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Purpose: Sodium valproate (VPA) is the most widely used broad-spectrum antiepileptic first-line drug in clinical practice and is
effective against various types of epilepsy. However, VPA can induce severe cardiotoxicity, nephrotoxicity, hepatotoxicity, and
neurotoxicity, which limits its use. Metabolomic studies of VPA-induced toxicity have focused primarily on changes in serum and
urine metabolites but have not evaluated changes in major organs or tissues.

Methods: Central target tissues (intestine, lung, liver, hippocampus, cerebral cortex, inner ear, spleen, kidney, heart, and serum) were
analyzed using gas chromatography mass spectrometry to comprehensively evaluate VPA toxicity in mouse models.

Results: Multivariate analyses, including orthogonal projections of the latent structure and Student’s ¢ test, indicated that depending
on the matrix used in the study (the intestine, lung, liver, hippocampus, cerebral cortex, inner ear, spleen, kidney, heart or serum) the
number of metabolites differed, the lung being the poorest and the kidney the richest in number.

Conclusion: These metabolites were closely related and were found to participate in 12 key pathways related to amino acid, fatty
acid, and energy metabolism, revealing that the toxic mechanism of VPA may involve oxidative stress, inflammation, amino acid
metabolism, lipid metabolism, and energy disorder.

Keywords: sodium valproate, biomarker, gas chromatography mass spectrometry, metabolomics, toxicity mechanism

Introduction
Sodium valproate (VPA) is an eight-carbon molecule with the backbone of pentanoic acid and a propyl group attached to
the second carbon." VPA is the most widely used antiepileptic due to its efficacy against a broad spectrum of epileptic
disorders, rapid onset, and good disease control with the administration of a single drug.> Furthermore, VPA is widely used to
treat various types of minor seizures, myoclonic seizures, epilepsy, localized epilepsy, large seizures, and mixed seizures. It is
also often used to treat migraines, chronic headaches, bipolar disorder, schizophrenia, and personality disorders.® The use of
VPA is limited because it can induce neurotoxicity,® reproductive toxicity,”® genetic toxicity,” and teratogenicity.®
Furthermore, VPA can also inhibit cell growth through cell cycle arrest, inhibition of proliferation, and increased apoptosis.’
Studies have shown that VPA can cause damage to the liver,'®'* kidney,'? heart,'* and brain.*'> However, reports of
VPA damage to other organs are rare, and the specific mechanism of VPA-induced organ toxicity has not been
characterized. Therefore, the purpose and significance of this experiment is to comprehensively evaluate the toxic effect
of VPA by studying the levels of metabolites in the intestine, lung, liver, hippocampus, cerebral cortex, inner ear, spleen,
kidney, heart, and serum, and to preliminarily study the specific mechanism of organ toxicity induced by VPA.
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Metabolomics is an emerging technique in the field of systems biology. Advances in analytical technology and
bioinformatics have allowed widespread use of metabolomics in clinical and biomedical research.'® Currently, the most
widely used metabolomics analysis methods mainly involved nuclear magnetic resonance spectroscopy (NMRS), mass
spectrometry (MS), liquid chromatography mass spectrometry (LC-MS), gas chromatography mass spectrometry
(GC-MS), and capillary electrophoresis-mass spectrometry (CE-MS),'” At present, various technologies have been
widely used in medical and other related research fields. GC-MS technology has the advantages of high separation
efficiency, high sensitivity, low cost, and accurate quantitative analysis of the results. Therefore, this method is widely
used in metabolomics. Its main purpose is to define toxicology and biomarkers, and to diagnose and classify diseases.'®
In this study, GC-MS was used to detect changes in levels of metabolites in various tissues and organs. Principal
component analysis (PCA) and orthogonal partial least squares discriminant analysis (OPLS-DA) were used to analyze
differences between VPA-treated and control groups.

Several studies have used GC-MS to study VPA-induced toxicity, but these studies have focused primarily on serum'’
and urine'® metabolites to analyze systemic effects. Only one study used GC-MS to perform a metabolomics study to
predict VPA-induced hepatotoxicity.” No studies have performed a comprehensive and systematic metabolomics
analysis of major tissues and organs. Our study was the first comprehensive metabolomics study to characterize the
effects of VPA on different tissues and organs, including the intestines, lung, liver, hippocampus, brain, inner ear, spleen,
kidney, heart, and serum. This study will provide novel insights into the metabolic pathogenesis of VPA-induced toxicity.

Materials and Methods

Chemicals and Reagents

VPA (purity>98%) was obtained from Shanghai Macklin Biochemical (Shanghai, China). Heptadecanoic acid (pur-
ity>98%) was obtained from Shanghai Macklin Biochemical (Shanghai, China) and was used as an internal standard (IS).
O-methylhydroxylamine hydrochloride (purity>98%) was obtained from J&K Scientific Ltd. (Beijing, China). N,
O-bis(trimethylsilyl)trifluoroacetamide with trimethylchlorosilane (99% BSTFA + 1% TMCS) (v/v) was obtained from
Sigma Aldrich. Methanol (chromatographic grade) and pyridine were purchased from Shanghai Macklin Biochemical
(Shanghai, China). Water was purchased from Hangzhou Wahaha Company (Hangzhou, China).

