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ARTICLE INFO ABSTRACT
Keywords: Excitotoxicity-induced oxidative stress results in neuronal cell death. Pink lotus essential oil
Pink lotus essential oil (PLO) is a concentrated volatile oil from lotus blossoms widely used in traditional medicine. This
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study aimed to explore the possible therapeutic effects of PLO and its underlying mechanisms on
kainic acid (KA)-induced oxidative stress and hippocampal cell death in a mouse model of epi-
lepsy. Mice were treated with 100 mg/kg or 200 mg/kg PLO to ameliorate neurodegeneration and
seizure-induced behavior induced by KA injection. Pre- and post-treatment of PLO increased
antioxidant activities, reduced the seizure score, prevented oxidative stress by increasing GSH and
CAT levels, and reduced MDA (malondialdehyde) levels after KA-induced status epilepticus. KA
injection created neuronal cell death in the pyramidal layers of CA1 and CA3 subfields of the
hippocampus, and affected interneurons in the hilus of the dentate gyrus. PLO treatment notably
diminished KA-induced neuronal cell death in these areas through activation of the Akt signaling
pathway, increasing reactive astrogliosis, and up-regulation of GDNF expression. Moreover,
caspase-3 expression, and microglia activation were significantly decreased in PLO treatments.
Taken together, these results suggest that PLO possesses antiepileptic, anti-apoptosic, and neu-
roprotective effects on KA-induced epileptogenesis indicating that PLO may serve as a dietary
supplement option in the treatment of epilepsy or of other neurodegenerative disorders.

1. Introduction

Epilepsy is a neurological disorder that affects about 50 million people of any age worldwide. Nearly 80 % of patients live in
developing countries and do not get any treatment for epilepsy [1]. People with epilepsy suffer from recurrent and spontaneous
seizures which are caused by an imbalance between excitatory and inhibitory neurotransmitters leading to over-excitation and
abnormal discharges of neurons in the brain [2]. Kainic acid (KA), an analog of glutamic acid, has been widely used to study
excitotoxicity-induced neuronal cell death, particularly in temporal lobe epilepsy [3-5]. Overstimulation by KA triggers a massive
influx of Ca2+ into hippocampal neurons through kainate receptors with subsequent activation of Ca2+ dependent enzymes (kinases,
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proteases, phospholipases, nucleases) which induce mitochondrial dysfunction and massive generation of free radicals including
oxygen (ROS) and nitrogen species (RNS). Moreover, high Ca2+ influx can also directly cause mitochondrial swelling followed by
caspase-3 activation and DNA fragmentation. Therefore, the accumulation of free radicals has been suggested to be primarily
responsible for the apoptotic neuronal death after epileptic seizures [6-8].

Nelumbo nucifera or pink lotus (Bualuang in Thai), has been widely used for a long time in the Asian traditional medicine. Several
reports demonstrated beneficial effects of pink lotus [9,10], for example, it prevents HT22 cell, a mouse hippocampal neuronal cell
line, from glutamate-induced neurotoxicity by reducing ROS and Ca2+ influx [11]. In oxidative stress conditions, treatment with lotus
essential oil increases the expression of antioxidative enzymes such as superoxide dismutase (SOD) and catalase (CAT) and elevates
glutathione (GSH) levels thereby protecting cells from oxidative stress induced injury [12]. Studies have shown that pink lotus
essential oil (PLO) activates the phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt) signaling pathway leading to cell survival
[13] and upregulation of B-cell lymphoma 2 (Bcl-2) which plays an important role in cellular survival [14]. Our previous finding had
shown that the three main phytochemicals in PLO including palmitic acid ethyl ester, linoleic acid ethyl ester and methyl 8,11,14-hep-
tadecatrienoate, which possess antioxidant activity, improve peripheral nerve regeneration by mitigating oxidative stress [15]. Based
on the antioxidant activity and pro-regenerative effects of pink lotus, therefore, this study aimed to explore possible protective effects
of PLO on neurodegeneration and epileptic behavior in KA-treated mice.

2. Materials and methods
2.1. Preparation of pink lotus oil (PLO)

PLO was prepared from whole lotus flowers using an absolute extraction method following the manufacturer’s protocol of Tro-
picalife Co., Ltd. Then, the organic compounds of PLO were analyzed by gas chromatography-mass spectrometry (GC-MS) and the
organic compounds identified with the data from the National Institute of Standards and Technology Mass Spectra database (NIST08)
as described in our previous study [15].

2.2. Animals and intraperitoneal (i.p.) injection of kainic acid (KA)

Male C57BL/6NJcl mice (6-8 weeks of age, weighing 22-24 g) were purchased from Nomura Siam International Co., Ltd
(Thailand). All mice were acclimatized for 1 week and kept under standard laboratory conditions: 12 h light-dark cycle, a consistent
temperature (25 + 2 °C), and free access to food and water. Experimental procedure was shown in Fig. 1A, briefly, mice were randomly
divided into four groups of 10 mice each: Control group, KA group, KA+100 mg/kg PLO, and KA+200 mg/kg PLO. The mice in KA +
PLO groups were given intraesophageal administration of 100 mg/kg PLO or 200 mg/kg PLO once daily for 7 days before and 14 days
after KA injection. Kainic acid (cat. no. B6226, APExBIO, USA) was dissolved in sterile normal saline and used for a single i.p. injection
at a dose of 30 mg/kg. The injection dose of KA was based on previous studies of KA-induced seizure [16,17], and the doses of PLO
were chosen based on our previous study [15]. After KA injection, all mice were observed for seizure behavior for 90 min and scored as
follows: stage 0) no behavioral change, score 1) facial muscle clonus, score 2) nodding head, score 3) forelimbs clonus, score 4) rearing,
falling with forelimbs clonus, score 5) generalized tonic—clonic seizure, score 6) severe tonic-clonic seizures including death [18]. Only
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Fig. 1. Experimental arrangement for KA-induced seizure induction in PLO treated mice (A). PLO treatment ameliorates KA-induced seizure ac-
tivities at different time points (B). Data are represented as mean + SEM (n = 10). *p < 0.05, **p < 0.01 versus KA alone. #p < 0.05 versus 100
mg/kg.



R. Kongsui et al. Heliyon 10 (2024) 38070

mice with score 3-5 were included in this study. All animal experiments were approved by the Animal Ethics Committee of the
University of Phayao, Thailand (approval no. 1-026-65).

