)

(18) Rats that received 300 mg/kg AE in OO (0.1 mL/kg)
for 6 days and were injected with KA on day six (the
AE300+KA group) (n=6)

(19) Rats that received 30mg/kg quercetin in PB
(0.1 mL/kg) for 6 days (the Q30 group) (n=16)

(20) Rats that received 100mg/kg quercetin in PB
(0.1 mL/kg) for 6 days (the Q100 group) (n=6)

(21) Rats that received 300mg/kg quercetin in PB
(0.1 mL/kg) for 6 days (the Q300 group) (n=6)

(22) Rats that received 30mg/kg quercetin in PB
(0.1 mL/kg) for 6 days and were injected with KA
on day six (the Q30+KA group) (n=6)

(23) Rats that received 100 mg/kg of quercetin in PB
(0.1 mL/kg) for 6 days and were injected with KA
on day six (the Q100+KA group) (n =6)

(24) Rats that received 300mg/kg quercetin in PB
(0.1 mL/kg) for 6 days and were injected with KA
on day six (the Q300+KA group) (n=6)

2.7. Processing of Biological Tissues. Animals used for in vivo
experimental procedures were sacrificed by decapitation after
4h of behavioral analysis; at this time, their brains were
removed and sectioned into different regions (the cerebral
hemispheres, prefrontal cortex, and medulla). The tissue
samples were rapidly frozen in dry ice, labeled according to
the group and rat number, and stored at -70°C. Samples of
the cerebellum, cerebral hemispheres, prefrontal cortex, and
medulla were homogenized in 0.1 M PB (pH = 7.0) contain-
ing 1% Triton X-100 using a Polytron homogenizer (Brink-
mann Polytron, PT-2000, Westbury, NY, USA) and were
then centrifuged at 19,000 x g for 10 min. The supernatants
from the different samples were separated into amber Eppen-
dorf tubes and stored in cryogenic boxes at -70°C. These
supernatants (stocks) were used to determine oxidant and
antioxidant marker levels; the cerebral hemispheres, prefron-
tal cortex, cerebellum, and medulla stocks were diluted 1:5.

2.8. Total Protein Determination by the Lowry Method. Sam-
ples subjected to this colorimetric reaction were read in trip-
licate on a spectrophotometer (BioTek; Synergy HT) at
660nm. The protein quantities in these samples were
assessed using an 8-point standard curve of bovine serum
albumin (BSA), which was used as a reference standard [19].

2.9. Antioxidant Marker Determination. The activity of the
antioxidant enzymes GR, SOD, CAT, and GPx was measured
using spectrometric kits (Enzo Life Sciences, Plymouth Meet-
ing, PA, USA) as described by Beltran-Sarmiento et al. [20].
The data are expressed as the U/mg and U/mL of protein.

2.10. Oxidative Stress Marker Determination. MDA level
determination was performed as described by Beltran-
Sarmiento et al. and supported by other studies [20, 21]. A
PC assay was performed using a Protein Carbonyl ELISA kit
(Enzo Life Sciences, Plymouth Meeting, PA, USA). In brief,
each sample was derivatized with dinitrophenylhydrazine
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Racine's scale of seizure phases
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F1Gure 1: Effects of methanolic and acetonic extracts of H. inuloides on latency (a) and severity (b) in comparison with KA. The effects were
significantly different among the study groups. In (a), *p < 0.05 in the ME100, AE100, Q100, and Q300 groups and **p < 0.01 in the AE300
and ME300 groups. In (b), *p < 0.05 in the ME100 and AE100 groups and **p < 0.01 in the ME300 and AE300 groups. Each quantification
was performed using data from six rats, and the values represent the means + standard error. Differences were analyzed by the Kruskal-Wallis

test and post hoc Dunn’s test.