Animal Treatment

A total of 18 male six-week-old KM mice (males, 40 g) were provided by Jining Medical College. The mice were
allowed to habituate and were given food and water ad libitum for one week before the initiation of the experiments.
Mice were randomly divided into the VPA group (n=9) and the control group (n=9). The VPA group was administrated
with the same dose of VPA. The VPA group was injected intraperitoneally with 300 mg/kg, 3 times a day for 7
consecutive days. The control group was injected with the same volume of normal saline. The VPA dose was selected
based on a review of the literature.”' 2* This study was performed in accordance with the animal welfare guidelines laid
down in China (Laboratory Animal Guidelines for Ethical Review of Animal Welfare, GB/T 35892-2018) and approved
by the Ethics Committee of the Affiliated Hospital of Jining Medical University (Approval Number: 2022B001).

Solution Preparation

Internal Standard Preparation

One milligram of heptadecanoic acid dried to constant weight was accurately weighed and placed into a 10 mL
volumetric flask. A 10-mL volume of methanol was added and the flask was shaken to obtain a 100 ug/mL heptadecanoic
acid IS solution to be used with the serum samples. Similarly, 10 mg of heptadecanoic acid was placed in a 10 mL
volumetric flask and 10 mL of methanol was added before shaking to obtain a 1 mg/mL heptadecanoic acid IS solution to
be used with tissue homogenates.

Methoxypyridine Preparation
A total of 75 mg of methoxyamine hydrochloride was weighed and placed in a 5-mL volumetric flask. The volume was
then adjusted with pyridine to 5 mL and shaken to obtain the 15 mg/mL methoxyamine pyridine solution.
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Sample Collection and Preparation

Sample Collection

Eighteen mice were anesthetized by intraperitoneal injection with 10% chloral hydrate. Before the mice were euthanized,
the eyeballs of each mouse were removed. After anesthesia approximately 2 mL of blood sample was retrieved and
centrifuged at 5,000 rpm for 15 minutes to obtain serum. Each mouse was immediately dissected on ice to obtain the
intestine, lung, liver, hippocampus, cerebral cortex, inner ear, spleen, kidney, and heart. All samples were washed with
phosphate buffered saline (pH 7.2), then frozen at —80°C until use.

Preparation of Quality Control Samples

Serum samples stored at —80°C were thawed at room temperature and 100 uL of serum was obtained from each (18x100 uL)
and placed in a centrifuge tube and then 350 pL of IS was added and the solution was vortexed for 2 min to obtain serum
quality control (QC) samples.

For tissue samples, a 50 mg of sample was added 1 mL of methanol for homogenization® and ground on a grinder for
180 s. The grinding parameters used were 70Hz, 1800 rpm. A 500 pL volume of sample was placed in a 1.5 mL
centrifuge tube, followed by the addition of 50 pL of IS. The solution was vortexed for 2 min to obtain the QC sample for
the tissue, which corresponded to 50 mg of each tissue (9) from each mouse (18x50mg).

Derivatization Treatment

After centrifuging the sample for 15 minutes (14,000 rpm, 4°C), 400 pL of the supernatant was removed and placed in a 15-mL
centrifuge tube, and the methanol in the supernatant was air-dried at 37°C using high-purity nitrogen. After drying the samples,
80 uL of 15 mg/mL solution of methoxyamine pyridine was added and then the samples were vortexed for 2 min, and sealed with
parafilm. The samples were then methoxylated in a 70°C water bath for 1.5 h. Next, the samples were removed and cooled to
room temperature and 100 uL. BSTFA (&, O-bis(trimethylsilyl)trifluoroacetamide) was added (containing 1% TMCS (trimethyl-
chlorosilane)), vortexed for 2 min, then sealed and reacted in a 70°C water bath for 1 h. After vortex mixing, the sample was
centrifuge at 3000 rpm for 2 min at 4°C and the supernatant was subjected to GC-MS analysis. The collection and preparation

methods of samples mentioned above have been described in several studies.”” >°

GC-MS Analysis

Samples were analyzed using a 7890B GC system/7000C triple quadrupole mass spectrometer (Agilent Technologies,
USA) with a QC sample inserted after every nine test samples to assess the stability of the instrument. And all samples
were injected randomly during the test. Samples were separated on an HP-5MS fused-silica capillary column, with
helium as the carrier gas and at a 50:1 split ratio. The front inlet purge flow rate was 3 mL/min, and the gas flow rate was
1 mL/min. The temperatures of the transfer line, the inlet, and the ion source were 250°C, 280°C, and 230°C,
respectively. The GC temperature program was held at 60°C for 4 minutes, then ramped at 8°C/min, and held at
300°C for 5 minutes. The electron beam was set to —70 eV, and the acquisition rate was 20 spectra/sec. MS detection was
carried out by electrospray ionization and the scope of the full-scan mass/charge (m/z) values ranges 50-800.

Collection and Processing of GC-MS Data

GC-MS equipped with Agilent MassHunter Quantitative Analysis software and Unknowns Analysis software was used
to process the GC data. This process enabled deconvolution, alignment, and data reduction to produce a list of m/z and
RT pairs, with the corresponding intensities for all detected peaks from each data file in the dataset. The resulting table
1™ (Microsoft, Redmond, WA, United States), and the stability of the instrument was ensured by
calculating the RSD value (RSD<5%) of the peak area of IS (heptadecanoic acid). The chromatograms of each sample

was exported into Exce

were then integrated and the peak areas were area normalized. In this experimental design, random sampling was adopted
when mice were grouped, and samples were detected.