2.3. Histology and immunohistochemistry

Fourteen days after KA injection, all mice were anesthetized with an i.p. injection of 70 mg/kg thiopental sodium, then perfused
intracardially with sterile normal saline. Brains from 5 mice of each group were extracted and fixed in 4 % paraformaldehyde in 0.1 M
phosphate buffered saline (PBS) pH 7.4 at 4 °C for 48 h, then cryoprotected with 30 % sucrose in PBS at 4 °C for 48 h. Serial 20-pm thick
coronal sections were cut by a cryostat (Leica Microsystems, Inc., CM1950). Nissl staining of brain sections at 1.8-2.0 mm posterior to
the bregma according to the mouse brain atlas [19] was performed using a cresyl violet dye (cat. no. 1.05235, Sigma-Aldrich, USA) to
determine the neuronal density in CA1, CA3 and dentate gyrus. The nuclei of pyramidal neurons were counted by a blinded observer in
regions of 125 pm in length (and 125 pm width) in Nissl-stained sections covering the whole layer width of the CA1 and CA3 sub-fields,
and the interneurons were counted in the entire hilar area.

For immunohistochemical staining, the sections were incubated free-floating in 10 % normal goat serum in PBS for 90 min at 25 °C
followed by mouse anti-Ibal antibody (1:500, cat. no. MABN92, Sigma-Aldrich, USA) or mouse anti-glial fibrillary acidic protein
(GFAP) antibody (1:500, cat. no. MABN92, Sigma-Aldrich, USA) overnight at 4 °C. The sections were then stained at 25 °C for 2 h with
donkey biotinylated anti-mouse secondary antibody (1:500, cat. no. 715-065-150, Jackson ImmunoResearch, USA) followed by an
incubation for 1 h in extravidin peroxidase (1:1,000, cat. no. E2886, Sigma-Aldrich, USA), then marked with 3,3-diaminobenzidine
(DAB) (cat. no. D12384, Sigma-Aldrich, USA). All images were captured at 40 x magnification using an upright microscope (Eclipse Ni-
U, Nikon, Japan) and analyzed by the NIS Elements imaging software version 5 (Nikon, Japan). All histology and immunohisto-
chemical data were shown as the percentage of control and all experiments were repeated three times for each animal.

2.4. Tissue preparation for biochemical assay

The hippocampi were collected from 5 mice and washed with PBS. After that, the tissues were homogenized in 500 pl of RIPA buffer
(cat. no. RB4475, BioBasic, Canada) supplemented with 1 % protease inhibitor cocktail set I (cat. no. 539131, Sigma-Aldrich, USA),
then kept on ice for 30 min. The lysates were centrifuged at 10,000 g for 15 min at 4 °C. Protein concentrations of the supernatants
were determined by the Lowry protein assay using bovine serum albumin (BSA) (cat. no. 9048-46-8, Sigma-Aldrich, USA) as standard
[20].

2.5. Estimation of malondialdehyde (MDA) level

The MDA assay was used to determine the lipid peroxidation activity. MDA concentration was measured based on the MDA-
thiobarbituric acid (TBA) reaction according to the previously described protocol [21]. Briefly, 150 pl of lysates was mixed with
125 pl of 5 mM EDTA, 125 pl of 8 % sodium dodecyl sulfate, 125 pl of 10 % trichloroacetic acid, and 10 pl of 0.5 pg/ml butylated
hydroxytoluene and kept for 10 min at room temperature. After that, 500 pl of 0.6 % TBA was added and boiled for 30 min followed by
centrifugation at 2,800 g for 20 min. The supernatant was read at 532 nm using a microplate reader (BioTek Cytation5, USA). The MDA
concentration was compared with the standard curve using 1,1,3,3-tetraethoxypropane and presented as nmol/mg protein.

2.6. Measurement of reduced glutathione (GSH) level

GSH was used to indicate antioxidant levels in the hippocampus. The reduced GSH concentration was measured based on the
reaction between the sulfhydryl group of GSH and 5,5'-dithio-bis-(2-nitrobenzoic acid) (DTNB). According to described protocols [22],
reduced GSH (cat. no. 70-18-8, Sigma-Aldrich, USA) was dissolved in 0.1 N HCl and used for a standard curve. Then, 20 pl of the
standard GSH or tissue lysates was mixed with 250 pl of 0.1 M phosphate buffer pH 7.6, and 50 pl of DTNB (cat. no. 69-78-3
Sigma-Aldrich, USA). The solution was kept in the dark for 5 min, then read at 412 nm using a microplate reader (BioTek Cyta-
tion5, USA). The concentration of reduced GSH in the lysates is shown as nmol/mg protein.

2.7. Estimation of catalase (CAT) activity

The activity of CAT was measured based on the enzymatic degradation of H202 following published protocols with some modi-
fications [23]. In brief, the enzymatic reaction was initiated by adding 20 pl of lysates to 100 ul of 6 mM H202, then incubated at 37 °C
for 1 min. Thereafter, the reaction was stopped by adding 100 pl of 32.4 mM ammonium molybdate, then the absorbance was read at
405 nm by a microplate reader (BioTek Cytation5, USA). CAT activity is expressed in units/mg protein.

2.8. Western blotting

The supernatants containing 20 pg of protein were separated by 10 % sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), and then transferred onto polyvinylidene difluoride (PVDF) membranes. The membranes were then incubated in 5 %
skim milk at 25 °C for 1 h followed by the incubation with anti-p-actin antibody (1:10,000, cat. no. T0022, Affinity Biosciences, USA),
anti-caspase 3 antibody (1:1,000, cat. no. AF6311, Affinity Biosciences, USA), anti-pan-Akt1/2/3 antibody (1:1,000, cat. no. AF6261,
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Affinity Biosciences, USA), anti-phospho-Aktl/2/3 antibody (1:1,000, cat. no. AF0016, Affinity Biosciences, USA) or anti-GDNF
antibody (1:1,000, cat. no. ab244211, Abcam, USA) at 4 °C overnight. The membranes were then incubated with the appropriate
horseradish peroxidase conjugated secondary antibodies goat anti-rabbit (1:5,000, cat. no. AP307P, Sigma-Aldrich, USA) or goat anti-
mouse (1:5,000, cat. no. 62-6520, Invitrogen, USA) at 25 °C for 2 h. The protein bands were developed by enhanced chem-
iluminescence and detected using a chemiPRO XS Western Blot Imaging System (Cleaver Scientific, UK). The protein band density was
analyzed using ImageJ software (Pierce, Rockford, IL, USA), and data were normalized to f-actin.

2.9. Statistical analysis

All data analyses were performed using GraphPad Prism software version 9.0. Statistically significant differences were analyzed
using one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test. Data are presented as means = SEM or means + SD.
Statistical difference was considered when p value is less than 0.05 (p < 0.05).

