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Abstract
Temporal lobe epilepsy (TLE) arises mostly because of an initial injury. Certain stimuli can make a normal brain prone to 
repeated, spontaneous seizures via a process called epileptogenesis. This study examined the plasma metabolomics profile 
in rats with the induced TLE to identify feasible biomarkers that can distinguish progression of epileptogenesis in three 
different time points and reveal the underlying mechanisms of epileptogenesis. Status epilepticus (SE) was induced by 
repetitive intraperitoneal injections of low-dose lithium chloride–pilocarpine hydrocholoride. Blood samples were collected 
48 h, 1 week, and 6 weeks after SE, respectively. Plasma metabolites were analyzed by nuclear magnetic resonance (NMR) 
spectrometry. Statistical analysis was performed using MetaboAnalyst 6.0. An orthogonal partial least squares discriminant 
analysis (OPLS-DA) model was employed to represent variations between the TLE model groups and respective controls. 
Volcano plot analysis was used to identify key features, applying a fold-change criterion of 1.5 and a t-test threshold of 0.05. 
48 h after SE, dimethyl sulfone (DMSO2) and creatinine levels were decreased, whereas glycine and creatine levels were 
increased. The only metabolite that changed 1 week after SE was pyruvic acid, which was increased compared to its control 
level. Lactic acid, pyruvic acid, and succinic acid levels were increased 6 weeks after SE. The identified metabolites were 
especially related to the tricarboxylic acid cycle and glycine, serine, and threonine metabolism. The results illustrate that 
distinct plasma metabolites can function as phase-specific biomarkers in TLE and reveal new insights into the mechanisms 
underlying SE.
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Introduction

Epilepsy, one of the most persistent diseases of the brain, 
affects more than 70 million individuals globally and is 
characterized by recurrent and unpredictable seizures [1, 
2]. Although the cause of epilepsy in many patients is 
unknown, any factor that can affect the function of the 
brain, such as stroke, traumatic brain injury, infection, 
genetic mutations, and autoimmune diseases, can cause 
epilepsy [3]. Temporal lobe epilepsy (TLE) is a common 
type of epilepsy in which seizures originate in the tem-
poral lobe of the brain [4]. TLE generally arises because 
of an injury, such as a brain insult [5]. Epileptogenesis, 
a response to triggering factors, describes the process by 
which a previously normal brain network becomes func-
tionally altered, resulting in increased seizure suscepti-
bility and a higher likelihood of spontaneous recurrent 
seizures (SRSs) [6, 7]. Epileptogenesis consists of three 
phases: (1) the acute phase, which occurs immediately 
following the initial brain insult (such as a stroke or trau-
matic brain injury); (2) the latent phase, in which there 
are molecular and cellular changes triggered by the dam-
age but no epileptic seizures; and (3) the chronic phase, 
in which SRSs occur and the brain has sufficient epilep-
togenic changes to produce seizures without an initial 
epileptogenic insult [8]. Currently, a biomarker that can 
represent each phase of epileptogenesis has not been iden-
tified. An electroencephalogram (EEG) is considered the 
standard diagnostic tool for epilepsy, but it cannot accu-
rately predict the likelihood of epilepsy after a brain injury 
[9, 10]. Regarding TLE treatment, the primary approach 
is the usage of anti-seizure medications that act by simply 
suppressing seizure activity without addressing the under-
lying neuropathology [3, 11]. These medications have a 
variety of severe side effects, and unfortunately, most cases 
of TLE resistant to these drugs [12, 13]. Therefore, there is 
an urgent need to identify biomarkers associated with the 
phases of TLE to follow the prognosis of the disease and 
develop new anti-epileptogenic strategies.

