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Abstract: Epilepsy is a common clinical syndrome characterized by sudden and recurrent attacks
and temporary central nervous system dysfunction caused by excessive discharge of neurons in
the brain. Amber, a fossilized organic substance formed by the resins of conifers and leguminous
plants, was prescribed to tranquilize the mind in China. In this paper, the antiepileptic effect of amber
was evaluated by a pentylenetetrazole (PTZ)-induced epileptic model. An untargeted metabolomics
approach was applied to investigate metabolic changes in the epileptic model, which was based
on HILIC-UHPLC-MS/MS multivariate statistical analysis and metabolism network analysis.
The outcome of this study suggested that 35 endogenous metabolites showed marked perturbations.
Moreover, four metabolism pathways were mainly involved in epilepsy. After treatment by amber,
the endogenous metabolites had a marked tendency to revert back to the situation of the control group
which was consistent with phenobarbital. This study characterized the pentylenetetrazole-induced
epileptic model and provided new evidence for the sedative effect of amber.
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1. Introduction

Epilepsy is a common clinical syndrome characterized by sudden and recurrent attacks and
temporary central nervous system dysfunction caused by excessive discharge of neurons in the brain.
This can result from a variety of endogenous or exogenous factors, often occurring months or years
after a sudden injury [1]. A seizure is a form of epilepsy characterized by abnormal movement or
behavior caused by unusual electrical activity in the brain. About 70% of epileptic patients who take
antiepileptic drugs have complete remission from seizure [2]. The drugs most commonly used for
antiepileptic therapy are the benzodiazepines diazepam (oral or rectal), clobazam, buccal or nasal
midazolam, lorazepam, phenobarbital, valproic acid, nitrazepam, acetazolamide, chloral hydrate,
pyridoxine, and antipyretics [3,4]. Continuous administration of classical antiepileptic drugs has
been argued against because of potentially toxic, sedative and cognitive side effects [5,6]. Thus, new
antiepileptic medicines are still needed for the remaining one third of epileptic patients that accounted
for approximately 1% of the world population [7,8].
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Traditional Chinese medicine (TCM) has accumulated ambient experiences in treating epilepsy
and mineral Chinese Materia Medica (vermiculitum, chloriti lapis, amber, etc.) has a long history
of use for mind-tranquilizing with significant effects [9]. Amber is widely used in the treatment of
epilepsy in traditional Chinese medicine [10-12]. Amber is a fossilized organic substance formed by
the resins of conifers and leguminous plants which grew during the Mesozoic cretaceous to Cenozoic
tertiary through complex geological processes [13,14]. Amber is also admixed with monoterpenoids,
sesquiterpenoids, diterpenoids, triterpenoids, leaf wax and biopolymer products indicating mixed
sources of medicinal materials [15,16]. TCM doctors observe that amber possesses the character of
tranquilizing the mind, promoting the blood circulation to remove blood stasis, promoting diuresis and
relieving strangury. In clinics, amber is used for treating psychological diseases with the symptoms
of restfulness, convulsion and epilepsy. It was first recorded in Shen Nong’s Herbal Classic (before
A.D. 25) and has been used in TCM clinics for thousands of years. In modern studies, kujiol A and
kujigamberol B isolated from Kuji Amber were proven to be Ca?*-signal transduction inhibitors [17,18].
When Ca?*-signal transduction is involved in an allergy, 3-cler-oden-15-oic acid from Dominican
amber can inhibit Ca2*-influx [19,20]. However, to date, no modern pharmacological studies on the
anticonvulsive effect of amber have been reported and the action mechanism of amber in treating
epilepsy has never been elucidated.

Metabolomics is a top—down systems biology approach which is the systematic study of
the special chemical fingerprints left by specific cellular processes and the overall study of their
small-molecule metabolites [21]. Analytical technologies, such as 'H-NMR spectroscopy [22,23] and
mass spectrometry (MS) [24-26] (the latter mainly combined with separation techniques, for example,
liquid chromatography (LC) [27-29], gas chromatography (GC) [30,31], or capillary electrophoresis
(CE) [32] are typically used for untargeted metabolic studies.

In this experiment, the PTZ-induced epilepsy mice were treated with amber, and behavioral
observation showed that there was a significant trend toward the normal after the intervention.
The cerebral cortex of ICR mice was analyzed and determined by UHPLC-MS/MS. The potential
biomarkers and metabolic pathways of amber anti-epileptic treatment were searched using a mode
discrimination method and metabolome network database. Metabolomics was used to explain the
metabolic pathway and mechanism of amber in the treatment of epilepsy in mice.

2. Results and Discussion

2.1. Behavioral Analysis

Behavioral scoring is commonly used in different seizure models to assess seizure intensity.
Racine’s scale is frequently used as an intensity measurement in other experimental seizure or epilepsy
models which originally developed for the amygdala-kindling model [33,34].

The mice in the model group showed obvious epileptic symptoms after receiving an
intraperitoneal injection of pentylenetetrazole (PTZ), and the Racine score of epilepsy reached 4
or 5. As shown in Figure 1, the positive drug phenobarbital (PB) could reverse the epileptic symptoms,
such as incubation time and seizures, indicating that the established animal model was suitable for
anti-epileptic activity screening.
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Figure 1. The effect of amber on behavior in the seizure model induced by pentylenetetrazole.
(A) The incubation time of each group. Control group and PB group had no incubation time, and
used 900 s for analysis. Under the intervention of amber, the incubation period was significantly
prolonged compared to the model group. (B) Under the intervention of amber, the level of seizures
was significantly reduced compared to the model group. ** p < 0.01 for extremely significant difference.