3. Results
3.1. Alteration of seizure score by PLO treatment

Seizure activity was observed at different time points for 90 min after i.p. injection of KA to determine the anti-epileptic effect of
PLO. The KA injected mice displayed seizure behavior including myoclonus, rearing, and falling within 20 min after injection. The
seizure scores were 3.3 £ 0.6 in KA alone, 3.2 £ 0.4 in KA+100 mg/kg PLO, and 3.0 + 0.2 in KA+200 mg/kg PLO at 30 min of KA
injection. At 60 min, seizure scores significantly decreased in the mice receiving 200 mg/kg PLO (1.7 + 0.2, p < 0.05) when compared
to mice receiving KA alone (3.5 £ 0.5). There was no statistical difference in KA+100 mg/kg PLO (3.3 + 04) when compared to KA
alone. The mice treated with PLO continually exhibited decreased seizure scores, whereas the seizure score in KA alone was still high
after 90 min of KA injection. Seizure scores were significantly reduced to 1.9 + 0.5 (p < 0.05) and 1.4 + 0.3 (p < 0.01) in KA+100 mg/
kg PLO and KA+200 mg/kg PLO, respectively, when compared to KA alone (3.7 + 0.4) (Fig. 1B).
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Fig. 2. Effect of PLO on KA-induced neuronal cell death in the hippocampus. Nissl staining of the dorsal hippocampus shows the CA1 region (A-D),
CA3 region (E-H) and the dentate hilus (I-L) of the hippocampus. Measurements depict neuroprotective effects of PLO in CA1 (M), CA3 (N), and
hilus (0). Scale bar = 50 pm. Data are expressed as mean + SEM (n = 5). *p < 0.05, **p < 0.01, ***p < 0.001 versus KA alone. #p < 0.05, ##p <
0.01, ###p < 0.001versus control.
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3.2. Histological changes in the hippocampus after KA injection

KA injection produced typical histological changes in CA1 and CA3 subfields of the hippocampus [24]. In this study, KA injection at
a dose of 30 mg/kg resulted in the loss of pyramidal neurons in CA1 and CA3, and of interneurons in the hilus that were counted in
defined areas of interest using Nissl staining (Fig. 2A-L). In the KA alone group, the percentage of CA1 pyramidal neurons significant
decreased to 75.37 + 2.41 % (p < 0.001) when compared to the control group (100 + 2.58 %). Pre- and post-treatment of PLO at doses
of 100 mg/kg and 200 mg/kg significantly increased the percentage of CAl pyramidal neurons compared to the KA alone group
(KA+100 mg/kg PLO: 88.95 + 2.35 %; p < 0.01, KA+200 mg/kg PLO: 89.19 + 1.80 %; p < 0.01) (Fig. 2M). The loss of pyramidal
neurons was also confirmed in the CA3 area. KA injection alone led to a significant decrease in CA3 pyramidal neurons (77.79 + 2.09
%, (p < 0.001) when compared to the control group (100 + 1.80 %). Noteworthy, 100 mg/kg and 200 mg/kg treatment with PLO
significantly increased neuron numbers in the CA3 region (KA+100 mg/kg PLO: 90.75 + 1.99 %; p < 0.001, KA+200 mg/kg PLO:
92.24 + 2.55 %; p < 0.001) (Fig. 2N).

Hilar, GABAergic interneurons play an important role in maintaining the balance between excitatory and inhibitory neurons and
prevent KA-induced overexcitation resulting in hippocampal cell death [25,26]. Degeneration of hilar interneurons was observed in
KA injected mice after 14 days of administration (KA: 76.25 + 2.03 % versus 100 + 2.56 % in control, p < 0.001). Degeneration of
hilar interneurons was decreased in both PLO-treated groups. Pre- and post-treatment of PLO at doses of 100 and 200 mg/kg exhibited
a greater number of hilar interneurons as compared to the KA alone group (KA+100 mg/kg PLO: 86.14 + 1.44 %; p < 0.01, KA+200
mg/kg PLO: 85.72 + 1.72 %; p < 0.05) (Fig. 20).

3.3. Immunohistochemistry findings

Hypertrophic or reactive astrocytes were increased after intrahippocampal or i.p injection of KA in response to inflammatory
processes [24,27]. Astrocytes play a crucial role in protecting neurons from hyperexcitation and restoring homeostasis of the brain
leading to recovery [28]. Glial fibrillary acidic protein (GFAP) as a marker for reactive astrocytes was detected using immunohisto-
chemical staining on day 14 after KA injection. GFAP positive astrocytes significantly increased in size and number when compared to
the control brain (Fig. 3A-D). The quantification of reactive astrocytes in the hilus of PLO treated mice revealed significantly increased
number as compared to the KA alone group (control: 100 + 3.87 %, KA: 128.5 + 3.22 %, KA+100 mg/kg PLO: 144.0 & 2.08 %; p <
0.05, KA+200 mg/kg PLO: 150.0 + 5.93 %; p < 0.01) (Fig. 3D).
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Fig. 3. Alterations in GFAP and IBA1 immunoreactive cells after i.p. injection of KA. GFAP positive astrocytes in the hilus (A-D), and quantification
of GFAP expression (I). IBA1 positive microglia in the hilus (E-H), and quantification of IBA1 expression (J). Scale bar = 50 pm. Data are expressed
as mean + SEM (n = 5). *p < 0.05, **p < 0.01, ***p < 0.001 versus KA alone. ###p < 0.001versus control.
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Activated microglia has been reported to be involved in inflammatory processes in the lesioned brain, and KA leads to an over-
activation of microglia causing a massive secretion of inflammatory cytokines, ROS and RNS resulting in neuronal cell death [29,
30]. Two weeks after KA administration, activated microglia was stained by ionized calcium binding adaptor molecule 1 (IBA1)
antibodies. In this study, KA injection showed an increase in number of IBA1 positive cells in the hilus (Fig. 3E-H), however, mice
treated with PLO exhibited significantly decreased percentages of IBA 1 positive cells in the hilus when compared to the KA alone
group (control: 100 + 2.92 %, KA: 163.2 + 3.14 %, KA+100 mg/kg PLO: 130.3 &+ 2.34 %; p < 0.001, KA+200 mg/kg PLO: 120.5 £
2.63 %; p < 0.001) (Fig. 3J).