The metabolome is defined as the array of small mol-
ecules found within an organism or within specific samples 
of that organism, such as body fluids, cell extracts, or tis-
sues. The metabolome acts as a chemical signature of a 
biological system, reflecting its present state and offering 
key information about its physiological and pathological 
states. Metabolomics is an evolving approach that involves 
the investigation of comprehensive changes in the vari-
ous metabolites within a sample and subsequent extensive 
data analysis and bioinformatics [14, 15]. Multiple lines of 
evidence indicate that the etiology of several neurological 
disorders is based on metabolic impairment [16, 17]. It 
has been reported that epilepsy can also be caused by a 

disruption in metabolism [18, 19]. It has also been noted 
that epileptic seizures can lead to alterations in metabolic 
processes [19]. Based on the information available in the 
literature, it is believed that metabolomics could serve as a 
swift diagnostic aid for epilepsy and potentially play a role 
in identifying targets for future anti-seizure therapies [14].

Nuclear magnetic resonance (NMR) spectroscopy pro-
vides the ability to gather data on numerous metabolites in 
biological fluids through a single experiment. Unlike other 
analytical methods, NMR spectroscopy possesses distinct 
qualities that render it applicable for analyzing mixtures 
of metabolites. It enables the accurate detection and quan-
tification of a broad spectrum of metabolites that contain 
hydrogen, even in complex biological fluids at micromo-
lar levels. Additionally, NMR spectroscopy is recognized 
as a non-invasive technique that requires minimal handling 
and preprocessing time [20]. The use of NMR spectroscopy 
to analyze plasma samples is crucial for medical diagnos-
tics and biomarker discovery. The accessibility and non-
invasiveness of these biological fluids make them an ideal 
choice for frequent and widespread testing. Thus, NMR’s 
strong metabolic profiling capacity for biological samples 
can improve our knowledge on the mechanisms of disease 
and provide a roadmap for personalized medicine.

The present study used 1H-NMR to analyze the metabo-
lomics profiles of plasma samples from rats with TLE rep-
resenting the defined phases of epileptogenesis. The primary 
goal of this research was to identify feasible biomarkers that 
can distinguish and reflect different time points of epilep-
togenesis. The detection of these indicators is crucial for 
identifying markers that can predict disease onset, progres-
sion, and severity, as well as suggesting metabolic pathways 
that could be utilized for intervention.

Materials and Methods

This study aimed to identify metabolic alterations during 
epileptogenesis by examining the plasma samples of rats 
after exposure to an initial epileptogenic injury. For this pur-
pose, plasma samples were measured by 1H-NMR spectrom-
etry for an associated screening panel including 41 metabo-
lites. A scheme for experimental procedures is presented in 
Fig. 1.

Animals

Young male Sprague–Dawley weighing 250–450 g were 
obtained from Acibadem University Experimental Animals 
Research Center (Istanbul, Türkiye). Rats were habituated 
to the animal facility 7 days prior to the commencement 
of the experimental protocol. All rats were housed at room 
temperature (24 ± 1°C) and maintained under a 12-h/12-h 
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light/dark cycle (lights on at 07.00 am) with food and water 
available ad libitum. All protocols were approved by the 
Local Ethics Committee on Experimental Animal Research 
of Acibadem University (Approval number: HDK-2022/80). 
All treatments were in accordance with the ARRIVE Guide-
lines and the Guide for the Care and Use of Laboratory 
Animals Eighth Edition [21]. All precautions were taken 
to avoid animal suffering at each stage of the experiment.

Chemicals

Lithium chloride, methylscopolamine, and pilocarpine 
hydrochloride were acquired from Sigma–Aldrich® (St 
Louis, MO, USA). Additionally, thiopental sodium was 
obtained from Ibrahim Etem, part of the Menarini Group 
in Türkiye. For administration, 3 mEq/kg lithium chloride 
was mixed with injectable water and administered intra-
peritoneally (IP). Both 1 mg/kg methyl scopolamine and 20 
mg/kg pilocarpine hydrochloride were prepared in a solu-
tion of 0.9% saline and administered IP. Similarly, 30 mg/
kg thiopental sodium was prepared in injectable water and 
administered IP. The drug doses administered were selected 
according to prior studies [22, 23].