Drug Design, Development and Therapy 2022:16 heeps: 1917

Dove:


https://www.dovepress.com
https://www.dovepress.com

Gao et al Dove

Qualitative and Quantitative Analysis

Qualitative analysis was used to initially identify the compounds by matching the compound spectra with the Agilent
Fiehn GC/MS Metabolomics RTL library, and then the NIST14.0 standard mass spectrum library was used to compare
and select components with a similarity greater than 80% as metabolite components and other quantitative components.
Quantitative analysis adopted a relative quantitative analysis. Unknowns Analysis software was used in combination with
Agilent MassHunter Quantitative Analysis software (Agilent Technologies, USA) to analyze the QC samples, select
endogenous compounds and export the screening results as a sample library. Using the quantitative analysis function in
the Agilent MassHunter Quantitative Analysis software, the peak areas of various metabolites were integrated by
retention time and location of the metabolites in the sample, and the peak areas were calculated by area normalization.
The metabolites in the serum and different tissues were quantitatively analyzed by the internal standard quantitative
method, and heptadecanoic acid was used as the internal standard. This is one of the most used relative quantitative
methods and is widely used in chromatographic analysis. It has the advantages of convenience and accuracy. Quantitative
values of metabolites in each tissue were tested for normality by Shapiro—Wilks testing using SPSS 19.0 software, and
P>0.05 was considered to be in line with normal distribution.

Multivariate Statistical Analysis

The resulting three-dimensional data set that included the peak index (RT—m/z pairs), sample names (observations), and
normalized peak area percentages was imported into SIMCA-P 14.0 (Umetrics, Ume, Sweden) for statistical analyses.
Unsupervised principal component analysis (PCA) and orthogonal projections to latent structure discriminant analysis
(OPLS-DA) were used to distinguish the VPA-treated and control groups. The validity of the model was verified with
SIMCA-P software by permutation tests (200 permutations). SPSS 19.0 (SPSS Inc, Chicago, IL, USA) was used to
conduct two-tailed Student’s t-tests. Variable importance in projection (VIP) values >1.0 in OPLS-DA and p-values
<0.05 in Student’s t tests were considered statistically significant and were used to select compounds as differential
metabolites.

Metabolic Markers and Analysis of Metabolic Pathways
MetaboAnalyst 5.0 (http://www.metaboanalyst.ca) and KEGG (Kyoto Encyclopedia of Genes and Genomes; http:/www.
kegg.jp) were used for the pathway analysis. Based on the selected specific metabolites, the metabolic pathway analysis

tools were used to identify the differential metabolites and the most significant metabolic pathways involved. The
pathways raw p<0.05 and impact >0 values were considered related to the mechanism of VPA toxicity.

Results

GC-MS Chromatograms of Serum and Tissue Samples
Under optimized GC-MS detection conditions, total ion chromatograms (TICs) of the QC serum and tissue samples
(intestine, lung, liver, hippocampus, brain, inner ear, spleen, kidney, heart) were obtained (Supplementary Figure 1). It

can be seen from the TICs that the number of chromatographic peaks is rich and most metabolites are completely
separated. The internal standard peak was the heptadecanoic acid peak, and the peak time and peak area were stable. All
samples showed strong signals and good reproducibility in retention time.

Multivariate Statistics of the Metabolomics Data

In the OPLS-DA analysis, there were obvious differences between the VPA-treated and control groups. There were 5, 2,
6, 11, 11, 6, 3, 18, 7, and 3 differentially abundant low molecular weight metabolites in the intestine, lung, liver,
hippocampus, cerebral cortex, inner ear, spleen, kidney, heart, and serum, respectively, when two groups were compared
(VIP > 1, p<0.05) (Table 1). The parameters (intestine: R*X=0.887, R*Y=0.947, Q*=0.725; lung: R*X=0.828, R*Y=1,
Q?=0.535; liver: R*X=0.703, R*Y=1, Q?=0.825; hippocampus: R*X=0.621, R*Y=0.999, Q?=0.767; brain: R*X=0.731,
R?*Y=0.998, Q*=0.893; inner ear: R*X=0.509, R?Y=0.909, Q*=0.551; spleen: R*X=0.484, R*Y=0.92, Q?=0.452; kidney:
R*X=0.633, R*Y=0.993, Q?=0.859; heart: R*X=0.443, R?Y=0.997, Q*=0.756; serum: R*X=0.646, R*Y=1, Q*=0.456)
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Table | List of Assigned Statistically Significant Metabolites of the Intestine, Lung, Liver, Hippocampus,
Cerebral Cortex, Inner Ear, Spleen, Kidney, Heart, and Serum with Differential Levels in the VPA and
Control Groups