3.4. Effect of PLO on antioxidative activities after KA injection

Administration of KA triggers a high production of free radicals, a cause of oxidative stress that leads to neuronal cell damage and
apoptosis [8]. After treatment with increasing concentrations of PLO, the endogenous antioxidants including GSH and CAT were
evaluated to confirm the antioxidative activities of PLO. Treatments of PLO at doses of 100 and 200 mg/kg significantly increased GSH
levels when compared to the KA alone group (control: 1.88 £+ 0.22 mM/mg protein; p < 0.01, KA: 0.74.2 £+ 0.12 mM/mg protein,
KA+100 mg/kg PLO: 1.88 + 0.26 mM/mg protein; p < 0.01, KA+200 mg/kg PLO: 2.16 + 0.08 mM/mg protein; p < 0.01) (Fig. 4A).
Moreover, PLO treatments showed a significant increase in CAT activities. After KA injection, mice in the KA alone group revealed a
significant reduction in CAT level (8.64 + 1.43 U/mg protein) when compared to control mice (18.41 + 1.43 U/mg protein, p < 0.01).
However, PLO treatments significantly increased in CAT levels when compared to the KA alone group (KA+100 mg/kg PLO: 15.00 +
1.73 U/mg protein; p < 0.05, KA+200 mg/kg PLO: 14.93 + 1.15 U/mg protein; p < 0.05) (Fig. 4B). Oxidative stress induced by KA
injection was also evaluated using the MDA assay. After KA injection, the MDA content as an indicator of lipid peroxidation signifi-
cantly increased in the KA alone group (16.71 + 0.49 mM/mg protein) as compared to the control group (12.52 + 0.64 mM/mg
protein, p < 0.05). However, treatment with PLO resulted in a significant reduction of MDA content (KA+100 mg/kg PLO: 12.55 +
0.37 mM/mg protein; p < 0.05, KA+200 mg/kg PLO: 9.98 + 1.27 mM/mg protein; p < 0.001) (Fig. 4C). These results suggest that
neuroprotective effects of PLO against KA-induced neuronal cell death might be due to its ability to mitigate oxidative stress in
neurons.

3.5. Alterations in protein expression after KA injection

Western blotting was used to detect the changes in expression of Akt, GDNF and caspase-3 (Fig. 5). The protein kinase B (Akt)
signaling pathway plays a crucial role in various cellular processes including proliferation, migration, and survival [31-33]. According
to our results, PLO treatment promoted neuronal survival as indicated by significant increases in relative p-Akt/Akt expression when
compared to the KA alone group (Fig. 5A). The relative expression of p-Akt/Akt was dramatically increased in mice receiving a PLO
dose of 200 mg/kg (1.01 + 0.23 in the 200 mg/kg versus 0.53 £ 0.13 in the KA alone group; p < 0.01). A significant difference of
relative p-Akt/Akt expression was also found in the 100 mg/kg PLO group as compared to the KA alone group (0.88 + 0.10; p < 0.05
versus KA alone group). The p-Akt/Akt levels were not different between mice in the PLO-treated groups and those in the untreated
control group (0.70 + 0.17 in normal control group) (Fig. 5B).

Cysteine-aspartic acid protease or caspase-3 is an enzyme involved in cellular apoptotic processes. Activated or cleaved caspase-3
has been shown to play a major role in neuronal apoptosis induced by KA [34]. After KA injection, the relative expression of caspase-3
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Fig. 4. Alterations in endogenous antioxidants and MDA after i.p. injection of KA. Treatment with PLO caused an upregulation of GSH (A) and CAT
(B) as antioxidative enzyme, whereas MDA, a marker for oxidative stress, is decreased in the PLO-treated groups (C). Data are shown as mean + SEM
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Fig. 5. Effect of PLO treatment on Akt, p-Akt, and caspase-3 expression after KA injection (A). Quantification of p-Akt/Akt and caspase-3 levels
(B-C). GDNF protein expression after KA injection (D) with quantification (E). Data are shown as mean + SD (n = 5). *p < 0.05, **p < 0.01 versus
KA alone. #p < 0.05, ##p < 0.01 versus control. The original images for all relevant western blots have been provided as supplementary data.

was increased in the KA-injected mice when compared to the control group (Fig. 5A). PLO treatment at a dose of 200 mg/kg revealed a
significant reduction of caspase-3 expression when compared to the KA alone group (0.44 + 0.13 versus 0.67 = 0.11, p < 0.05, 0.64 =
0.06 in the 100 mg/kg PLO group) (Fig. 5C).

Glial cell line-derived neurotrophic factor or GDNF is considered as survival factor for neurons and has been shown to protect
hippocampal neurons from death induced by KA [35,36]. In this study, pre- and post-treatment of PLO at a dose of 200 mg/kg showed
a clear increase in GDNF expression as compared to the control group and the KA alone group (0.29 + 0.08 in the control group, 0.37
+ 0.08 in the KA alone group, 0.58 + 0.09 in the 200 mg/kg PLO group; p < 0.01 versus control and p < 0.05 versus KA alone).
However, the expression of GDNF protein was not significantly different between the control group, the KA alone group and the
KA+100 mg/kg PLO group (0.046 + 0.08 in 100 mg/kg) (Fig. 5D and E).

4. Discussion and conclusion

Excitotoxicity-induced oxidative stress leads to neuronal cell death and is considered as one of the etiologies of neurodegeneration
in epilepsy [6,8]. It has been reported that the overexcitability of neurons causes spontaneous seizures and ongoing epileptic activities
[2]. Previous research has shown that ethanol extraction of pink lotus fruit displays antiepileptic activities as delaying the onset of
convulsions [37]. So far, many studies reported that antioxidative substants can inhibit the mechanisms involved in seizures pro-
duction such as the inhibition of opioid receptors resulting in anticonvulsant effects [38] and the antioxidative effect of flavonoids can
significantly increase in seizure threshold [39]. In the present study, PLO which contains antioxidative activity revealed the antiep-
ileptic activity resulted in significant decrease in seizure score within 90 min after KA injection.

Administration of KA results in mitochondrial dysfunction through an over-stimulation of kainate receptors causing high Ca2+
influx into neurons. Mitochondrial failure results in massive production of ROS and activation of caspase-3 which leads to progressive
neuronal apoptosis [6,40]. Pink lotus has antioxidative, anti-inflammatory, and neuroprotective effects probably because of its rich
content in cyanidin, quercetin and naringenin [41,42]. Our previous study reported that PLO contains fatty acids such as linoleic acid
and palmitic acid [15], which have been shown to increase antioxidants via the AMPK signaling pathway [43]. In this study, systemic
injection of KA displayed an increase in oxidative stress as indicated by high expression of MDA levels, whereas antioxidative GSH and
CAT levels were decreased. Noteworthy, PLO at doses of 100 mg/kg and 200 mg/kg could restore the antioxidative activities by
increasing GSH and CAT and decreasing the MDA level.