Induction of Epileptogenesis, Group Size, 
and Sample Collection

In this study, we established a TLE model in rats by induc-
ing SE through low-dose recurrent intraperitoneal injections 
of lithium chloride–pilocarpine hydrochloride [23]. All rats 
in the experimental groups received pilocarpine hydrochlo-
ride (20 mg/kg; IP) 20 h after 3 mEq/kg lithium chloride 
IP injection. The injection of 20 mg/kg pilocarpine was 
repeated every 30 min until SE occurred for a maximum of 
5 doses. Methylscopolamine (1 mg/kg; IP) was injected 30 
min before the first dose of pilocarpine hydrochloride to pre-
vent peripheral cholinergic effects. Animals were behavio-
rally evaluated for SE according to the Racine scale [24]. To 
reduce mortality, 30 mg/kg thiopental sodium was injected 

IP 90 min after the onset of SE for a maximum of two doses 
separated by 10 min if necessary.

To identify metabolic alterations in the plasma of rats 
after the induction of epileptogenesis, we analyzed three dif-
ferent time points of epileptogenesis. The time points reflect-
ing the different phases of epileptogenesis were selected by 
considering previous research [9, 25, 26]. For this purpose, 
blood samples were collected at 48 hours, 1 week and 6 
weeks respectively, after SE. For the metabolomics experi-
ments, the groups were composed of 3–8 animals as follows: 
48-h controls (C-48h; n = 3), 48-h post-SE (SE-48h; n = 5), 
1-week controls (C-1wk; n = 7), 1-week post-SE (SE-1wk; 
n = 5), 6-week controls (C-6wk; n = 6), and 6-week post-SE 
(SE-6wk; n = 8).

To obtain blood samples reflecting different phases of 
epileptogenesis, the venous blood of rats was collected by 
the cardiac puncture method under anesthesia with heparin-
washed syringes and transferred into sterile, EDTA-filled 
blood collection tubes. The collected blood was immediately 
processed and centrifuged twice at 2500 × g for 15 min at 
4°C to obtain plasma. Similarly, the isolated plasma samples 
were flash-frozen in liquid nitrogen and stored at −80°C for 
later analysis [27].

NMR Sample Preparation and Experiments

Prior to NMR analysis, plasma samples stored at − 80 °C 
were thawed at 4 °C. Following a brief vortex, the samples 
were centrifuged at 14,000 × g for 5 min at 4 °C, after which 
the supernatant was separated. The obtained supernatant 
was then mixed with an equal volume (300 µL) of buffer 
solution (directly sourced from Bruker) in an Eppendorf 
tube. This mixture (600 µL) was subsequently transferred 
into 5-mm SampleJet NMR tubes for further analysis [28, 
29]. Spectroscopic analyses were conducted using a Bruker 
Avance III HD series spectrometer operating at a frequency 
of 600 MHz. The spectrometer was equipped with a 5-mm 
broadband inverse probe and further enhanced by the inte-
gration of the Bruker SampleJet robotic system (regulated 
at a temperature of 5 °C) for sample cooling. We initiated 

Fig. 1   A targeted metabolomics approach using NMR spectrometry 
was employed to study the plasma metabolic profile during epilep-
togenesis in a lithium–pilocarpine induced rat model of TLE at three 
different time points: 48  h post-SE (SE-48  h, n = 5; C-48  h, n = 3), 

1  week post-SE (SE-1wk, n = 5; C-1wk, n = 7), and 6  weeks post-
SE (SE-6wk, n = 8; C-6wk, n = 6). The scheme was created using 
BioRender (https://​biore​nder.​com)

https://biorender.com
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the analyses after following a rigorous calibration procedure 
according to a protocol described in the literature [30]. To 
obtain the reference standards, we applied the “Electronic 
REference To access In vivo Concentrations (ERETIC) 
method” [29]. 1H NOESY spectra were utilized within the 
provided B.I.QUANT-PS™ (B.I.: Bruker BioSpin GmbH, 
Ettlingen, Germany) method to generate a prepared dataset 
for automated metabolite annotation and quantification for 
41 disease-associated small metabolites [28, 29, 31].