Metabolites HMDB VIP p-value Fold Change
Intestine
Myo-Inositol HMDB000021 | 2.04567 0.001 3.439350
Lactic Acid HMDB0000190 1.50743 0.005 2.270200
I-Monopalmitin HMDBO0O0I 1564 1.39394 0.012 2.190560
Glycerol monostearate HMDBO001 1535 1.13957 0.015 1.848520
Cholesterol HMDB0000067 1.12911 0.007 1.787470
Lung
Palmitic Acid HMDB0000220 1.37692 0.009 0.741244
Stearic Acid HMDB0000827 1.06184 0.038 0.813081
Liver
Arachidonic Acid HMDB0001043 1.39415 0.003 0.649100
Pyroglutamic Acid HMDB0000267 1.52309 0.024 0.549447
Palmitelaidic Acid HMDBO0012328 1.64957 0.031 1.969660
5-Methyluridine HMDB0000884 1.38951 0.031 0.575014
I-Monopalmitin HMDBO0O0I 1564 2.39767 0.009 0.247789
Glycerol monostearate HMDBO001 1535 1.99694 0.012 0.396780
Hippocampus
L-Alanine HMDB0000161 1.82720 0.001 4.495780
Malic acid HMDB0000744 1.37611 0.004 2.312050
L-Phenylalanine HMDB0000159 1.59417 0.006 3.384310
Lactic Acid HMDB0000190 1.24282 0.009 2.000200
L-Valine HMDB0000883 1.90791 0.019 6.841520
L-Isoleucine HMDB0000172 1.98690 0.038 8.807450
Serine HMDB0062263 2.30428 0.005 23.592700
L-Threonine HMDB0000167 1.90837 0.015 6.223370
L-Aspartic acid HMDB0000191 1.74495 0.024 4.521630
L-5-Oxoproline HMDB0000267 2.05161 0.038 7463970
Anthranilic acid HMDBO0001 123 1.77800 0.012 4.851230
Cerebral Cortex
Glycine HMDB0000123 1.97603 0.004 2.884900
Cysteine HMDB0000574 1.23475 0.015 2.403990
L-Alanine HMDB0000161 1.43995 0.012 3.791640
2-Pyrrolidinone HMDB0002039 1.68006 0.001 3.784290
Serine HMDB0062263 1.37677 0.019 2.922700
L-Threonine HMDB0000167 1.23958 0.030 2.908230
4-Aminobutanoic acid HMDB00001 12 1.59647 0.004 4.374060
L-Glutamic acid HMDB0000148 2.23040 0.000 29.447300
Phosphorylethanolamine HMDB0000224 1.76144 0.001 4.726210
9H-Purin-6-ol HMDB0000157 1.71821 0.009 15.585400
Inosine HMDB0000195 1.00593 0.009 2.485920
Inner Ear
L-Valine HMDB0000883 2.07651 0.044 0.375041
Malic acid HMDB0000744 1.56108 0.046 2.010810
4-Hydroxybutanoic acid HMDB0000549 1.56809 0.009 2.161210
Glyceric acid HMDB0000139 2.17363 0.009 0.306473
Serine HMDB0062263 2.06863 0.038 0.365673
(Continued)
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Table | (Continued).

Metabolites HMDB VIP p-value Fold Change
Arachidonic acid HMDB0001043 2.03148 0.001 2.053410
Spleen

1-Monopalmitin HMDBOOI 1564 1.76956 0.012 0.386543
Glycerol monostearate HMDBOO01 1535 1.76381 0.005 0.475034
4-Aminobutanoic acid HMDB00001 12 2.15469 0.038 0.407860
Kidney

4-Aminobutanoic acid HMDB00001 12 1.08918 0.048 2.938670
Arachidonic acid HMDB0001043 1.37586 0.000 2.639280
Doconexent HMDB0002183 1.41469 0.000 2.905990
L-Alanine HMDB0000161 1.77298 0.007 396.480000
L-Isoleucine HMDB0000172 1.62704 0.015 14.185800
L-Proline HMDB0000162 1.75734 0.031 220.874000
Uracil HMDB0000300 1.75743 0.009 16.248300
L-Threonine HMDB0000167 1.76312 0.001 136.765000
L-Aspartic acid HMDB0000191 2.14945 0.004 6.702470
Niacinamide HMDB0001406 1.76298 0.012 36.932100
L-Methionine HMDB0000696 1.67178 0.009 27.566200
L-5-Oxoproline HMDB0000267 1.87337 0.000 259.595000
L-Glutamic acid HMDB0000148 1.78163 0.012 1248.860000
L-Phenylalanine HMDB0000159 1.68876 0.019 45.073100
Asparagine HMDB0000168 1.39873 0.000 0.404177
Adonitol HMDB0000508 1.05823 0.024 0.487813
Phosphorylethanolamine HMDB0000224 1.33412 0.005 4.524920
Inosine HMDB0000195 1.52390 0.001 0.269669
Heart

Lactic Acid HMDB0000190 1.34498 0.034 0.667496
Stearic acid HMDB0000827 1.47295 0.003 0.708524
L-Valine HMDB0000883 2.22937 0.002 2.185800
Serine HMDB0062263 3.15764 0.001 6.630820
L-Threonine HMDB0000167 2.08688 0.015 2.179350
L-Proline HMDB0000162 2.38661 0.003 3.386840
Inosine HMDB0000195 1.22635 0.019 2.081900
Serum

Serine HMDB0062263 1.63839 0.036 1.821870
Urea HMDB0000294 1.00209 0.031 2.956560
9,12-Octadecadienoic acid HMDB0000673 1.96366 0.031 1.400160

showed that the model was effective and could clearly distinguish between the VPA-treated and control groups. The
values of these parameters are all close to 1.0, which indicated that the model was stable and had good predictive
reliability. The permutation tests verified the model validation and the intersection of the regression lines of the Q-points
and the vertical axis on the left was less than zero.