Neuronal cell death occurs in all regions of the hippocampus but mostly in the CA3 area which leads to epileptic seizure after
administration of KA [44-46]. In this study, KA-induced neuronal loss occurred in CA1, CA3 and in the hilus region. However,
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treatment with 100 mg/kg PLO or 200 mg/kg PLO showed neuroprotective effects as revealed by an increase in number of CA1 and
CA3 neurons as well as of hilar interneurons. Moreover, treatment with PLO decreased the seizure score which correlated with the
higher number of hippocampal neurons and interneurons.

Microglial activation and reactive astrogliosis are known to play an important role in response to inflammation following status
epilepticus induced by KA [47]. Activated microglia was detected in CA1, CA3 and in the hilar subfields of the hippocampus with their
morphology changing to enlarged and elongated cell bodies as well as dense and large processes after prolonged status epilepticus
[48]. Microglia activation releases pro-inflammatory cytokines, i.e. tumor necrosis factor alpha (TNF-a), interleukin-1f and
interleukin-6 leading to progressive neurodegeneration [49]. Attenuation of microglial activation clearly reduces inflammation and
neurodegeneration in the hippocampus following KA-induced seizure [50]. In the present study, we observed a marked reduction of
activated microglia after 100 mg/kg PLO and 200 mg/kg PLO treatment. This clearly suggested that neuroprotective effects of PLO can
be at least partially ascribed to its anti-inflammatory effect. In recent years, studies show that palmitic acid, a long-chain saturated fatty
acid and linoleic acid, a polyunsaturated fatty acid in PLO can induce microglial apoptosis and inhibit microglia-induced neuro-
inflammation [51-53]. Therefore, the anti-inflammatory effect of PLO may involve fatty acids inhibiting microglial activation.

Status epilepticus induces reactive astrogliosis by an increase in astrocyte population as well as inducing morphological and
functional changes [47]. Reactive astrocytes protect neurons from hyperexcitability-induced cell death by uptake of glutamate [28],
and by stabilizing the ion balance for reducing the seizure threshold [54], and increasing glutathione production [55,56]. Our findings
indicate that PLO enhances reactive astrocyte formation leading to neuroprotection in a mouse model of KA-induced epilepsy.

Furthermore, we investigated the effect of PLO on the activation of the Akt signaling pathway and on caspase-3 and GDNF protein
expression after KA-induced status epilepticus. Treatment with 100 mg/kg PLO and 200 mg/kg PLO clearly increased p-Akt and GDNF
levels. Phosphorylated Akt plays an important role in various cellular responses such as proliferation, growth and survival following
stimulation of PI3K [57]. Previous studies have shown that enhanced Akt phosphorylation in astrocytes through the
eNOS/sGC/PKG/PI3K pathway results in the up-regulation of neuroprotective and pro-survival transcription factors [58]. Moreover,
several studies have indicated that stimulation of extracellular signal-regulated kinase 1/2 (ERK1/2) also contributes to improved cell
survival [24,58]. Other reports demonstrated that increased p-Akt and GDNF levels in astrocytes protect neurons from KA-induced
neuronal death [59]. Several findings have demonstrated that GDNF significantly decreases hippocampal cell loss and epileptic
seizure following KA injection [36,60]. Additionally, our previous study showed that increases in GDNF expression results in pro-
tection of hippocampal neurons in a model of neurotoxicity-induced Parkinson’s disease [61]. Furthermore, treatment with 200 mg/kg
PLO showed a significant decrease in caspase-3 expression. Since activation of caspase-3 has been shown to cause apoptotic neuro-
degeneration induced by KA in the hippocampus [62], PLO may ameliorate KA-induced apoptotic neurodegeneration through inhi-
bition of caspase-3 [63,64].

In summary, the present study demonstrated that administration of PLO increases antioxidant activities, Akt phosphorylation, and
GDNF expression while reducing oxidative stress, inflammation, and apoptosis resulting in reduced hippocampal cell loss and
decreased seizure behavior in a mouse model of KA-induced epilepsy. These findings suggest that PLO at high dose may provide a novel
pharmacological treatment for the therapy of neurodegenerative diseases including seizure-induced neuronal loss.

Ethics statement

All animal procedures were performed in accordance with the institutional guidelines and approved by the Animal Ethics Com-
mittee of the University of Phayao, Thailand (approval no. 1-026-65).

Funding

The research project was supported by the Thailand science research and innovation fund and the University of Phayao (Grant No.
FF66-RIM069).

Additional information
No additional information is available for this paper.
Data availability statement

All data analyzed during this study are provided in this article, there is no necessary to deposit data into a publicly available re-
pository. However, the data are available upon request.

CRediT authorship contribution statement

Ratchaniporn Kongsui: Writing — original draft, Validation, Methodology, Investigation, Formal analysis, Data curation. Teera
Chanmanee: Validation, Methodology, Investigation, Data curation. Tichanon Promsrisuk: Methodology, Formal analysis, Data
curation. Lars Klimaschewski: Writing — original draft, Data curation. Napatr Sriraksa: Methodology, Data curation. Jinatta Jit-
tiwat: Methodology, Data curation. Sitthisak Thongrong: Writing — review & editing, Writing — original draft, Validation, Project
administration, Methodology, Investigation, Funding acquisition, Formal analysis, Data curation, Conceptualization.



R. Kongsui et al. Heliyon 10 (2024) 38070

Declaration of competing interest

infl

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
uence the work reported in this paper.

Acknowledgments

Not applicable.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.heliyon.2024.e38070.

References

[1

—

[2]
[3]
[4]
[5]
[6]
71
[81
91
[10]
[11]
[12]
[13]
[14]
[15]
[16]
(171
[18]
[19]
[20]
[21]
[22]

[23]
[24]

[25]
[26]
[27]
[28]

[29]
[30]

[31]

(WHO) WHO, Epilepsy: a public health imperative, Available from: https://iris.who.int/bitstream/handle/10665/325440/WHO-MSD-MER-19.2-eng.pdf?
sequence=1, 2019.

M. Liu, L. Jiang, M. Wen, Y. Ke, X. Tong, W. Huang, et al., Microglia depletion exacerbates acute seizures and hippocampal neuronal degeneration in mouse
models of epilepsy, Am. J. Physiol. Cell Physiol. 319 (3) (2020) C605-C610.

A. Hasanvand, A. Hosseinzadeh, M. Saeedavi, M. Goudarzi, Z. Basir, S. Mehrzadi, Neuroprotective effects of tannic acid against kainic acid-induced seizures in
mice, Hum. Exp. Toxicol. 41 (2022) 9603271221093989.