(DNP) by mixing 5 uL of each standard, control, or sample
with 200 uL of diluted DNP Solution and incubating the mix-
ture for 45 min at room temperature. Then, 5 uL of each deri-
vatized sample was added to 1 mL of ELISA buffer. For the
ELISA procedure, 200 yL of each sample was added to a pre-
coated plate, and the plate was incubated for 2h at 37°C. The
sample was subsequently washed 5 times with ELISA buffer,
200 uL of diluted biotinylated anti-DNP antibody was added
to each well, and the plate was incubated for 1 h at 37°C. Then,
the plate was washed as before, 200 yL of diluted streptavidin-
HRP was added to each well, and the plate was incubated for
1h at room temperature. Then, the plate was washed again.
Finally, 200 4L of a chromatin reagent was added to each
well, and the plate was incubated for 5-20 min at room tem-
perature to allow color development. Finally, 100 uL of
Stopping Reagent was added to each well, and the absorp-
tion was immediately determined at 450 nm. The PC levels
are expressed in nanomolar/mg of protein (nM/mg prot).

2.11. Statistical Analysis and Interpretation of Data. All data
are presented as the mean + standard deviation for the ani-
mals in each group (n = 6) with exception in the behavioral
assessments where the values were as mean + standard error
(n=6). To determine differences between groups, the
behavioral effects of H. inuloides extracts and quercetin were
analyzed with the Kruskal-Wallis test and post hoc Dunn’s
test. The biochemical probe data were analyzed using one-
way analysis of variance (ANOVA) followed by post hoc
Bonferroni’s multiple comparisons test. Correlation analysis
between oxidative damage markers and latency was per-
formed using the Pearson test. A p value < 0.05 was assumed
to be indicative of a significant difference. All data were ana-
lyzed using GraphPad software, version 6 (USA).

3. Results

To evaluate the biological effects of quercetin and differ-
ent extracts (methanolic and acetonic) obtained from H.
inuloides, behavioral assessments and biochemical studies
were performed.

3.1. Behavioral Assessments. The effects of administration of
quercetin and different extracts from H. inuloides were com-
pared between the KA group and the group administered
vehicle for each extract. Latency to the onset of seizures was
not significantly different between the KA group (11 +0.63
min) and the PB+KA (14 + 1.28 min) and OO+KA groups
(17+2.64 min). However, significant increases were
observed in the ME-treated groups at doses of 100
(23 +£2.20 min; p<0.05) and 300 mg/kg (49 +5.23 min;
p<0.01), in the AE-treated groups at doses of 100
(24 +£2.34 min; p<0.05) and 300mg/kg (33 +4.36 min;
p<0.01; Figure 1(a)), and in the Q-treated groups at
doses of 100mg/kg (24+2.50 min) and 300mg/kg
(30+£0.90 min; p<0.01) compared to the KA group
(Figure 1(a)).

With regard to seizure severity, we observed that the
groups with vehicle administration (PB and OO) did not
show significant differences in comparison to the KA group.
All of the groups presented phase V seizures (generalized
seizures lasting for more than 5min), indicating that KA-
induced status epilepticus in all vehicle groups. We observed
significant decreases in the severity of KA-induced seizures in
the ME-treated groups at doses of 100 (p<0.05) and
300 mg/kg (phases I to III; p < 0.01) and in the AE-treated
groups at doses of 100 (p < 0.05) and 300 mg/kg (phases II
to IV; p <0.01). The groups treated with Q at doses of 100
and 300 mg/kg showed decreased severity compared to the
KA group (phase IV) (Figure 1(b)).

3.2. Biochemical Studies: Oxidation and Antioxidant Marker
Determination. We examined the preventive effects of ME,
AE, and quercetin (30, 100, and 300 mg/kg) in combination
with 10 mg/kg of KA against lipid peroxidation and carbony-
lated proteins in different regions of the brain, including the
cerebellum, prefrontal cortex, cerebral hemispheres, and
medulla. KA administration increased thiobarbituric acid
reactive substance (TBARS) concentrations (nM/mg prot)
in the control and vehicle groups (PB and OO) (Table 1).
In addition, ME, AE, and quercetin had no effects on the con-
centrations of MDA; the values observed were physiological.
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TaBLE 2: Percentage (%) of decrease in TBARS concentration in the cerebellum, prefrontal cortex, cerebral hemispheres, and medulla, in the
treatment groups (methanolic extract, acetonic extract, and quercetin coadministered with KA).