Statistical Analysis

Statistical analysis of the metabolites was performed using 
MetaboAnalyst 6.0 (www.​metab​oanal​yst.​ca, accessed multi-
ple times in January–February 2024) [32]. Prior to analyzing 
the 1H-NMR–based metabolomics data, we conducted data 
filtering and data integrity checks to verify the completeness 
and accuracy of the essential data, which included two cat-
egories, ensure non-negative values for compound concen-
trations or peak intensities, and address any gaps in the data. 
Data normalization was performed using the normalization 
module in MetaboAnalyst 6.0. The data were subjected to 
logarithmic transformation using base 10 and automatically 
scaled to achieve normalization. Multivariate analysis was 
conducted using the orthogonal partial least squares discri-
minant analysis (OPLS-DA) model to explore the variations 
between the TLE model groups and their associated control 
groups. Furthermore, univariate analysis was conducted as 
part of the exploratory data analysis process. p ≤ 0.05 was 
considered statistically significant at this point. An analysis 
of fold changes (FCs) with a cutoff of 1.5 was performed to 
pinpoint potential metabolites associated with epileptogen-
esis. The cutoffs were chosen according to previous research 
[9]. To identify key features based on their biological and 
statistical relevance, volcano plot analysis was utilized 
applying an FC criterion (x) of 1.5 and a t-test threshold (y) 
of 0.05. Therefore, variables were considered significantly 
different if FC ≥ 1.5 between groups and p ≤ 0.05, except 
where specified differently in the study. For the metabolic 
pathway analysis, MetaboAnalyst 6.0 and the KEGG meta-
bolic pathway database (Rattus norvegicus) were used.

Results

The Overall Metabolic Changes in Plasma

The OPLS-DA model displayed significant differences 
in three different time points of epileptogenesis, namely 
between the SE-48h and C-48h groups (orthogonal T score 
= 19.9%, T score = 21.9%, Fig. 2a), SE-1wk and C-1wk 
groups (orthogonal T score = 35.8%, T score = 7%, Fig. 2b) 

and SE-6wk and C-6wk groups (orthogonal T score = 
15.9%, T score = 14.8%, Fig. 2c).

The Alteration of Specific Metabolites in Plasma

Metabolites play crucial roles in comprehending the com-
plex biochemical processes involved in health and disease. 
To explore potential changes in the plasma metabolic pro-
file during epileptogenesis, we compared the SE and con-
trol groups. The dataset was subjected to univariate analysis 
for this purpose. Student’s t-test and FC analyses (p ≤ 0.05 
and FC ≥ 1.5) were used to verify the significantly different 
metabolic features between the SE and control groups.

According to the t-test results, statistically significant 
decreases were observed in dimethyl sulfone (DMSO2), 
creatinine, and glucose concentrations in the SE-48h group 
compared to the C-48h group, whereas creatine and gly-
cine concentrations were increased (Fig. 3a). In the SE-
1wk group compared to the C-1wk group, the only finding 
was a significant decrease in the pyruvic acid concentra-
tion (Fig. 3b). In the SE-6wk group, histidine, Ca+2-EDTA, 
and glucose concentrations were significantly decreased, 
whereas succinic acid, lactic acid, alanine, glycine, creatine, 
and pyruvic acid concentrations were increased (Fig. 3c).

FC analysis with a cutoff of 1.5 was performed to identify 
the metabolites potentially associated with epileptogenesis. 
The metabolites exhibiting FC ≥ 1.5 are listed in Tables S1, 
S2, and S3 for the different time points reflecting 48h, 1 
week and 6 weeks post-SE, respectively. Furthermore, vol-
cano plot analysis was performed to check the significance 
of these potential metabolites associated with different 
periods of epileptogenesis. Figure 4a illustrates that in the 
SE-48 h group compared to its control group, DMSO2 and 
creatinine concentrations were decreased, whereas creatine 
and glycine concentrations were increased. Concerning the 
1-week post-SE term of epileptogenesis, the SE-1wk group 
exhibited a slight increase in the pyruvic acid concentra-
tion compared to its control group (Fig. 4b). The SE-6wk 
group featured significant increases in the concentrations 
of the succinic acid, lactic acid, and pyruvic acid based on 
volcano plot analysis (Fig. 4c). Table 1 lists the metabo-
lites that were significantly associated with epileptogenesis 
according to the analyses and their corresponding statistical 
results. Changes in the metabolic profile mainly occurred at 
48 h and 6 weeks post-SE. At 6 weeks post-SE in particular, 
all metabolic features were significantly increased (Fig. 4a 
and Table 1).