Under the intervention of amber, the incubation period was significantly prolonged, and the level
of seizures was reduced as well (p < 0.01, Figure 1A,B).

2.2. Brain Tissue Nissl Staining

The Nissl staining, a classic nucleic acid staining method to observe the damage degree in the
cortex and hippocampal neurons of mice, was widely used in the study of epilepsy [35,36]. To evaluate
the effect of amber on cell death in the PTZ-induced kindling model, Nissl staining was performed.
The neuronal cells of the control group were found to be round or conical while the model group was
impaired. The average density of intact surviving neurons was lower in the PTZ group compared to
the control group, while pre-treatment with amber reversed the damage to cell morphology (Figure 2).

Figure 2. Amber rescues CA1 pyramidal neurons from seizure-induced damage as revealed by Nissl
staining. (A) Control group; (B) Model group (PTZ); (C) PB group (PTZ + Phenobarbital); (D) Amber
group (PTZ + amber). Photomicrographs show sample CA1 subfields (magnification, x400) in the

coronal plane for each treatment group. A damaged cell body is indicated by red frame. These signs of
neural damage were reduced by amber pre-treatment.
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2.3. Analysis of Metabolite Profiling

The cortex samples were analyzed by ESI-MS under positive and negative ion modes. Base peak
chromatograms (BPCs) for different groups are shown in Figure 3. In order to reveal the differences,
peak extraction, peak alignment, background deduction, and elimination of missing values by the
80% rule of zero were carried out for the data of each group. After data filtering, 408 metabolites from
positive and negative ion modes were used to build multivariate models separately.
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Figure 3. Base peak chromatograms (BPCs) of cortex samples of control group, model group, and
amber group under ESI* (A) and ESI™ (B) MS conditions.

2.4. Multivariate Data Analysis

Representative HILIC-UHPLC-ORBITRAP-MS cortex metabolic profiles from a control and a
PTZ-treated animal, in ESI* and ESI™ modes, are shown in Figure 3. The use of quality control (QC)
samples and evaluation of data quality have been detailed previously for metabolomics analyses of
biological samples [21]. Clustering of QC samples was assessed using principal component analysis
(PCA) to reveal if platform stability had been achieved. A PCA scores plot (PC1 vs. PC2) of all study
cortex and QC samples analyzed in ESI* mode and ESI™ mode are shown in Figure 4A (ESI*) and 4B
(ESI7). The QC samples are clustered, indicating good reproducibility of the data.

PCA analysis in positive and negative TIC was used to evaluate the PTZ-induced epileptic model.
In the positive ion mode, a model with two principal components was obtained (R2X cum = 0.641,
Q2 cum = 0.461) while three principal components were obtained in negative mode (R2X cum = 0.836,
Q2 cum = 0.449). PCA scores showed that all samples in the positive ion mode were distributed in the
95% confidence interval ellipse while one sample was distributed out of the ellipse in negative mode.

As shown in the PCA scores scatter plot, significant separation between the three groups in
the unsupervised mode could be observed, indicating the difference in the metabolites between the
different groups.
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Figure 4. PCA scores scatter plot for control group, model group and amber group. (A) positive mode,
R2X (cum) = 0.641, Q2 (cum) = 0.461; (B) negative mode, R2X (cum) = 0.836, Q2 (cum) = 0.449.
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2.5. Comparison of Model Against Control Using OPLS-DA

When the amber group was omitted, six model samples compared against five control samples
produced a strong Orthogonal Projections to Latent Structures Discriminant Analysis(OPLS-DA) model
(Figure 5A,B, R2X cum = 0.976, Q2 cum = 0.867) explaining 97.6% of the variation in the samples with
seven components in positive mode and 74.6% of the variation with two components in negative mode
(Figure 5C,D, R2X cum = 0.746, Q2 cum = 0.895). Q2 > 0.5 is generally accepted as being indicative of a
robust model and the model gave a permutations plot where all the permutated Q2 values (n = 200)
on the left are lower than the points on the right (Figure 5B,D) and the line plot intercepts the y-axis
below 0 [34,35].
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Figure 5. OPLS-DA score plot and validation plot of the OPLS-DA model of control group and model
group. OPLS-DA score plot for the first two components showed the separation between the control
group and model group. The fitness (R2Y) and prediction power (Q2Y) of this two-component model
were 0.979 and 0.918, respectively ((A) ESI*; (C) ESI™). Validation plot of the OPLS-DA model of
control group and model group were obtained from 200 permutation tests. The intercepts of R2 were
lower than the original point to the right, whereas those of Q2 were negative, indicating no signs of
overfit ((B) ESI*; (D) ESI ).

2.6. Screening and Identification of Metabolic Differences

In this study, loading S-plots (Figure 6) and the variable importance (VIP) generated by OPLS-DA
analysis in the projection were used to select potential biomarkers. VIP values larger than 1 were
considered to be more important on the classification than average. Ions with p < 0.05 (using an
independent sample t-test) showing significant changes in the model group compared to the control
group were taken as candidate biomarkers [37]. For those differential features, theoretical database
searching and manual spectrum confirmation were used for identification. Thirty-five metabolites
differentially expressed between the control and model groups (Table 1) were identified.
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Figure 6. Loading S-plots generated by OPLS-DA analysis in positive mode (A) and negative mode (B).
The x-axis is a measure of the relative abundance of ions, and the y-axis is a measure of the correlation
of each ion to the model.