Treated (KA)

Treatment
rea cerebellum decrease (%)

Treated (KA)
cortex decrease (%)

Treated (KA) cerebral
hemisphere decrease (%)

Treated (KA)
medulla decrease (%)

Methanolic extract

30 mg/kg 52.58 48.00

100 mg/kg 64.46 54.00

300 mg/kg 77.09 69.00
Acetonic extract

30 mg/kg 53.53 48.00

100 mg/kg 61.62 52.48

300 mg/kg 67.22 53.46
Quercetin

30 mg/kg 55.19 58.14

100 mg/kg 67.00 66.00

300 mg/kg 100 82.36

55.13 57.44
61.00 67.27
73.00 77.00
52.00 50.00
60.40 59.00
65.00 64.43
58.03 57.00
71.54 65.29
82.34 100

Oral administration of the extracts or quercetin reversed the
increases in lipid peroxidation caused by KA in all tissues.
Quercetin elicited the best response, followed by ME and
AE, and the effects were dose dependent. Table 2 shows the
observed percentage of the decrease in TBARS concentration
in the ME, AE, and quercetin (30, 100, and 300 mg/kg)
groups treated with KA. KA induced CP formation in the
cerebellum, prefrontal cortex, cerebral hemispheres, and
medulla in all groups. Both extracts and quercetin demon-
strated protective effects by markedly decreasing the CP for-
mation induced by KA (Table 3). Also, in Table 4, we showed
the percentages of decrease in CP concentration in the ME,
AE, and quercetin (30, 100, and 300 mg/kg) groups treated
with KA. All statistical parameters are included in the foot-
note below the tables.

Systemic KA administration to rats clearly decreased
the activity of all the antioxidant enzymes explored in
the different regions of the brain. At the same time,
we observed that the different extracts and quercetin
obtained from H. inuloides maintained the physiological
activity of the enzymes at the same levels as in the con-
trol groups (Figures 2-4). In addition, the activity was
reduced in a concentration-dependent manner with the
three KA concentrations wused (Figures 2-4). In
Tables 5 and 6, we observed the percentage of increase
in the antioxidant enzyme activities in all groups studied
(ME, AE, and quercetin treated with KA groups) in the
cerebellum, prefrontal cortex, cerebral hemispheres, and
medulla. All statistical parameters are included in the
figure captions.

3.3. Correlation Analysis. Additionally, a correlation analysis
between oxidative stress markers (lipid peroxidation and car-
bonyl levels) and latency was performed. We found that car-
bonyl levels in the brain prefrontal cortex were strongly
negatively correlated with latency in the PB+KA group
(r=-0.9622, p=0.0378) and in the MEI00+KA group
(r=-0.9916, p = 0.0084).

4. Discussion

Our study is the first to describe the biological effects of dif-
ferent doses of H. inuloides methanolic and acetonic extracts
and quercetin, a main secondary metabolite, on the latency
and severity of KA-induced seizures. We observed decreases
in the severity and increases in the latency of seizures in this
chemical-induced status epilepticus model after treatment.
Previous work has shown that these extracts exhibit antioxi-
dant activity in vitro, showing the capacity to scavenge some
free radicals and oxidant molecules [22]. Moreover, in a
model of hepatotoxicity induced by CCl, in rats, pretreat-
ment with these extracts and the metabolite quercetin has
been shown to decrease hepatic SOD, CAT, and GPx activi-
ties induced by liver injury [15]. Many constituents of H. inu-
loides plants have been identified, including flavonoids,
sesquiterpenoids, triterpenoids, and sterols [23]. In particu-
lar, the acetonic and methanolic extracts are composed of
many sesquiterpenoids (cadalenes), flavonoids, and querce-
tin [15]. Experimental evidence suggests that these extracts
and the metabolite quercetin decrease CCl,-induced oxida-
tive stress in several rat tissues (including different regions
of the brain) [23]. In addition, we have demonstrated that
aqueous and different organic extracts of Tilia americana
var. mexicana have anticonvulsive activity and scavenging
capacity against free radicals and oxidant molecules [24],
suggesting that the antiseizure activity of the plant extracts
is related to oxidative stress modulation [24]. In this work,
pretreatment with H. inuloides acetonic and methanolic
extracts and the metabolite quercetin before KA administra-
tion decreased the number of seizures, significantly increased
the activity of antioxidant enzymes, and decreased the levels
of lipid and protein oxidation in all regions of the brain
tested. Limitations on the study of epilepsy in humans
through invasive techniques or pharmacological tests have
created the need for experimental models that resemble
human epilepsy [25, 26]. To examine behavioral effects in
this study, we used an experimental model induced by KA,
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TaBLE 4: Percentage (%) of decrease in CP concentration in the cerebellum, prefrontal cortex, cerebral hemispheres, and medulla, in the
treatment groups (methanolic extract, acetonic extract, and quercetin coadministered with KA).