The results of the cluster analysis of metabolite abundance in each tissue for the control and VPA groups are shown in
Figure 1. Although there was some overlap between the sample groups, the metabolite content of the VPA group was
significantly different from that of the control group, indicating that the samples had good repeatability and that the data

were reliable.
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|dentification of Differential Metabolites

The identification of metabolic substances was based on the mature mass spectrometry database. Metabolites were
initially identified by matching their metabolite profiles with the Agilent Fiehn GC/MS Metabolomics RTL Library. The
metabolites were finally identified by referring to the standard spectrogram, compound name, structure, molecular
formula, molecular weight, degree of matching, and similarity provided by the NIST14.0 database. A general similarity
> 80% was considered credible. The compounds consisted of endogenous metabolites such as amino acids, fatty acids,
sugars, esters, and cholesterol.

In tissues and serum, the levels of 40 metabolites were significantly different between the control group and the VPA
group (Student’s #-test p<0.05). In the kidney, there were significant differences in the levels of 18 metabolites between
the control group and the VPA group. These metabolites were amino acids and fatty acid derivatives. Eleven metabolites
were differentially abundant in the hippocampus and included amino acids and their derivatives, and lactic acid.
Furthermore, 11 metabolites were differentially abundant in the cerebral cortex and included amino acids, purine
derivatives, and amines. In the heart, there were 7 differentially abundant metabolites, which included amino acids,
lactic acid, fatty acids, and inosine. In the liver, VPA exposure led to altered levels of amino acids, fatty acids, and
nucleosides. In the inner ear, there were significant differences in the levels of 6 metabolites between the control group
and the VPA group, which included amino acids and fatty acids. The amino acids and unsaturated fatty acids are the two
major group of compounds present in all tissues and serum able to separate VPA and control groups. The differences in
metabolites between the groups are summarized in Table 1. Some were identified with a standard, while others were
identified only by the index or NIST.

Analysis of Metabolic Pathways

To further evaluate the metabolic changes between the VPA group and the control group, identified metabolites were
analyzed using MetaboAnalyst 5.0. Twelve metabolic pathways were strongly associated with exposure to VPA (raw
p<0.05, impact > 0) (Table 2). Pathways in the liver included (a) glutathione metabolism and (b) arachidonic acid
metabolism. The pathways in the hippocampus included (c) alanine, aspartate, and glutamate metabolism, and (d)
phenylalanine, tyrosine, and tryptophan biosynthesis. Pathways in the cerebral cortex included (a) glutathione metabo-

lism, (c) alanine, aspartate, and glutamate metabolism, (e) glycine, serine, and threonine metabolism, (f) butanoate

Table 2 Pathway Analysis Results Produced Using MetaboAnalyst 5.0. (Raw p < 0.05, Impact > 0)

Pathway Name Raw p Impact
Liver

Glutathione metabolism 3.6851x1072 0.00709
Arachidonic acid metabolism 4.7253x10 2 0.33292

Hippocampus

Alanine, aspartate and glutamate metabolism 1.6535% 102 0.22356

Phenylalanine, tyrosine and tryptophan biosynthesis 2.8926%102 0.50000

Cerebral cortex

Glutathione metabolism 8.606x10°* 0.11182
Alanine, aspartate and glutamate metabolism 8.606x10* 0.28366
Glycine, serine and threonine metabolism 1.535% 103 0.29525
Butanoate metabolism 4.838x10°° 0.03175
(Continued)
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Table 2 (Continued).

Pathway Name Raw p Impact
Glyoxylate and dicarboxylate metabolism 2.135%1072 0.10582
Arginine and proline metabolism 2.955% 1072 0.10985
D-Glutamine and D-glutamate metabolism 4310x102 0.50000
Spleen

Butanoate metabolism 9.960x 1073 0.03175
Alanine, aspartate and glutamate metabolism 1.859% 1072 0.08654
Arginine and proline metabolism 2.523x1072 0.02385
Kidney

Alanine, aspartate and glutamate metabolism 1.959%107° 0.50722
Arginine and proline metabolism 1.257%10 2 0.18765
Arginine biosynthesis 1.386x10 2 0.11675
Butanoate metabolism 1.587x10 2 0.03175
Nicotinate and nicotinamide metabolism 1.587x10 2 0.19430
Glutathione metabolism 4.245x102 0.02675
Phenylalanine, tyrosine and tryptophan biosynthesis 4.700%10 2 0.50000
Serum

Linoleic acid metabolism 9.933x1073 1.00000

metabolism, (g) glyoxylate and dicarboxylate metabolism, (h) arginine and proline metabolism, and (i) D-glutamine and
D-glutamate metabolism. The pathways in the spleen included (c) alanine, aspartate, and glutamate metabolism, (f)
metabolism, and (h) arginine and proline metabolism. Pathways in the kidney included (a) glutathione metabolism, (c)
alanine, aspartate, and glutamate metabolism, (d) phenylalanine, tyrosine and tryptophan biosynthesis, (f) butanoate
metabolism, (h) arginine and proline metabolism, (j) arginine biosynthesis, and (k) nicotinate and nicotinamide metabo-
lism. The pathways in serum included (1) linoleic acid metabolism. The detailed results of the pathway analysis are

shown in Table 2 and summarized in Figure 2.