Table 1. Cortical differential metabolites between the control group and the model group.

. 4 Ratio
No. HMDB ID Metabolites Formula mlz ESI Mode Value Control/Model
1 HMDB0010404 Lysopc(22:6(4z,72,10,132,162,19z)) C30HsoNO,P 568.3398 + <0.001 4.29
2 HMDB0001406 Niacinamide CgHgN,O 123.0553 + <0.001 2.64
3 HMDB0002815 Lysopc(18:1(9z)) CysHs5NO,P 522.3554 + <0.001 2.95
4 HMDB0000895 Acetylcholine C7H1sNO;y 146.1181 + <0.001 2.49
5 HMDB0000157 Hypoxanthine CsH4N4O 137.0458 + <0.001 2.56
6 HMDB0062176 N-lactoyl-leucine CyoH17;NOy4 204.1230 + <0.001 2.52
7 HMDB0000201 Acetylcarnitine CyoH17;NOy4 204.1230 + <0.001 2.26
8 HMDB0010396 Lysopc(20:4(8z,11z,14z,17z)) CysHsoNO,P 544.3398 + <0.001 3.03
9 HMDB0144632 diethylamino-Acetaldehyde CgH13NO 116.1070 + <0.001 247
10 HMDB0010382 Lysopc(16:0) Cy4HsoNO,P 496.3398 + <0.001 3.32
11 HMDB0031779 Isoprothiolane C1pH1804S, 291.0719 + <0.001 2.28
12 HMDB0000195 Inosine C10H12N4O05 269.0880 + <0.002 2.33
13 HMDB0000562 Creatinine C4H7N30 114.0662 + <0.003 2.51
14 HMDB0011496 Lysope(0:0/22:6(4z,72,10z,132,162,19z)) CoyHyyNO7P 526.2928 + <0.004 3.12
15 HMDB0000062 L-carnitine C7H15NO3 162.1125 + 0.0015 3.17
16 HMDB0010720 butenoic acid C4H¢O, 87.04406 + 0.0017 3.06
17 HMDB0000112 Gamma-aminobutyric acid(GABA) C4Hy9NO, 104.0706 + 0.0018 3.18
18 HMDB0010384 Lysopc(18:0) CyHssNO,P 524.3711 + 0.0018 3.05
19 HMDB0038039 Isovaleric acid amine CsH13NO, 120.1019 + 0.0025 2.16
20 HMDB0060348 2-Maleylacetate CgHgOs5 159.0288 + 0.0028 2.58
21 HMDB0000064 Creatine C4HgN30, 132.0768 + 0.0029 231
22 HMDB0005065 Oleoyl carnitine Cy5Hy7NOy 426.3578 + 0.0041 1.59
23 HMDB0001565 Phosphorylcholine Cs5Hi5NO4P 184.0739 + 0.0105 2.96
24 HMDB0010382 Lysopc(16:0) Cp4H50NO,P 496.3398 + 0.0110 8.87
25 HMDB0000097 Choline CsH14NO 104.1075 + 0.0211 245
26 HMDB0008067 Pc(18:1(11z) /16:0) CypHg,NOgP 760.5851 + 0.0228 4.07
27 HMDB0008003 Pc(16:1(9z)/18:0) CupHg,NOgP 760.5851 + 0.0329 2.56
28 HMDB0007911 Pc(14:1(92) /20:0) CupHg,NOgP 760.5851 + 0.0405 429
29 HMDB0007879 Pc(14:0/20:1(11z)) CyoHgNOGP 760.5851 + 0.0465 3.05
30 HMDB0001406 Niacinamide CgHgN,O 123.0553 + <0.001 4.29
31 HMDB0001311 D-lactic acid C3HgO3 89.0244 - 0.0981 3.86
32 HMDB0000805 Pyrrolidonecarboxylic acid CsH;NO3 128.0353 — 0.0529 2.43
33 HMDB0035291 Isoplumbagin C11Hs03 187.0401 - 0.0103 3.62
34 HMDB0014118 Trifluoroacetic acid C,HF30, 112.9856 - 0.0327 1.82
35 HMDB0000700 Hydroxypropionic acid C3HeO3 89.0244 - 0.0368 0.62

2.7. Metabolic Pathway Analysis

Pathway analysis of the discriminating metabolites was performed with MetaboAnalyst 4.0, a
web-based tool for pathway analysis and visualization of metabolomics [38]. As shown in Figure 7,
biological pathway analysis revealed that the identified metabolites important for epilepsy are
mainly responsible for the following metabolism pathways: (A) glycerophospholipid metabolism;
(B) nicotinate and nicotinamide metabolism; (C) alanine, aspartate and glutamate metabolism; and
(D) pyruvate metabolism. The trends of the metabolites associated with the above four pathways are
shown in Figure 8.
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Figure 7. Summary of pathway analysis with MetPA. (A) glycerophospholipid metabolism;
(B) nicotinate and nicotinamide metabolism; (C) alanine, aspartate and glutamate metabolism;
(D) pyruvate metabolism.
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Figure 8. Boxplot of the metabolites associated with the four pathways in Figure 7.