Treated (KA)

Treatment
rea cerebellum decrease (%)

Treated (KA)
cortex decrease (%)

Treated (KA) cerebral
hemisphere decrease (%)

Treated (KA)
medulla decrease (%)

Methanolic extract

55.00 36.36
47.00 31.27
47.00 31.00
66.00 43.00
46.00 35.50
39.51 34.00
32.27 27.00
24.69 26.18
20.41 24.15

30 mg/kg 39.42 41.40

100 mg/kg 38.34 33.27

300 mg/kg 38.78 32.85
Acetonic extract

30 mg/kg 49.74 43.04

100 mg/kg 47.24 39.01

300 mg/kg 48.49 34.62
Quercetin

30 mg/kg 25.00 29.65

100 mg/kg 23.16 24.40

300 mg/kg 18.00 24.11

an analog of glutamic acid. When administered systemically
or intracerebrally, KA induces limbic seizures, subsequent
localized neuronal damage primarily in the limbic system
(mainly in the CAl and CA3 regions of the hippocampus
followed by the subcortical and cortical regions), and gliosis,
similar to the neuropathological changes observed in the lim-
bic systems of patients with temporal lobe epilepsy [4]. Our
results indicate that the extracts of H. inuloides were able to
modulate hyperexcitability through cortical structures, where
an effect on antioxidant activity was observed. Systemic
administration of a convulsant substance allows its homoge-
neous distribution in the network of cerebral blood capil-
laries so that its access to the cerebral parenchyma is
conditioned by regional capillary permeability to the chemi-
cal agent under study, and the neurotransmitters glutamate
and y-aminobutyric acid (GABA) participate in this process
[27]. We determined the effects of quercetin and the organic
extracts (methanolic and acetonic) of H. inuloides on behav-
ioral parameters such as latency (time to onset of a seizure),
which reflects hyperexcitability and the recruitment of brain
structures leading to behavioral changes induced by KA. In
particular, hyperexcitability results from depolarization of
neurons, production of ROS, and excessive influx of calcium;
administration of KA stimulates glutamate receptors, thus
increasing the levels of ROS and glutaminergic activity. It
has also been reported that oxidative stress is a molecular
mechanism of neurotoxicity induced by KA [24, 27]. The
organic extracts of H. inuloides diminished seizure severity
to phases II and III (focal seizures), while quercetin decreased
the severity to phase IV. The latency data show differences in
the time to onset of the seizures among the groups; quercetin
and the extracts of H. inuloides increased the time to onset
compared to KA alone. The strongest effects were induced
by ME. These data suggest that although the antioxidant
activity of the extracts studied has been attributed to their
metabolite content, the differences between the extracts
may be due not only to their compositions. We must also
consider the presence of other mechanisms that regulate
the hyperexcitability induced by KA, such as positive modu-

latory effects of flavonoids on inhibitory-type GABAergic
neurotransmission [28-30] as well as modulatory effects on
serotoninergic responses, which have been considered
responsible for the effects of some flavonoids on responses
to sedation and anxiolytics [31]. The exact anticonvulsant
mechanism of action ME of H. inuloides remains unknown,
but flavonoid metabolites such as quercetin are present
[22], and it has not been ruled out that the anticonvulsant
effect observed against KA-induced seizures can be attributed
to both anticonvulsant and antioxidant capacities, which
have been reported for this extract and its metabolite
[22, 32]. These findings may indicate that this extract
can protect the brain against oxidative damage associated
with KA-induced seizures and that it favors inhibitory
responses mediated mainly by the GABAergic system, con-
sidering the participation of other neurotransmission systems
that reduce or prevent KA-induced hyperexcitability and acti-
vate the glutamate-mediated excitatory system [33, 34].