E. Landucci, C. Mazzantini, D. Lana, M. Calvani, G. Magni, M.G. Giovannini, et al., Cannabidiol inhibits microglia activation and mitigates neuronal damage
induced by kainate in an in-vitro seizure model, Neurobiol. Dis. 174 (2022) 105895.

X. Yang, T. Li, J. Liu, H. Sun, L. Cheng, X. Song, et al., Effects of minocycline on dendrites, dendritic spines, and microglia in immature mouse brains after kainic
acid-induced status epilepticus, CNS Neurosci. Ther. 30 (2) (2024) e14352.

X.M. Zhang, J. Zhu, Kainic Acid-induced neurotoxicity: targeting glial responses and glia-derived cytokines, Curr. Neuropharmacol. 9 (2) (2011) 388-398.
A. Gorlach, K. Bertram, S. Hudecova, O. Krizanova, Calcium and ROS: a mutual interplay, Redox Biol. 6 (2015) 260-271.

N.S. Mohd Sairazi, K.N. Sirajudeen, M.A. Asari, M. Muzaimi, S. Mummedy, S.A. Sulaiman, Kainic acid-induced excitotoxicity experimental model: protective
merits of natural products and plant extracts, Evid Based Complement Alternat Med 2015 (2015) 972623.

C.P. Liu, W.J. Tsai, Y.L. Lin, J.F. Liao, C.F. Chen, Y.C. Kuo, The extracts from Nelumbo nucifera suppress cell cycle progression, cytokine genes expression, and
cell proliferation in human peripheral blood mononuclear cells, Life Sci. 75 (6) (2004) 699-716.

S. Yuan, P.Y. Dong, H.H. Ma, S.L. Liang, L. Li, X.F. Zhang, Antioxidant and biological activities of the lotus root polysaccharide-iron (III) complex, Molecules 27
(20) (2022).

E.S. Kim, J.B. Weon, B.R. Yun, J. Lee, M.R. Eom, K.H. Oh, et al., Cognitive enhancing and neuroprotective effect of the embryo of the Nelumbo nucifera seed, Evid
Based Complement Alternat Med 2014 (2014) 869831.

L. Lv, C. Jiang, J. Li, T. Zheng, Protective effects of lotus (Nelumbo nucifera Gaertn) germ oil against carbon tetrachloride-induced injury in mice and cultured PC-
12 cells, Food Chem. Toxicol. 50 (5) (2012) 1447-1453.

R. Sun, R. Xiao, P. Lv, F. Guo, Y. Gong, M. Yan, Pink lotus essential oil and alleviates on free fatty acid induced steatosis in HepG2 cells via PI3K/Akt and NF-
kappaB pathways, J. Oleo Sci. 71 (1) (2022) 95-104.

R. Harishkumar, M.S. Manjari, C. Rose, C.I. Selvaraj, Protective effect of Nelumbo nucifera (Gaertn.) against H(2)O(2)-induced oxidative stress on H9c2
cardiomyocytes, Mol. Biol. Rep. 47 (2) (2020) 1117-1128.

N. Sriraksa, R. Kongsui, S. Thongrong, Lotus essential oil improves neurite elongation and facilitates functional recovery after peripheral nerve injury, Biomed
Rep 16 (4) (2022) 30.

J. Lee, E. Lim, Y. Kim, E. Li, S. Park, Ghrelin attenuates kainic acid-induced neuronal cell death in the mouse hippocampus, J. Endocrinol. 205 (3) (2010)
263-270.

K.K. Kang, Y.I. Kim, M.S. Seo, S.E. Sung, J.H. Choi, S. Lee, et al., A comparative study of the phenotype with kainic acid-induced seizure in DBA/2 mice from
three different sources, Lab Anim Res 36 (2020) 39.

E.S. Ojo, 1.O. Ishola, B. Ben-Azu, O.0. Afolayan, A.B. James, A.M. Ajayi, et al., Ameliorative influence of Cnestis ferruginea vahl ex DC (Connaraceae) root
extract on kainic acid-induced temporal lobe epilepsy in mice: role of oxidative stress and neuroinflammation, J. Ethnopharmacol. 243 (2019) 112117.

G. Paxinos, K.B.J. Franklin, K.B.J. Franklin, The Mouse Brain in Stereotaxic Coordinates, second ed., Academic Press, San Diego, 2001.

O.H. Lowry, N.J. Rosebrough, A.L. Farr, R.J. Randall, Protein measurement with the folin phenol reagent, J. Biol. Chem. 193 (1) (1951) 265-275.

H.H. Draper, E.J. Squires, H. Mahmoodi, J. Wu, S. Agarwal, M. Hadley, A comparative evaluation of thiobarbituric acid methods for the determination of
malondialdehyde in biological materials, Free Radic. Biol. Med. 15 (4) (1993) 353-363.

T.N. Polycarp, E.B. Obukowho, S.M. Yusoff, Changes in haematological parameters and oxidative stress response of goats subjected to road transport stress in a
hot humid tropical environment, Comp. Clin. Pathol. 25 (2016) 285-293.

L. Goth, A simple method for determination of serum catalase activity and revision of reference range, Clin. Chim. Acta 196 (2-3) (1991) 143-151.

S. Thongrong, B. Hausott, L. Marvaldi, A.S. Agostinho, L. Zangrandi, J. Burtscher, et al., Sprouty2 and -4 hypomorphism promotes neuronal survival and
astrocytosis in a mouse model of kainic acid induced neuronal damage, Hippocampus 26 (5) (2016) 658-667.

G. Pan, Z. Chen, H. Zheng, Y. Zhang, H. Xu, G. Bu, et al., Compensatory mechanisms modulate the neuronal excitability in a kainic acid-induced epilepsy mouse
model, Front. Neural Circ. 12 (2018) 48.

K.Z. Haas, E.F. Sperber, S.L. Moshe, P.K. Stanton, Kainic acid-induced seizures enhance dentate gyrus inhibition by downregulation of GABA(B) receptors,

J. Neurosci. 16 (13) (1996) 4250-4260.

T.Y. Lin, C.Y. Hung, K.M. Chiu, M.Y. Lee, C.W. Lu, S.J. Wang, Neferine, an alkaloid from lotus seed embryos, exerts antiseizure and neuroprotective effects in a
kainic acid-induced seizure model in rats, Int. J. Mol. Sci. 23 (8) (2022).