The variation of phosphorylcholine, choline, acetylcholine, phosphatidylcholine (PC) and
lysophosphatidylcholine (LysoPC) in the cortex could potentially indicate that the glycerophospholipid
metabolism was disrupted and played a major role in seizures. Increased choline may reflect myelin
breakdown, increased cell density, or gliosis, which may indicate Alzheimer’s disease or epilepsy.
Phosphatidylcholine is the main component of the cell membrane and usually exists on the surface of
the ectoplasmic membrane. Excitotoxic events enhance the hydrolysis of phosphatidylcholine in the
brain, which was evidenced caused by a concomitant increase in the levels of choline and free fatty
acids [39].

The variation of gamma-aminobutyric acid (GABA) in the cortex could potentially reflect that
the metabolism of alanine, aspartate and glutamate is disrupted, which plays a major role in seizures.
GABA, a key inhibitory neurotransmitter, is synthesized through the decarboxylation of glutamate
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via alanine, aspartate and glutamate metabolism [1]. Studies have shown that epileptic-related brain
damage is caused by the release of excitatory amino acid neurotransmitters from over-discharged
presynaptic terminals that eventually reach neurotoxic concentrations [40]. Evidence indicated that
there are certain regions of the brain where enhanced GABA transmission is anticonvulsant [41].
The GABA level in the cortex was lower in the epileptic group than those in the healthy group which
supported the literature [1,42]. After the amber intervention, the level of GABA rebounded and
approached the control group.

3. Materials and Methods

3.1. Materials and Extract Preparation

Acetonitrile, methanol, alcohol, acetone and formic acid (HPLC grade) were purchased from
Merck Company Inc. (Darmstadt, Germany); HPLC grade water was produced by a Direct-Q3
Ultrapure Water System from Millipore (Hertfordshire, UK). Other reagents and chemicals were of
analytical grade.

Amber samples were purchased from Shaanxi Science Pharmaceutical Co., Ltd. They were
identified by Dr. Hui Yan (Department of Medicinal Plants, Nanjing University of Chinese Medicine,
Nanjing, China). Pentylenetetrazol (PTZ), Phenobarbital (PB), and sodium chloride injections were
from Macklin (Shanghai, China), Shanxi Yunpeng Pharmaceutical Co., Ltd. (Linfen, China), and
Chenxin Pharmaceutical Co. Ltd (Qidong, China), respectively.

3.2. In Vivo Experiments Protocol

Specific Pathogen-Free (SPF) male ICR mice were purchased from the Experimental Animal
Center of Qinglongshan (Nanjing, China, license number: 2018-0001). All the mice were kept in the
Specific Pathogen Free Center of Nanjing University of Chinese Medicine, Nanjing, China. All animal
studies were in accordance with the guidelines of the Animal Ethics Committee of Nanjing University
of Chinese Medicine (201810A016).

After an initial acclimation period of 7 days in cages, 40 mice were randomly allocated into 4
groups: Control, model (oral administration of water for 14 days followed by intraperitoneal injection
of PTZ at the dose of 60 mg/kg), PB (PTZ + phenobarbital, abdominal injection with phenobarbital
at a dose of 40 mg/kg followed by an intraperitoneal injection of PTZ at the dose of 60 mg/kg with
30 min interval), and amber (oral administration of amber for 14 days at the dose of 0.9 g/kg followed
by an intraperitoneal injection of PTZ at the dose of 60 mg/kg).

After the intraperitoneal injection of pentylenetetrazole, observation of the seizures lasted for 30
min, and the severity, latency and duration of seizures were recorded. The degree of epileptic behavior
was divided into 6 grades according to the Racine standard of neurology: Level 0, no response; Level I,
ear and facial twitch; Level II, myoclonus, but no upright position; Level III, myoclonus, with axial
position; Level IV, systemic tonic-clonic seizure; and Level V, systemic tonic-clonic seizure and loss of
postural control [43].

The mice were sacrificed after the observation. Three brains of each group were taken and
immersed in 4% paraformaldehyde, and paraffin sections of coronal plane were used for Nissl staining.
The rest of the brain was divided into cortex and hippocampus, and kept in liquid nitrogen.

After thawing in the fridge at 4 °C, 40 mg of the cortex sample was precisely weighed and used for
the following process: 160 uL of extract solution, vortexed for 1 min, sonicated for 5 min in an ice bath,
centrifuged for 10 min under 13,000 rpm at 4 °C, and then 100 pL of supernatant was collected and
concentrated to dry. The extract was then reconstituted with 40 uL of mobile phase, vortexed for 1 min,
sonicated for 5 min in ice bath and centrifuged for 10 min under 13,000 rpm at 4 °C. The supernatant
was then finally collected for analysis. Quality control (QC) samples were prepared by pooling aliquots
(2 uL) of each sample.
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3.3. UHPLC-LTQ-Orbitrap MS Analyses

An LTQ-Orbitrap Velos pro-mass spectrometer (Thermo Scientific) equipped with an ESI source
was set to collect data from m/z 100 to 1000 in profile mode. External calibration was carried out with a
standard LTQ calibration mixture (Thermo Scientific, Waltham, MA, USA). The following settings were
used for MS detection: vaporizer temperature, 280 °C; sheath and auxiliary gases, 35 and 15 (arbitrary
units); spray voltage, 3.5 kV(ESI*), 2.5 kV(ESI™); capillary temperature, 350 °C; capillary voltage, 10 V;
tube-lens voltage, 120 V; maximum injection time, 1000 ms; maximum number of ions collected for
each scan, 5 x 10°; mass resolution, 30,000; MS/MS mode, high-energy induced dissociation (HCD);
Collision gas, Nj.