It is worth mentioning that the antioxidant activity
reported for flavonoid metabolites is relevant since processes
of epileptogenesis and oxidative damage have been observed
and since these processes can contribute to the initiation and
progression of epileptic seizures [35, 36]. Terpenoids have
also been shown to exhibit neuroprotective properties [37],
and some have anticonvulsant effects [38]. Some reports have
shown that sesquiterpenoids modulate GABA, receptors
[39, 40]. Flavonoids have also been shown to exert anticon-
vulsive and antioxidant effects [41]. In a recent study, querce-
tin was found to decrease seizure activity in a mouse model of
KA-induced seizure by modulating the gene expression of
the GABA, receptor [42]. Another study also showed that
flavonoids are neuroprotective agents that modulate GABA
receptors in experimental models of epilepsy [43-47]. Terpe-
noids and flavonoids probably act as antioxidants through
their electron donor capacity. Terpenes have been shown to
exhibit antioxidant activity in three main ways: through sin-
glet oxygen quenching, through hydrogen transfer, and
through electron transfer [48]. The B-ring in flavonoids,
which is rich in hydroxyl groups, reacts with superoxide



Oxidative Medicine and Cellular Longevity

GPx
(A) (B)
30 30
20 20
=1e)
£
j=)
10 |J_-| H 10 D
xxx ns D XXX DS
0 0 a0
30100 300 30 100 300 30100 300 30100 300
C pp0IQ KAPB 3010030 ¢ pp30LY KAP+B e
A A
©) (D)
30 30
20 20
oo
E
5
10 10
XXX ﬁ D xxx 08
0 . 0 . D
30100 300 30 100 300 30100 300 30 100 300
¢ P 301Y KAP+B s C pp 0l KAP+B oy
A A
CAT
(A) (B)
50 50
40 40
w 30 30
£
P20 20
. [I [I 0 D i D )i{ﬁ D
; a0 ;
30 100 300 30100 300 30100 300 30100 300
C PB 1<A1>BW ¢ pp 30D KAPJer
A A
(@) (D)
50 50
40 40
p % 30
2 20 20

(U L]

¢ pp 30100300 100 300 KAPB 30 100300

XXX ﬂS
10 10
0 0
¢ pp 30100300 100 300 KAPB 30 100300

A A

GR
(A) (B)
40 40
30 30
20 20

XXX D$
10 I D 10 D Xix ns
0 D

30100300 30100 300 30100300 30100 300
C PB Q KAPJrB Q+ KA C PB Q KAP+B Q+ KA

A A

© 0. ®

40
30 30

20 20
XX XX

XXX ns XXX ns
10 ID 10 ID
0 0

C pB 30100300 g 4 pp 30100300 C pB 30100300 g pg 30100300

Q + Q+KA Q + Q+KA
A A
SOD
(A) (B)
30 30
20 20
10 Xxx N 10

il

30100300 30100 300
C PB Q KA P+B “Q+KA

0 il

30100300 30100 300
C PB Q KA PB “Q+KA

A A

© D)
30 30

—_
o
o

Xxx DS

XXX DS
0 0 'D
30100300 30100300 30100300 30100300
C PB Q KAPB Q+ KA C PB Q KAP+B Q+ KA
A A

FiGure 2: Effects of quercetin on the activity of the antioxidant enzymes GPx, GR, CAT, and SOD in the cerebellum (A), prefrontal cortex (B),
cerebral hemispheres (C), and medulla (D) of Wistar rats during KA-induced injury. The results were analyzed by one-way analysis of
variance (ANOVA), and Bonferroni’s multiple comparisons test was used to compare the outcomes between the experimental and
respective control groups (KA only, black bar). For GPx and SOD: **p < 0.0001 in the extracts and quercetin and in all its doses and in all
tissues vs. the KA group; for GR: *™*p < 0.0001 in the extracts and quercetin and in all its doses and in all brain tissues except in the Q30
+KA group in the cerebral hemispheres and medulla vs. KA, *p < 0.001 in the Q30+KA group in the cerebral hemispheres and medulla
vs. KA; for CAT: ™p < 0.0001 in the extracts and quercetin and in all its doses and in all brain tissues except in the Q30+KA group in the

medulla vs. KA, ®p <0.001 in the Q30+KA group in the medulla vs. KA. Each determination was performed in triplicate, and the data are

expressed as the mean + standard deviation (n = 6 per group). ns: not significant.