Discussion

Clinical evidence has shown that the toxic effects of VPA are manifested in the liver, but toxic effects on other organs
have been rarely reported. Despite increasing evidence derived from studies on the toxic mechanisms of VPA, extensive
tissue metabolomics research is currently lacking. Previous metabolomic studies of VPA-induced toxicity focused mainly
on changes in serum and urine and did not focus on the main organs and tissues. For the first time, we evaluated the main
organs and tissues in mice (intestine, lung, liver, hippocampus, cerebral cortex, inner ear, spleen, kidney, heart, and
serum) using multivariate statistical analysis to comprehensively investigate VPA-related organ toxicity and in vivo
potential biomarkers.

Using GC-MS, we identified 5, 2, 6, 11, 11, 6, 3, 18, 7, and 3 metabolites in the intestine, lung, liver, hippocampus,
cerebral cortex, inner ear, spleen, kidney, heart, and serum, respectively, which were shown to be differentially abundant
in response to treatment with VPA. Some differential metabolites were also found in these tissues and organs. Studying
the levels of metabolites in these tissues and organs will help us to more thoroughly understand the metabolic pathways
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Figure 2 Pathway analysis diagram performed using MetaboAnalyst 5.0. (A) Liver: (a) Glutathione metabolism; (b) Arachidonic acid metabolism. (B) Hippocampus: (c)
Alanine, aspartate and glutamate metabolism; (d) Phenylalanine, tyrosine and tryptophan biosynthesis. (C) Cerebral cortex: (a) Glutathione metabolism; (c) Alanine,
aspartate and glutamate metabolism; (e) Glycine, serine and threonine metabolism; (f) Butanoate metabolism; (g) Glyoxylate and dicarboxylate metabolism; (h) Arginine and
proline metabolism; (i) D-Glutamine and D-glutamate metabolism. (D) Spleen: (c) Alanine, aspartate and glutamate metabolism; (f) Butanoate metabolism; (h) Arginine and
proline metabolism. (E) Kidney: (a) Glutathione metabolism; (c) Alanine, aspartate and glutamate metabolism; (d) Phenylalanine, tyrosine and tryptophan biosynthesis; (f)
Butanoate metabolism; (h) Arginine and proline metabolism; (j) Arginine biosynthesis; (k) Nicotinate and nicotinamide metabolism. (F) Serum: (I) Linoleic acid metabolism.

in which these differential metabolites participate. Metaboanalyst 5.0 was used to analyze the metabolic pathways
associated with VPA treatment. These identified metabolites were involved in 12 metabolic pathways, including amino
acid metabolism, fatty acid metabolism, energy metabolism, and nucleotide metabolism. The relationships among
metabolites are shown in Figure 3. Therefore, the toxicity induced by VPA lies in its interference with amino acid
metabolism, fatty acid metabolism, energy metabolism, and nucleotide metabolism. Potential biomarkers (marked in red
in Figure 3) were identified from the OPLS-DA data along with VIP (VIP >1) and p-values arising from the #-tests
(p<0.05) compared to healthy controls. These potential biomarkers exist in the heart, liver, kidney, hippocampus, and
cerebral cortex.

Based on the number of differential metabolites in various organs and the associated metabolic pathways, we inferred
that the kidney was the most severely affected organ in terms of metabolism, followed by the hippocampus and the
cerebral cortex. This finding was consistent with the nephrotoxicity and neurotoxicity associated with VPA. Furthermore,
VPA also induced liver toxicity and cardiotoxicity in association with the metabolic changes. The metabolic effects in the
different organs are discussed separately below.

Brain Tissue

A previous study showed that a high concentration of VPA induced neurotoxicity,”’ and the mechanism may have been
related to oxidative stress.>® Excessive release of reactive oxygen species (ROS) is the root cause of oxidative stress,>
and is a significant risk factor for tissue injury and organ dysfunction.>* Some studies have indicated that ROS production
and oxidative stress may be mechanisms of VPA-induced neurotoxicity.*® Inhibition of the central nervous system is the
most common manifestation of VPA neurotoxicity, resulting in a variety of symptoms, from mild drowsiness to deep
coma or fatal brain edema. Furthermore, VPA interferes with the development of hippocampal and cerebellar neurons
and can lead to cognitive and behavioral changes, learning deficits, and motor dysfunction.*®
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Figure 3 Schematic diagram of related metabolic pathways affected by VPA processing in the main tissues. Black arrows indicate the glycolysis and citrate cycle. Green
arrows indicate the glutathione metabolism. Green frame and black line indicate arachidonic acid metabolism. Red arrows indicate the alanine, aspartate and glutamate
metabolism. Dark blue arrows indicate Phenylalanine, tyrosine and tryptophan biosynthesis. Orange arrows indicate glycine, serine and threonine metabolism. Purple arrows
indicate butanoate metabolism. Pink arrows indicate Glyoxylate and dicarboxylate metabolism. Yellow arrows indicate the arginine and proline metabolism. Light blue arrows
indicate arginine biosynthesis and urea cycle. Metabolites marked in red represent potential biomarkers identified in the study.