For LC separation, UHPLC Dionex Ultimate 3000 (Thermo Scientific, San Jose, CA, USA) and
an ACQUITYTM UPLC BEH Amide column (1.7 pm, 2.1 mm X 100 mm) were used. Water and
acetonitrile modified with 5 mM ammonium formate, 5 mM ammonium acetate, and 0.1% formic
acid were used as mobile phase A and B, respectively. The column was eluted with a program as
follows: The percentage of B was decreased from 95% to 55% at the first 13 min, and then held for 2
min. The flow rate and injection volume were set at 0.4 mL/min and 2 uL, respectively.

3.4. Data Analysis

The experimental data were analyzed by R and Compound Discoverer 2.1 software (Thermo Fisher
Scientific, Waltham, MA, USA), including peak extraction, peak alignment, background deduction
and compound identification. After removing exogenous component interference, the extracted ion
fragment peak area was normalized by SIMCA 14.1 software (Umetrics AB, Umea, Sweden), and
multivariate statistical analysis was conducted after standardization. The mean-centering method
and pareto-scaling method were used to transform the data, and the importance of low-abundance
ions was increased, while the noise was not obviously amplified. Principal component analysis (PCA)
and orthogonal partial least squares discriminant analysis (OPLS-DA) were used for classification.
The s-plot was generated to discover the significant components between groups as potential markers.

The potential endogenous biomarkers were identified based on accurate molecular mass, MS/MS
fragments, and retention behavior by searching online databases. The potential markers were identified
within 5 ppm. Moreover, the MS/MS spectrum match was searched in the METLIN database. In this
study, the Compound Discoverer (Thermo Fisher Scientific, Inc., Waltham, MA, USA) was used to
search KEGG, HMDB and LIPID MAPS database. Metabolism pathway analysis was performed with
MetaboAnalyst 4.0 (McGill University, Montreal, QC, Canada), a web-based tool for pathway analysis
and visualization metabolomics.

4. Conclusions

Metabolomics, as a systematic method, could systematically identify, quantify or reveal the
metabolites of diseases, provide a basis for the diagnosis, biomarkers and/or monitoring tools of
diseases, and provide potential targets for the treatment and prevention of diseases. In this study,
the metabolic changes and potential biomarkers of epileptic models were studied by using the
metabolomics method of LC-MS technology and metabolic network analysis. After intervention of
amber, the incubation period was significantly prolonged, and the level of seizures was reduced as well.
The damage to the cortex and hippocampal neuron cells was reversed, the fluctuating composition
metabolites had a marked tendency to revert back to the control group which was consistent with
phenobarbital. This study characterized the PTZ-induced epileptic model and provided new evidences
for amber sedative effect. Our work enhanced not only the understanding of the pathology of epilepsy,
but also revealed that amber could effectively inhibit seizures with a similar mechanism to that
of phenobarbital.



Molecules 2019, 24, 460 10 of 12

Author Contributions: ].D. together with D.Q. and Y.Z. supervised the whole work, provided the research ideas
and helped in experimental design. Z.Z. and C.C. performed the experiments. Z.Z., H.Y., and E.S. carried out the
data analyses and manuscript preparation. M.Z., Y.Z., S.G., Z.T., and ].G. helped with manuscript revision.

Funding: This work was supported by the National Natural Science Foundation of China (No. 81773837), and the
China Agriculture Research System (CARS-21).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Wei, C;Li, Y,; Yao, H; Liu, H.; Zhang, X.; Guo, R. A metabonomics study of epilepsy in patients using gas
chromatography coupled with mass spectrometry. Mol. Biosyst. 2012, 8, 2197-2204. [CrossRef] [PubMed]

2. Carpay, J.A,; Ferrari, M.D. The adverse effects of antiepileptic drugs differ in patients with migraine. Lancet
Neurol. 2012, 11, 935. [CrossRef]

3. Wolf, P. Acute drug administration in epilepsy: A review. CNS Neurosci. Ther. 2011, 17, 442—448. [CrossRef]
[PubMed]

4. Tomson, T.; Battino, D.; Bonizzoni, E.; Craig, J.; Lindhout, D.; Sabers, A.; Perucca, E.; Vajda, F. Dose-dependent
risk of malformations with antiepileptic drugs: An analysis of data from the EURAP epilepsy and pregnancy
registry. Lancet Neurol. 2011, 10, 609-617. [CrossRef]

5. Chen, B,; Choi, H.; Hirsch, L].; Katz, A.; Legge, A.; Buchsbaum, R.; Detyniecki, K. Psychiatric and behavioral
side effects of antiepileptic drugs in adults with epilepsy. Epilepsy Behav. 2017, 76, 24-31. [CrossRef]
[PubMed]

6.  Gaitatzis, A.; Sander, ].W. The long-term safety of antiepileptic drugs. CNS Drugs 2013, 27, 435-455.
[CrossRef] [PubMed]

7. Sada, N, Lee, S.; Katsu, T.; Otsuki, T.; Inoue, T. Epilepsy treatment. Targeting LDH enzymes with a stiripentol
analog to treat epilepsy. Science 2015, 347, 1362-1367. [CrossRef]

8. Malkki, H. Epilepsy-burning questions and emerging therapies. Nat. Rev. Neurol. 2014, 10, 243. [CrossRef]

9. Wu, L.; Liu, S.; Wu, D.; Yu, B.; Wang, Y.; Wang, R.; Yang, J. Intervention Study of Mineral Chinese Medicine
Chloriti Lapis in PTZ-kindled Epileptic Rat. ]. Chinese Med. Mater. 2016, 39, 155-159.