radicals and oxygen lipid peroxide radicals or stabilizes free
radicals involved in other oxidative processes [49]. Some
studies have shown that some terpenes regulate the gluta-
mate decarboxylase expression and aspartic and glutamic
acid levels in the brain [50] and that the GABA agonist
capacity of some flavonoids is related to hydroxyl positions
[51]. These different mechanisms could explain the effects
of the main metabolites in acetonic and methanolic extracts

of H. inuloides in attenuating seizures in epileptic rats. On
the other hand, molecular studies have shown that most
phytochemicals have multiple modes of action and affect a
series of physiological processes [52]. In a study on antiep-
ileptic compounds from natural products, the flower of
Abelmoschus manihot was found to exert a neuroprotective
effect, and the researchers explored the activity of the ME
of this plant in the central nervous system (CNS). They
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F1GUREs 3: Effects of methanolic extract on the activity of the antioxidant enzymes GPx, GR, CAT, and SOD in the cerebellum (A), prefrontal
cortex (B), cerebral hemispheres (C), and medulla (D) of Wistar rats during KA-induced injury. The results were analyzed by one-way
analysis of variance (ANOVA), and Bonferroni’s multiple comparisons test was used to compare the outcomes between the experimental
and respective control groups (KA only, black bar). For GPx: **p < 0.0001 in the extracts and quercetin in all its doses and in all brain
tissues except in the ME30+KA group in the cerebral hemispheres vs. KA, *p <0.001 in the ME30+KA in the cerebral hemispheres vs.
KA; for GR, CAT, and SOD: ™ p < 0.0001 in the extracts and quercetin in all its doses and in all brain tissues. Each determination was
performed in triplicate, and the data are expressed as the mean + standard deviation (n = 6 per group). ns: not significant.

found that isoquercitrin, hyperoside, hibifolin metabolites,
quercetin-3'-O-glucoside, and quercetin have the ability to
protect mice against clonic seizures induced by pentylenete-
trazole (PTZ) due to agonistic action on the GABA/benzodia-
zepine receptor [29, 30, 52]. Quercetin also exerts different
preventive effects against neurotoxicity induced by H,O,
[53]. In recent years, several pharmacological activities of
quercetin have been described, such as neuroprotective activ-
ity [54, 55]. In addition, the effect of quercetin pretreatment
on the gene expression of the beta subunits of y-amino
butyric acid receptor type A (GABA,) has been studied in
the context of seizures induced by KA, and the results showed

that quercetin at a dose of 100 mg/kg modulated the expres-
sion of the B1 and 33 subunits of the GABA, receptor in
the KA model [42]. Some studies have demonstrated new
pharmacological effects of quercetin related to pain inhibi-
tion, cytokine production, and oxidative stress that lead to
reductions in neuroinflammation; however, there is also evi-
dence that quercetin metabolites reach the cerebrospinal fluid
after peripheral treatment. Therefore, quercetin induces neu-
roprotective effects by inhibiting oxidative stress and inflam-
mation associated with brain injury, effects that are also
observed in the spinal cord [55, 56]. In addition, quercetin
prolongs latency and reduces the duration and severity of
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FIGURE 4: Effects of acetonic extract on the activity of the antioxidant enzymes GPx, GR, CAT, and SOD in the cerebellum (A), prefrontal
cortex (B), cerebral hemispheres (C), and medulla (D) of Wistar rats during KA-induced injury. The results were analyzed by one-way
ANOVA, and Bonferroni’s multiple comparisons test was used to compare the outcomes between the experimental and respective control

groups (KA only, black bar). For GPx, GR, CAT, and SOD,

¥p <0.0001 in the extracts and quercetin in all its doses and in all

brain tissues. Each determination was performed in triplicate, and the data are expressed as the mean + standard deviation (n =6 per

group). ns: not significant.