The Metabolic Pathway Analysis of the Plasma 
Metabolites

Metabolic pathway analysis was conducted using Metabo-
Analyst 6.0 and the KEGG metabolic pathway database. 

http://www.metaboanalyst.ca
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Table 2 lists metabolites that displayed significant changes 
(meeting the criteria of p ≤ 0.05 and FC ≥ 1.5), as well as 
the metabolic pathways significant at the p ≤ 0.05 level. 
Significant associations between metabolites and pathways 

were observed in both terms of 48h and 6 weeks post-SE. 
However, no significant metabolite-based pathway effects 
were found 1 week after SE.

Fig. 2   The score plot of the two-component OPLS-DA model for three different time points of epileptogenesis in plasma samples. (a) NMR data 
for C-48 h vs. SE-48 h, (b) C-1wk vs. SE-1wk, and (c) C-6wk vs. SE-6wk
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Glycine, Serine, and Threonine Metabolism

There were significant increases in the concentrations of gly-
cine and creatine metabolites 48h post-SE. Pathway analysis, 
conducted independently of the individual metabolite analy-
sis, revealed that the “Glycine, serine, and threonine metabo-
lism” pathway was statistically significant. It is noteworthy 
that glycine and creatine metabolites are involved in this 
pathway. No significant changes in metabolites were found 
for the glycine, serine, and threonine metabolism pathway 
during the latent and chronic phases.

Primary Bile Acid Biosynthesis

Pathway analysis conducted independently of the indi-
vidual metabolite analysis revealed significant changes 
in the “primary bile acid biosynthesis” pathway between 

the SE-48h and C-48h groups. It is remarkable that only 
glycine was found to be involved in this pathway among 
the metabolites that were significant according to our cri-
teria. The primary bile acid biosynthesis pathway did not 
exhibit any significant metabolite alterations at 1 week and 
6 weeks post-SE.

Pyruvate Metabolism

The analysis revealed notable alterations in pyruvate 
metabolism, specifically in the levels of lactic acid and 
pyruvic acid metabolites, 6 weeks following SE. Con-
versely, no significant metabolite changes related to this 
pathway were observed in the terms of 48 h and 1 week 
post-SE.

Fig. 3   The significantly altered metabolites in plasma samples. The t-test statistics for NMR data for (a) C-48 h vs. SE-48 h, (b) C-1wk vs. SE-
1wk. and (c) C-6wk vs. SE-6wk
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Fig. 4   The volcano plot analysis 
of NMR plasma metabolites 
data for (a) C-48 h vs. SE-48 h, 
(b) C-1wk vs. SE-1wk, and (c) 
C-6wk vs. SE-6wk
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Glycolysis/Gluconeogenesis

Significant alterations were identified in the glycolysis/glu-
coneogenesis metabolic pathway, which were associated 
with elevated levels of lactic acid and pyruvic acid metabo-
lites at 6 weeks post-SE. Nevertheless, no substantial altera-
tions were observed in the glycolysis/gluconeogenesis path-
ways over the course of 48 h and 1 week of epileptogenesis.

Arginine and Proline Metabolism

From the metabolites that were identified as significantly 
altered according to the pre-established criteria (p ≤ 0.05 
and FC ≥ 1.5), only pyruvic acid demonstrated an associa-
tion with arginine and proline metabolism at the 6 weeks 
post-SE. The level of pyruvic acid increased in 6 weeks post-
SE rats compared to that in the healthy controls.

Discussion

The process of epileptogenesis, which is responsible for the 
development of epilepsy, begins prior to the occurrence of 
the first seizure. Identifying biomarkers is key to understand-
ing the transition from a pre-epileptic to an epileptic state 
and could aid in developing therapies that target the root 
causes of TLE, rather than just managing symptoms. Current 
research lacks molecular markers to assess epileptogenic 

risk, emphasizing the need for blood-based biomarkers for 
early detection.