10. Zhang, X. Observation on treating insomnia following orthopedics surgery with the Hu'po. Anshen Decoct.
2015, 7, 114-115. (In Chinese)

11.  Sun, X. Clinical observation of hupodingxian capsule in treatment of epilepsy in 94 cases. Xinjiang J. Trad.
Chinese Med. 2007, 25, 39-40. (In Chinese)

12. Zou, S. 57 cases of primary epilepsy treated by DianXianMi Pill. Jilin J. Chinese Med. 1993, 1, 21. (In Chinese)

13. Lambert, ].B.; Poinar, G.O. Amber: The organic gemstone. Accounts Chem. Res. 2002, 35, 628-636. [CrossRef]

14. Nohra, Y.A.; Perrichot, V.; Jeanneau, L.; Le Polles, L.; Azar, D. Chemical Characterization and Botanical
Origin of French Ambers. J. Nat. Prod. 2015, 78, 1284-1293. [CrossRef] [PubMed]

15.  Yamamoto, S.; Otto, A.; Krumbiegel, G.; Simoneit, B. The natural product biomarkers in succinite, glessite
and stantienite ambers from Bitterfeld, Germany. Rev. Palaeobot. Palyno. 2006, 140, 27—49. [CrossRef]

16. Anderson, K.B.; Winans, R.E.; Botto, R.E. The nature and fate of natural resins in the geosphere—II.
Identification, classification and nomenclature of resinites. Org. Geochem. 1992, 18, 829-841. [CrossRef]

17.  Uchida, T.; Koshino, H.; Takahashi, S.; Shimizu, E.; Takahashi, H.; Yoshida, J.; Shinden, H.; Tsujimura, M.;
Kofujita, H.; Uesugi, S.; et al. Ca2+—Signa1 Transduction Inhibitors, Kujiol A and Kujigamberol B, Isolated
from Kuji Amber Using a Mutant Yeast. ]. Nat. Prod. 2018, 81, 1070-1074. [CrossRef] [PubMed]

18. Abe, T.; Kobayashi, M.; Okawa, Y.; Inui, T.; Yoshida, J.; Higashio, H.; Shinden, H.; Uesugi, S.;
Koshino, H.; Kimura, K. Yeast Ca?*-signal transduction inhibitors isolated from Dominican amber prevent
the degranulation of RBL-2H3 cells through the inhibition of Ca?*-influx. Fitoterapia 2016, 113, 188-194.
[CrossRef] [PubMed]

19. Funaba, M,; Ikeda, T.; Abe, M. Degranulation in RBL-2H3 cells: Regulation by calmodulin pathway. Cell Biol.
Int. 2003, 27, 879-885. [CrossRef]

20. Maruyama, M.; Kobayashi, M.; Uchida, T.; Shimizu, E.; Higashio, H.; Ohno, M.; Uesugi, S.; Kimura, K.
Anti-allergy activities of Kuji amber extract and kujigamberol. Fitoterapia 2018, 127, 263-270. [CrossRef]
[PubMed]


http://dx.doi.org/10.1039/c2mb25105a
http://www.ncbi.nlm.nih.gov/pubmed/22706165
http://dx.doi.org/10.1016/S1474-4422(12)70247-8
http://dx.doi.org/10.1111/j.1755-5949.2010.00167.x
http://www.ncbi.nlm.nih.gov/pubmed/21951369
http://dx.doi.org/10.1016/S1474-4422(11)70107-7
http://dx.doi.org/10.1016/j.yebeh.2017.08.039
http://www.ncbi.nlm.nih.gov/pubmed/28931473
http://dx.doi.org/10.1007/s40263-013-0063-0
http://www.ncbi.nlm.nih.gov/pubmed/23673774
http://dx.doi.org/10.1126/science.aaa1299
http://dx.doi.org/10.1038/nrneurol.2014.63
http://dx.doi.org/10.1021/ar0001970
http://dx.doi.org/10.1021/acs.jnatprod.5b00093
http://www.ncbi.nlm.nih.gov/pubmed/26070107
http://dx.doi.org/10.1016/j.revpalbo.2006.02.002
http://dx.doi.org/10.1016/0146-6380(92)90051-X
http://dx.doi.org/10.1021/acs.jnatprod.7b00922
http://www.ncbi.nlm.nih.gov/pubmed/29461846
http://dx.doi.org/10.1016/j.fitote.2016.07.018
http://www.ncbi.nlm.nih.gov/pubmed/27491756
http://dx.doi.org/10.1016/S1065-6995(03)00177-X
http://dx.doi.org/10.1016/j.fitote.2018.02.033
http://www.ncbi.nlm.nih.gov/pubmed/29518474

Molecules 2019, 24, 460 11 of 12

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Spagou, K.; Wilson, 1.D.; Masson, P.; Theodoridis, G.; Raikos, N.; Coen, M.; Holmes, E.; Lindon, J.C.;
Plumb, R.S.; Nicholson, J.K.; et al. HILIC-UPLC-MS for exploratory urinary metabolic profiling in
toxicological studies. Anal. Chem. 2011, 83, 382-390. [CrossRef] [PubMed]