seizures induced by PTZ, a chemical agent that is convulsive
due to its ability to block the inhibitory response of the
GABAergic system, favoring hyperexcitability [57]. The pres-
ence of oxidative stress in epilepsy and the ability of some
plant extracts to attenuate this oxidative stress have been
demonstrated recently in experimental models as well as in
patients [58-60]. Overall, the present work showed, for the
first time, that different doses of acetonic and methanolic
extracts of H. inuloides and of the metabolite quercetin signif-
icantly increased the activity of the antioxidant enzymes
CAT, GPx, GR, and SOD and significantly diminished
MDA and PC levels in the brains of rats with induced sei-
zures. In addition, the number of seizures was significantly

positively correlated with the levels of these oxidative stress
markers. Furthermore, in this work, we showed that carbonyl
levels are significantly negatively correlated with latency in
the brain prefrontal cortex of rats treated with KA, consistent
with the findings of another study on humans where we
showed, for the first time, that protein oxidation (measured
as 3-nitrotyrosine plasmatic levels) is significantly increased
in epileptic children in comparison with the control children
[20]. In another rat model, the authors also showed that PC
content and lipid peroxidation levels are increased in the
brain prefrontal cortex in the context of iron-induced epi-
lepsy and that administration of dehydroepiandrosterone
(DHEA), a corticosteroid hormone with antioxidant
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properties, attenuates these effects, suggesting that the
antioxidant improved performance on cognitive tasks and
prevented behavioral alterations [61]. In a KA model, glu-
tathione (GSH) has been found to play a major antioxi-
dant role in the rat cerebral prefrontal cortex in
comparison with the hippocampus, cerebellum, and basal
ganglia [62]. The latter observation suggests that the brain
prefrontal cortex plays an active metabolic role in epilepsy.
Although some studies have shown that antioxidant
enzyme activity is decreased and that MDA levels are
increased in epilepsy, only a few have shown that PC
levels are increased in this condition [63-67]. It is known
that oxidative damage in proteins is a mechanism underly-
ing neurodegeneration [68], and its consequences in epi-
lepsy could be ranged from cell membrane modification
to posttranslational modification, specifically alterations
in ion channels [66]. In a recent study on epileptic chil-
dren, our group used microarray technology and observed
that epileptic conditions modified the gene expression of
many ribosomal proteins and of some GPx and
glutathione-S-transferase isoforms and that the principal
biological processes with the highest numbers of differen-
tially expressed genes were related to translation, poly(A)
RNA and protein binding, and alternative splicing [69].
The above observations confirm that modification of the
protein structure and modification of the activity of
enzymes related to GSH are the main mechanisms
involved in epilepsy progression and that H. inuloides
extracts are capable of ameliorating this condition in the
epileptic brain. Other mechanisms related to oxidative
stress and epilepsy include accumulation of calcium in
mitochondria and disruption, inflammation, and rupture
of the blood-brain barrier, which may contribute to subse-
quent pathological processes, including chronic epilepsy
and cognitive impairment [29, 70].

Finally, the results found for quercetin and the organic
extracts of H. inuloides suggest that these compounds are
potential anticonvulsant agents whose effects can be attrib-
uted to flavonoid metabolites. The mechanisms by which
the responses are induced remain to be clarified, although
there is evidence, as we have previously described, that the
effects can be attributed to the antioxidant response and to
modulation of the GABAergic system. More studies should
be performed to clarify the roles of other neurotransmis-
sion systems involved in hyperexcitability associated with
seizures, such as the catecholaminergic and indolaminergic
systems and systems involving peptides like opioids. In
addition, we must continue with studies that allow us to
clarify whether the observed effects are dependent on the
doses of the extracts studied and to elucidate the participa-
tion of the main metabolites of these extracts in the
observed responses.

5. Conclusions

These findings suggest that acetonic and methanolic extracts
of H. inuloides, similar to the metabolite quercetin, present
anticonvulsant and antioxidant effects, modulated via direct
scavenging of ROS and antioxidant enzyme activity.

Oxidative Medicine and Cellular Longevity
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