Disordered amino acid metabolism can induce progressive brain damage. Amino acids can be used as biomarkers for
research focused on the mechanisms of disease onset and progression. Compared to the control group, the levels of
phenylalanine, valine, isoleucine, serine, aspartic acid, alanine, threonine, cysteine, glutamic acid, and glycine increased
significantly in the VPA group. The metabolic pathways involved included alanine, aspartate, and glutamate metabo-
lism; glutathione metabolism; glycine, serine, and threonine metabolism; butanoate metabolism; glyoxylate and
dicarboxylate metabolism; arginine and proline metabolism; D-glutamine and D-glutamate metabolism; and phenyla-
lanine, tyrosine, and tryptophan biosynthesis. Glutamate plays an essential role in brain metabolism. It is the main
excitatory neurotransmitter and the precursor of the main inhibitory neurotransmitter, GABA, in the central nervous
system.”” Increased glutamate in this study was consistent with the findings from a previous study by Puig-Lagunes

et al.’®

Glutamate dehydrogenase (GDH) is a key enzyme in glutamate metabolism and is directly involved in the onset
and progression of epilepsy. It is an important regulatory enzyme for maintaining the appropriate balance of glutamate
and GABA levels, and it helps regulate neuronal excitability. Glutamate dehydrogenase can increase glutamate
utilization and decrease glutamate levels, resulting in low neuronal excitability, which may contribute to the antiepi-
leptic properties of VPA.** Furthermore, VPA can also interfere with mitochondrial metabolism and induce hyper-
ammonemia, resulting in a shift in glutamine/glutamate equilibrium toward glutamine through increased amidation of
glutamate.*’

Aspartic acid is an important amino acid in biosynthesis. It is the synthetic precursor of other amino acids including
lysine, threonine, and isoleucine and is also a precursor for purine and pyrimidine bases. Aspartic acid is an excitatory
neurotransmitter in brain synapses and has increased in patients with epilepsy and stroke,*' and decreased in patients with
depression and brain atrophy. It is a non-essential amino acid, which participates in the ornithine cycle, promotes the
conversion of oxygen and carbon dioxide into urea, reduces the content of nitrogen and carbon dioxide in the blood and
reduces the appearance of neurotoxicity.* In this study, we observed an increase in aspartic acid levels in the whole brain
in response to VPA treatment, which was attributed to a significant increase in levels in the hippocampus and cerebral
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cortex. These findings contradicted the experimental findings obtained by Kharlamov et al.*> The authors found that the
concentration of aspartic acid in the brain was significantly reduced in response to VPA treatment and suggested that this
change in aspartic acid levels could be related to the sedative effect of VPA. This discrepancy may reflect differences in
experimental species and experimental methods.

Liver

Sodium VPA-mediated liver toxicity is a fatal and irreversible reaction characterized by microcystic steatosis and
necrosis.** Compared to the control group, there were significant differences in the levels of metabolites of arachidonic
acid, pyroglutamic acid, palmitelaidic acid, 5-methyluridine, 1-monopalmitin, and glycerol monostearate in the VPA
group. The metabolic pathways involved included glutathione metabolism and arachidonic acid metabolism. Arachidonic
acid is an important human essential fatty acid and is the most abundant fatty acid widely distributed in the human body.
Arachidonic acid is the direct precursor for the synthesis of eicosanoids such as prostaglandins, thromboxanes, and
leukotrienes. These biologically active substances induce important effects on the human liver, cardiovascular system,
and immune system. The cytoprotective effects of prostaglandins have been shown in experiments using intact animals,
isolated and perfused livers, and isolated hepatocytes.*> Leukotrienes can cause liver injury, which can be related to
vasoconstriction, oxygen free radical damage, and interactions with other inflammatory mediators. Therefore, reduced
levels of arachidonic acid may be a cause of liver toxicity.

Palmitelaidic acid is a saturated fatty acid widely present in human organs and tissues as a free fatty acid.*® In
hepatocytes, it can promote stress and apoptosis of the endoplasmic reticulum through the PERK/ATF4/CHOP signaling
pathway,*” which can contribute to liver toxicity. Compared to unsaturated fatty acids, the toxic effect of palmitelaidic acid
may be due to fewer esterifications and incorporation into triglycerides.*® A previous study showed that palmitelaidic acid
was elevated in patients with nonalcoholic fatty liver disease and was positively correlated with disease severity.*’

Kidneys

The kidney is an essential metabolic organ in the human body. The primary function of the kidney is to produce urine and
to remove metabolites and waste products. In addition, the kidney can retain water and other important substances, such
as glucose, proteins, and amino acids, through re-absorption, which maintains the water, electrolyte, and acid-base
homeostasis. VPA-induced kidney damage is associated with increased serum liver enzymes and decreased plasma
albumin. Additionally, VPA can reduce the rate of glomerular filtration, which is manifested by increased levels of uric
acid and serum creatinine, and decreased blood flow.!?

The metabolites that were differentially abundant in the mouse kidney were mainly amino acids. L-alanine,
L-isoleucine, L-proline, L-aspartic acid, L-methionine, L-glutamic acid, and L-phenylalanine levels increased to varying
degrees in response to treatment with VPA. The metabolic pathways involved included alanine, aspartate, and glutamate
metabolism; arginine and proline metabolism; arginine biosynthesis; butanoate metabolism; nicotinate and nicotinamide
metabolism; glutathione metabolism; and phenylalanine, tyrosine, and tryptophan biosynthesis. Phenylalanine is an
essential aromatic amino acid. Most phenylalanine in the body is oxidized to tyrosine by phenylalanine hydroxylase,
which is important in neurotransmitter synthesis, sugar metabolism, and fat metabolism.’ Impaired renal function results
in reduced transformation of phenylalanine to tyrosine, leading to increased phenylalanine concentration and reduced
tyrosine concentration, and this reduced the tyrosine/phenylalanine ratio in plasma and many tissues. These changes
affect the normal physiological function of the kidney.’'