Beckonert, O.; Keun, H.C.; Ebbels, T.M.; Bundy, J.; Holmes, E.; Lindon, J.C.; Nicholson, ].K. Metabolic
profiling, metabolomic and metabonomic procedures for NMR spectroscopy of urine, plasma, serum and
tissue extracts. Nat. Protoc. 2007, 2, 2692-2703. [CrossRef] [PubMed]

Cruz, T.; Gleizes, M.; Balayssac, S.; Mornet, E.; Marsal, G.; Millan, ].L.; Malet-Martino, M.; Nowak, L.G.;
Gilard, V.; Fonta, C. Identification of altered brain metabolites associated with TNAP activity in a mouse
model of hypophosphatasia using untargeted NMR-based metabolomics analysis. . Neurochem. 2017, 140,
919-940. [CrossRef] [PubMed]

Want, E.J.; O'Maille, G.; Smith, C.A.; Brandon, T.R.; Uritboonthai, W.; Qin, C.; Trauger, S.A.; Siuzdak, G.
Solvent-dependent metabolite distribution, clustering, and protein extraction for serum profiling with mass
spectrometry. Anal. Chem. 2006, 78, 743-752. [CrossRef] [PubMed]

Want, E.J.; Wilson, 1.D.; Gika, H.; Theodoridis, G.; Plumb, R.S.; Shockcor, J.; Holmes, E.; Nicholson, J.K.
Global metabolic profiling procedures for urine using UPLC-MS. Nat. Protoc. 2010, 5, 1005-1018. [CrossRef]
[PubMed]

Pang, Z.; Wang, G.; Ran, N.; Lin, H; Wang, Z.; Guan, X;; Yuan, Y.; Fang, K, Liu, J;, Wang, F.
Inhibitory Effect of Methotrexate on Rheumatoid Arthritis Inflammation and Comprehensive Metabolomics
Analysis Using Ultra-Performance Liquid Chromatography-Quadrupole Time of Flight-Mass Spectrometry
(UPLC-Q/TOF-MS). Int. ]. Mol. Sci. 2018, 19, 2894. [CrossRef] [PubMed]

Dunn, W.B.; Broadhurst, D.; Begley, P.; Zelena, E.; Francis-McIntyre, S.; Anderson, N.; Brown, M.;
Knowles, J.D.; Halsall, A.; Haselden, ].N.; et al. Procedures for large-scale metabolic profiling of serum and
plasma using gas chromatography and liquid chromatography coupled to mass spectrometry. Nat. Protoc.
2011, 6, 1060-1083. [CrossRef] [PubMed]

Li, S; Lin, H,; Qu, C.; Tang, Y.; Shen, J.; Li, W.; Yue, S.; Kai, J.; Shang, G.; Zhu, Z; et al. Urine and plasma
metabonomics coupled with UHPLC-QTOF/MS and multivariate data analysis on potential biomarkers
in anemia and hematinic effects of herb pair Gui-Hong. J. Ethnopharmacol. 2015, 170, 175-183. [CrossRef]
[PubMed]

Razali, M.; Zainal, Z.A.; Maulidiani, M.; Shaari, K.; Zamri, Z.; Mohd, I.M.; Khatib, A.; Abas, F; Ling, Y.S;
Rui, L.L.; et al. Classification of Raw Stingless Bee Honeys by Bee Species Origins Using the NMR- and
LC-MS-Based Metabolomics Approach. Molecules 2018, 23, 2160. [CrossRef] [PubMed]

Wei, X.; Shi, B.; Koo, L; Yin, X.; Lorkiewicz, P; Suhail, H.; Rattan, R.; Giri, S.; McClain, C.J.; Zhang, X.
Analysis of stable isotope assisted metabolomics data acquired by GC-MS. Anal. Chim. Acta 2017, 980, 25-32.
[CrossRef] [PubMed]

Murugesu, S.; Ibrahim, Z.; Ahmed, Q.U.; Nik, Y.N.; Uzir, B.E; Perumal, V.; Abas, E; Saari, K.; El-Seedi, H.;
Khatib, A. Characterization of alpha-Glucosidase Inhibitors from Clinacanthus nutans Lindau Leaves by Gas
Chromatography-Mass Spectrometry-Based Metabolomics and Molecular Docking Simulation. Molecules
2018, 23, 2402. [CrossRef] [PubMed]

Kuehnbaum, N.L.; Britz-McKibbin, P. New advances in separation science for metabolomics: Resolving
chemical diversity in a post-genomic era. Chem. Rev. 2013, 113, 2437-2468. [CrossRef]

Littjohann, A.; Fabene, PE; van Luijtelaar, G. A revised Racine’s scale for PTZ-induced seizures in rats.
Physiol. Behav. 2009, 98, 579-586. [CrossRef] [PubMed]

D’Ambrosio, R.; Miller, ].W. What is an epileptic seizure? Unifying definitions in clinical practice and animal
research to develop novel treatments. Epilepsy Curr. 2010, 10, 61-66. [CrossRef] [PubMed]

Zhang, R.; Zhang, T.; Ali, A.M.; Al, WM,; Pickard, B.; Watson, D.G. Metabolomic Profiling of Post-Mortem
Brain Reveals Changes in Amino Acid and Glucose Metabolism in Mental Illness Compared with Controls.
Comput. Struct. Biotechnol. J. 2016, 14, 106-116. [CrossRef] [PubMed]