Q.P. Verhoog, L. Holtman, E. Aronica, E.A. van Vliet, Astrocytes as guardians of neuronal excitability: mechanisms underlying epileptogenesis, Front. Neurol. 11
(2020) 591690.

H. Kato, W. Walz, The initiation of the microglial response, Brain Pathol. 10 (1) (2000) 137-143.

D.B. Bosco, J. Zheng, Z. Xu, J. Peng, U.B. Eyo, K. Tang, et al., RNAseq analysis of hippocampal microglia after kainic acid-induced seizures, Mol. Brain 11 (1)
(2018) 34.

N. Ramezanidoraki, D.E. Ouardi, M. Le, S. Moriceau, M. Ahmadi, D. Elena, et al., Activation of the PI3K/AKT/mTOR Pathway in Cajal-Retzius cells leads to their
survival and increases susceptibility to kainate-induced seizures, Int. J. Mol. Sci. 24 (6) (2023).


https://doi.org/10.1016/j.heliyon.2024.e38070
https://iris.who.int/bitstream/handle/10665/325440/WHO-MSD-MER-19.2-eng.pdf?sequence=1
https://iris.who.int/bitstream/handle/10665/325440/WHO-MSD-MER-19.2-eng.pdf?sequence=1
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref2
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref2
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref3
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref3
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref4
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref4
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref5
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref5
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref6
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref7
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref8
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref8
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref9
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref9
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref10
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref10
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref11
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref11
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref12
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref12
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref13
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref13
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref14
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref14
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref15
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref15
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref16
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref16
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref17
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref17
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref18
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref18
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref19
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref20
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref21
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref21
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref22
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref22
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref23
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref24
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref24
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref25
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref25
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref26
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref26
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref27
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref27
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref28
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref28
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref29
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref30
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref30
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref31
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref31

R. Kongsui et al.

[32]

[33]

[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[471
[48]
[49]
[50]

[51]

[52]

[53]
[54]

[55]
[56]
[57]
[58]
[59]

[60]
[61]

[62]
[63]

[64]

Heliyon 10 (2024) 38070

H. Ju, Z. Yang, H19 silencing decreases kainic acid-induced hippocampus neuron injury via activating the PI3K/AKT pathway via the H19/miR-206 axis, Exp.
Brain Res. 240 (7-8) (2022) 2109-2120.

Y. Kawasaki, M. Fujiki, S. Uchida, M. Morishige, Y. Momii, K. Ishii, A single oral dose of geranylgeranylacetone upregulates vascular endothelial growth factor
and protects against kainic acid-induced neuronal cell death: involvement of the phosphatidylinositol-3 kinase/Akt pathway, Pathobiology 84 (4) (2017)
184-191.

B. Puig, 1. Ferrer, Caspase-3-associated apoptotic cell death in excitotoxic necrosis of the entorhinal cortex following intraperitoneal injection of kainic acid in
the rat, Neurosci. Lett. 321 (3) (2002) 182-186.

C. Jia, S. Han, L. Wei, X. Dang, Q. Niu, M. Chen, et al., Protective effect of compound Danshen (Salvia miltiorrhiza) dripping pills alone and in combination with
carbamazepine on kainic acid-induced temporal lobe epilepsy and cognitive impairment in rats, Pharm. Biol. 56 (1) (2018) 217-224.

Y.M. Yoo, C.J. Lee, U. Lee, Y.J. Kim, Neuroprotection of adenoviral-vector-mediated GDNF expression against kainic-acid-induced excitotoxicity in the rat
hippocampus, Exp. Neurol. 200 (2) (2006) 407-417.

M.A. Rajput, R.A. Khan, T. Assad, Anti-epileptic activity of Nelumbo nucifera fruit, Metab. Brain Dis. 32 (6) (2017) 1883-1887.

S. Engelborghs, R. D’Hooge, P.P. De Deyn, Pathophysiology of epilepsy, Acta Neurol. Belg. 100 (4) (2000) 201-213.

S.S. Twinomujuni, J. Oloro, P.E. Alele, Anticonvulsant and anxiolytic activity of the leaf aqueous and ethanolic extracts of Melanthera scandens in a rat model,
Afr J Pharm Pharmacol 10 (12) (2016) 216-222.

F. Xue, C. Shi, Q. Chen, W. Hang, L. Xia, Y. Wu, et al., Melatonin mediates protective effects against kainic acid-induced neuronal death through safeguarding ER
stress and mitochondrial disturbance, Front. Mol. Neurosci. 10 (2017) 49.

S.W. Moon, C.B. Ahn, Y. Oh, J.Y. Je, Lotus (Nelumbo nucifera) seed protein isolate exerts anti-inflammatory and antioxidant effects in LPS-stimulated RAW264.7
macrophages via inhibiting NF-kappaB and MAPK pathways, and upregulating catalase activity, Int. J. Biol. Macromol. 134 (2019) 791-797.

W.M. Yang, K.J. Shim, M.J. Choi, S.Y. Park, B.J. Choi, M.S. Chang, et al., Novel effects of Nelumbo nucifera rhizome extract on memory and neurogenesis in the
dentate gyrus of the rat hippocampus, Neurosci. Lett. 443 (2) (2008) 104-107.

B. Yang, Y. Zhou, M. Wu, X. Li, K. Mai, Q. Ai, omega-6 Polyunsaturated fatty acids (linoleic acid) activate both autophagy and antioxidation in a synergistic
feedback loop via TOR-dependent and TOR-independent signaling pathways, Cell Death Dis. 11 (7) (2020) 607.

A.M. Costa, C. Lucchi, C. Simonini, I. Rosal Lustosa, G. Biagini, Status epilepticus dynamics Predicts latency to spontaneous seizures in the kainic acid model,
Cell. Physiol. Biochem. 54 (3) (2020) 493-507.

X. Li, C. Yang, Y. Shi, L. Guan, H. Li, S. Li, et al., Abnormal neuronal damage and inflammation in the hippocampus of kainic acid-induced epilepsy mice, Cell
Biochem. Funct. 39 (6) (2021) 791-801.

R.Q. Hu, S. Koh, T. Torgerson, A.J. Cole, Neuronal stress and injury in C57/BL mice after systemic kainic acid administration, Brain Res. 810 (1-2) (1998)
229-240.

Y. Wei, T. Chen, D.B. Bosco, M. Xie, J. Zheng, A. Dheer, et al., The complement C3-C3aR pathway mediates microglia-astrocyte interaction following status
epilepticus, Glia 69 (5) (2021) 1155-1169.