Proline is a non-essential amino acid that can be formed from glutamic acid and ornithine. It can be incorporated into
tissue proteins and then hydroxylated to form hydroxyproline. Hyperprolinemia is an inherited metabolic disorder
resulting from insufficient function of the enzyme that metabolizes proline, leading to accumulation of proline in the
body. Studies have shown that the injection of L-proline into hippocampal neurons can induce neuronal damage. The
resulting toxic effects may be related to neurological and cognitive deficits associated with hyperprolinemia.>® In
addition, proline can induce oxidative stress and apoptosis, resulting in kidney damage, since proline can alter the

activity of antioxidant enzymes and/or stimulate lipid peroxidation.>®
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Heart

Oxidative stress is a known cause of heart injury. Long-term treatment with VPA may alter the balance of oxidation/
antioxidants in the heart, resulting in oxidative stress and an increased risk of atherosclerosis.>* A previous study showed
that VPA administration resulted in increased cardiac lipid peroxidation and cardiac injury.”

Compared to the control group, the levels of lactic acid, stearic acid, L-valine, serine, L-threonine, L-proline, and
inosine were significantly different in the VPA group. Valine is an essential branched chain amino acid (BCAA). In
addition, leucine and isoleucine are also BCAAs. Catabolism of most amino acids occurs in the liver. On the contrary,
BCAA catabolism occurs mainly in the heart, brain, skeletal muscle, and kidneys.56 Increased levels of BCAA often
accompany heart damage. High concentrations of BCAA are associated with an increased risk of cardiovascular disease
and plasma levels of BCAA circulating are positively correlated with the severity of coronary heart disease.’’ Branched
chain amino acids induced damage to mouse cardiomyocytes by generating excessive ROS and enhancing autophagy. In
addition, activation of the AMPK-ULKI1 signaling pathway has been shown to be involved in BCAA-induced enhance-
ment of autophagy.”® Furthermore, BCAA enhanced glycolysis and fatty acid oxidation in mouse heart tissue, exacer-
bated lipid peroxidation-induced toxicity, and enhanced GCN2/ATF6/PPAR-a signaling, which resulted in enhanced
susceptibility to myocardial ischemia/reperfusion injury.’® These results indicated that BCAA are not only important
nutrients, but also play a key role in certain cardiovascular diseases. In addition, a differential metabolic pathway, linoleic
acid metabolism, occurs in the serum.

Serum
There were significant differences in serum levels of endogenous metabolites between VPA-intoxicated mice and control
mice, and those with statistical significance were urea, serine, and 9,12-octadecadienoic acid (linoleic acid). VPA could
induce hyperammonemia, but its production mechanism is still not fully understood. Some studies have shown that it
might be related to the urea cycle. Under normal metabolic conditions, acyl-CoA is transported into the mitochondria via
a carnitine transport system. It is then converted to acetyl-CoA via f-oxidation and eventually to N-acetyl glutamate. This
pathway can be interrupted by the introduction of VPA, leading to a reduction in free coenzyme A, acetyl-CoA, and
carnitine, and resulting in a decreased availability of cofactors necessary for the function of the urea cycle. Since this is
the primary mode of ammonia metabolism, patients taking VPA may experience severe elevations in serum ammonia
levels, leading to hyperammonemia.®

Linoleic acid (LA) is an ©-6 polyunsaturated fatty acid (PUFA). LA is the most abundant ®-6 PUFA in human diets
and in human serum and membrane lipids.®’ LA is positively correlated with the increased prevalence of various
pathological conditions, including VPA poisoning.®* LA can be enzymatically converted to bioactive oxidized LA
metabolites (OXLAMs), primarily via the actions of cellular lipoxygenases [arachidonate 15-lipoxygenase (ALOX15)
and ALOXI15B in humans, and ALOX15 (12/15-LO) in rodents] or nonenzymatically via free radical-mediated
oxidation in response to oxidative stress.*> OXLAMs are involved in a variety of intracellular signaling pathways
and may induce pro-inflammatory responses in different cell types. OXLAM can increase in patients with nonalcoholic
fatty liver, and the decrease in the serum OXLAM level is related to an improvement in liver histology in these
patients.®*

Study Limitations
In this study we used GC-MS to evaluate the metabolomics profile. The experimental material used was plastic instead of
glass material, which may have interfered with the chromatographic peaks.

Although MS/MS has the advantages of high sensitivity and specificity, its price and routine maintenance cost are
high, and it also has high requirements on the temperature and humidity of the environment. At present, our laboratory
has no conditions to provide this equipment. Most importantly, it has a slow test speed, an extended analysis time, and
complex functions, which require technical staff who have undergone special training for a long time to operate, which
significantly affects the efficiency of analysis work. Therefore, we decided not to choose MS/MS for metabolomic
analysis.
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Conclusions

To evaluate VPA-induced toxicity using GC-MS technique-based profiling, the main target organs and tissues (intestine,
lung, liver, hippocampus, cerebral cortex, inner ear, spleen, kidney, heart, and serum) were used to systematically
evaluate VPA-induced toxicity. Treatment with VPA induced changes in levels of some metabolites and several
metabolic pathways were altered, indicating that VPA may induce oxidative stress in organs, neurotoxicity, and
disordered amino acid, fatty acid, and energy metabolism. This metabolomics study provided a novel understanding of
the potential mechanisms of VPA-induced toxicity.
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