Triba, M.N.; Le Moyec, L.; Amathieu, R.; Goossens, C.; Bouchemal, N.; Nahon, P; Rutledge, D.N.;
Savarin, P. PLS/OPLS models in metabolomics: The impact of permutation of dataset rows on the K-fold
cross-validation quality parameters. Mol. Biosyst. 2015, 11, 13-19. [CrossRef] [PubMed]

Wu, X,; Huang, Y.; Sun, J.; Wen, Y.; Qin, E; Zhao, L.; Xiong, Z. A HILIC-UHPLC-MS/MS untargeted urinary
metabonomics combined with quantitative analysis of five polar biomarkers on osteoporosis rats after oral
administration of Gushudan. J. Chromatogr. B 2018, 1072, 40—49. [CrossRef]


http://dx.doi.org/10.1021/ac102523q
http://www.ncbi.nlm.nih.gov/pubmed/21142126
http://dx.doi.org/10.1038/nprot.2007.376
http://www.ncbi.nlm.nih.gov/pubmed/18007604
http://dx.doi.org/10.1111/jnc.13950
http://www.ncbi.nlm.nih.gov/pubmed/28072448
http://dx.doi.org/10.1021/ac051312t
http://www.ncbi.nlm.nih.gov/pubmed/16448047
http://dx.doi.org/10.1038/nprot.2010.50
http://www.ncbi.nlm.nih.gov/pubmed/20448546
http://dx.doi.org/10.3390/ijms19102894
http://www.ncbi.nlm.nih.gov/pubmed/30249062
http://dx.doi.org/10.1038/nprot.2011.335
http://www.ncbi.nlm.nih.gov/pubmed/21720319
http://dx.doi.org/10.1016/j.jep.2015.05.019
http://www.ncbi.nlm.nih.gov/pubmed/25985767
http://dx.doi.org/10.3390/molecules23092160
http://www.ncbi.nlm.nih.gov/pubmed/30154302
http://dx.doi.org/10.1016/j.aca.2017.05.002
http://www.ncbi.nlm.nih.gov/pubmed/28622800
http://dx.doi.org/10.3390/molecules23092402
http://www.ncbi.nlm.nih.gov/pubmed/30235889
http://dx.doi.org/10.1021/cr300484s
http://dx.doi.org/10.1016/j.physbeh.2009.09.005
http://www.ncbi.nlm.nih.gov/pubmed/19772866
http://dx.doi.org/10.1111/j.1535-7511.2010.01358.x
http://www.ncbi.nlm.nih.gov/pubmed/20502593
http://dx.doi.org/10.1016/j.csbj.2016.02.003
http://www.ncbi.nlm.nih.gov/pubmed/27076878
http://dx.doi.org/10.1039/C4MB00414K
http://www.ncbi.nlm.nih.gov/pubmed/25382277
http://dx.doi.org/10.1016/j.jchromb.2017.10.005

Molecules 2019, 24, 460 12 of 12

38.

39.

40.

41.

42.

43.

Chong, J.; Soufan, O.; Li, C.; Caraus, L; Li, S.; Bourque, G.; Wishart, D.S.; Xia, J. MetaboAnalyst 4.0: Towards
more transparent and integrative metabolomics analysis. Nucleic Acids Res. 2018, 46, W486-W494. [CrossRef]
Flynn, C.J.; Wecker, L. Concomitant increases in the levels of choline and free fatty acids in rat brain: Evidence
supporting the seizure-induced hydrolysis of phosphatidylcholine. ]. Neurochem. 1987, 48, 1178-1184.
[CrossRef]

Sloviter, R.S.; Dempster, D.W. “Epileptic” brain damage is replicated qualitatively in the rat hippocampus by
central injection of glutamate or aspartate but not by GABA or acetylcholine. Brain Res. Bull. 1985, 15, 39-60.
[CrossRef]

Gale, K. GABA and epilepsy: Basic concepts from preclinical research. Epilepsia 1992, 33 (Suppl. 5), S3-512.
Carmody, S.; Brennan, L. Effects of pentylenetetrazole-induced seizures on metabolomic profiles of rat brain.
Neurochem. Int. 2010, 56, 340-344. [CrossRef] [PubMed]

Rankin-Gee, E.K.; McRae, P.A.; Baranov, E.; Rogers, S.; Wandrey, L.; Porter, B.E. Perineuronal net degradation
in epilepsy. Epilepsia 2015, 56, 1124-1133. [CrossRef] [PubMed]

Sample Availability: Amber samples are available from the authors.

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1093/nar/gky310
http://dx.doi.org/10.1111/j.1471-4159.1987.tb05644.x
http://dx.doi.org/10.1016/0361-9230(85)90059-0
http://dx.doi.org/10.1016/j.neuint.2009.11.004
http://www.ncbi.nlm.nih.gov/pubmed/19913064
http://dx.doi.org/10.1111/epi.13026
http://www.ncbi.nlm.nih.gov/pubmed/26032766
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Behavioral Analysis 
	Brain Tissue Nissl Staining 
	Analysis of Metabolite Profiling 
	Multivariate Data Analysis 
	Comparison of Model Against Control Using OPLS-DA 
	Screening and Identification of Metabolic Differences 
	Metabolic Pathway Analysis 

	Materials and Methods 
	Materials and Extract Preparation 
	In Vivo Experiments Protocol 
	UHPLC–LTQ–Orbitrap MS Analyses 
	Data Analysis 

	Conclusions 
	References