S.K. Wyatt-Johnson, S.A. Herr, A.L. Brewster, Status epilepticus triggers time-dependent alterations in microglia abundance and morphological phenotypes in
the hippocampus, Front. Neurol. 8 (2017) 700.

T.Y. Lin, C.W. Lu, S.J. Wang, S.K. Huang, Protective effect of hispidulin on kainic acid-induced seizures and neurotoxicity in rats, Eur. J. Pharmacol. 755 (2015)
6-15.

M. Penkowa, S. Florit, M. Giralt, A. Quintana, A. Molinero, J. Carrasco, et al., Metallothionein reduces central nervous system inflammation, neurodegeneration,
and cell death following kainic acid-induced epileptic seizures, J. Neurosci. Res. 79 (4) (2005) 522-534.

X. Chen, C. Chen, S. Fan, S. Wu, F. Yang, Z. Fang, et al., Omega-3 polyunsaturated fatty acid attenuates the inflammatory response by modulating microglia
polarization through SIRT1-mediated deacetylation of the HMGB1/NF-kappaB pathway following experimental traumatic brain injury, J. Neuroinflammation
15 (1) (2018) 116.

J.R. Lowry, N. Marshall, T.J. Wenzel, T.E. Murray, A. Klegeris, The dietary fatty acids alpha-linolenic acid (ALA) and linoleic acid (LA) selectively inhibit
microglial nitric oxide production, Mol. Cell. Neurosci. 109 (2020) 103569.

C.J. Urso, H. Zhou, Palmitic acid lipotoxicity in microglia cells is ameliorated by unsaturated fatty acids, Int. J. Mol. Sci. 22 (16) (2021).

J.D. Rothstein, M. Dykes-Hoberg, C.A. Pardo, L.A. Bristol, L. Jin, R.W. Kuncl, et al., Knockout of glutamate transporters reveals a major role for astroglial
transport in excitotoxicity and clearance of glutamate, Neuron 16 (3) (1996) 675-686.

Y. Chen, N.E. Vartiainen, W. Ying, P.H. Chan, J. Koistinaho, R.A. Swanson, Astrocytes protect neurons from nitric oxide toxicity by a glutathione-dependent
mechanism, J. Neurochem. 77 (6) (2001) 1601-1610.

M.R. Vargas, D.A. Johnson, D.W. Sirkis, A. Messing, J.A. Johnson, Nrf2 activation in astrocytes protects against neurodegeneration in mouse models of familial
amyotrophic lateral sclerosis, J. Neurosci. 28 (50) (2008) 13574-13581.

F.K. Wong, K. Bercsenyi, V. Sreenivasan, A. Portales, M. Fernandez-Otero, O. Marin, Pyramidal cell regulation of interneuron survival sculpts cortical networks,
Nature 557 (7707) (2018) 668-673.

S.H. Lee, J.S. Byun, P.J. Kong, H.J. Lee, D.K. Kim, H.S. Kim, et al., Inhibition of eNOS/sGC/PKG pathway decreases Akt phosphorylation induced by kainic acid
in mouse hippocampus, Korean J. Physiol. Pharmacol. 14 (1) (2010) 37-43.

S.H. Lee, W. Chun, P.J. Kong, J.A. Han, B.P. Cho, O.Y. Kwon, et al., Sustained activation of Akt by melatonin contributes to the protection against kainic acid-
induced neuronal death in hippocampus, J. Pineal Res. 40 (1) (2006) 79-85.

M.S. Airaksinen, M. Saarma, The GDNF family: signalling, biological functions and therapeutic value, Nat. Rev. Neurosci. 3 (5) (2002) 383-394.

R. Kongsui, T. Promsrisuk, L. Klimaschewski, N. Sriraksa, J. Jittiwat, S. Thongrong, Pinostrobin mitigates neurodegeneration through an up-regulation of
antioxidants and GDNF in a rat model of Parkinson’s disease, F1000Res 12 (2023) 846.

G. Luan, Y. Zhao, F. Zhai, Y. Chen, T. Li, Ketogenic diet reduces Smac/Diablo and cytochrome c release and attenuates neuronal death in a mouse model of
limbic epilepsy, Brain Res. Bull. 89 (3-4) (2012) 79-85.

A. Kondratyev, K. Gale, Intracerebral injection of caspase-3 inhibitor prevents neuronal apoptosis after kainic acid-evoked status epilepticus, Brain Res Mol
Brain Res 75 (2) (2000) 216-224.

M. Bhowmik, R. Khanam, N. Saini, D. Vohora, Activation of AKT/GSK3beta pathway by TDZD-8 attenuates kainic acid induced neurodegeneration but not
seizures in mice, Neurotoxicology 46 (2015) 44-52.

10


http://refhub.elsevier.com/S2405-8440(24)14101-1/sref32
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref32
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref33
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref33
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref33
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref34
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref34
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref35
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref35
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref36
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref36
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref37
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref38
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref39
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref39
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref40
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref40
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref41
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref41
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref42
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref42
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref43
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref43
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref44
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref44
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref45
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref45
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref46
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref46
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref47
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref47
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref48
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref48
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref49
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref49
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref50
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref50
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref51
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref51
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref51
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref52
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref52
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref53
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref54
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref54
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref55
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref55
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref56
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref56
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref57
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref57
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref58
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref58
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref59
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref59
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref60
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref61
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref61
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref62
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref62
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref63
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref63
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref64
http://refhub.elsevier.com/S2405-8440(24)14101-1/sref64

	Neuroprotective effects of pink lotus oil in kainic acid-induced epilepsy
	1 Introduction
	2 Materials and methods
	2.1 Preparation of pink lotus oil (PLO)
	2.2 Animals and intraperitoneal (i.p.) injection of kainic acid (KA)
	2.3 Histology and immunohistochemistry
	2.4 Tissue preparation for biochemical assay
	2.5 Estimation of malondialdehyde (MDA) level
	2.6 Measurement of reduced glutathione (GSH) level
	2.7 Estimation of catalase (CAT) activity
	2.8 Western blotting
	2.9 Statistical analysis

	3 Results
	3.1 Alteration of seizure score by PLO treatment
	3.2 Histological changes in the hippocampus after KA injection
	3.3 Immunohistochemistry findings
	3.4 Effect of PLO on antioxidative activities after KA injection
	3.5 Alterations in protein expression after KA injection

	4 Discussion and conclusion
	Ethics statement
	Funding
	Additional information
	Data availability statement
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