The dynamic nature of the latent period in patients with 
TLE, which varies significantly among individuals, necessi-
tates the use of reliable animal models for in-depth research. 
Prior studies, including those by Heischmann et al. and 
Meier et al., explored metabolic dysregulation in epilepsy 
models using different analytical techniques [9, 33]. Cur-
rently, no study in the literature has 1H-NMR spectroscopy, 
which has been proven to be an effective method for ana-
lyzing molecular structures without sample degradation, 
to conduct a comprehensive analysis of a broad range of 
metabolites and their associated metabolic pathways in 
plasma samples across different time points of epileptogen-
esis using the lithium-pilocarpine-induced TLE rat model, 
which closely mimics TLE. This research represents a novel 
approach to investigating metabolites in detail, with the aim 
of identifying potential biomarkers for each phase of epilep-
togenesis in the lithium-pilocarpine-induced SE model. The 
results demonstrated notable alterations in plasma metab-
olites following SE, with the most pronounced changes 
occurring during the 48 h and 6 weeks post-SE periods. In 
comparison, the rats in the 1 week post-SE group exhibited 
comparatively fewer alterations.

In our study, we identified DMSO2 as a key metabolite 
with significantly lower plasma concentrations in the acute 
epileptogenesis phase (48 h post-SE) compared to con-
trols. DMSO2, a popular dietary supplement in alternative 

Table 1   The significantly 
changed plasma metabolites 
in TLE-induced rats during 
three different time points of 
epileptogenesis

Groups Metabolites FC log2(FC) p  − log10(P) Increased/Decreased

SE-48 h vs. C-48 h DMSO2 0.2  − 2.321 0.001 2.969 Decreased
Creatinine 0.222  − 2.169 0.036 1.442 Decreased
Glycine 1.535 0.618 0.042 1.372 Increased
Creatine 3.594 1.845 0.005 2.250 Increased

SE-1wk vs. C-1wk Pyruvic acid 1.879 0.910 0.026 1.579 Increased
SE-6wk vs. C-6wk Lactic acid 1.692 0.759 0.033 1.479 Increased

Pyruvic acid 1.992 0.994 0.049 1.304 Increased
Succinic acid 2.429 1.280 0.019 1.710 Increased

Table 2   The significantly 
changed plasma metabolites 
and metabolic pathways in 
TLE-induced rats during 
three different time points of 
epileptogenesis

Pathway Name 
(KEGG)
(Rattus norvegicus)

SE-48 h vs. C-48 h SE-1wk vs. 
C-1wk

SE-6wk vs. C-6wk

p Metabolites p Metabolites p Metabolites

Glycine, serine, and threonine metabolism 0.015 Glycine
Creatine

Primary bile acid biosynthesis 0.042 Glycine
Pyruvate metabolism 0.021 Lactic acid

Pyruvic acid
Glycolysis/gluconeogenesis 0.021 Lactic acid

Pyruvic acid
Arginine and proline metabolism 0.029 Pyruvic acid
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medicine, is the primary metabolite of dimethyl sulfoxide 
(DMSO) produced via methanethiol metabolism by intesti-
nal bacteria and endogenous human enzymes [34, 35]. While 
not directly linked to epilepsy, it has shown anti-inflamma-
tory and antioxidant effects in other disease models like 
Alzheimer's [36]. DMSO was demonstrated to have both 
seizure-inducing and anti-seizure effects depending on the 
dose in various seizure and epilepsy models [37, 38]. More-
over, the anti-inflammatory and antioxidant properties of 
the primary metabolite of DMSO, DMSO2 may confer anti-
epileptogenic benefits. Its capacity to cross the blood–brain 
barrier enhances its potential in addressing epileptogenesis. 
The presence of DMSO2 during the acute time point could 
highlight its potential as a valuable biomarker for this stage, 
and its supplementation might support anti-epileptogenic 
strategies.

Epilepsy alters cellular energy metabolism, increasing 
ATP demand during seizures. Creatine, produced in the kid-
neys and liver from amino acids, aids in ATP regeneration 
and is transported to the brain and other tissues [39]. The 
findings of our study indicate that plasma creatine levels in 
rats are elevated during the 48-h period following SE, which 
may be indicative of a compensatory response to higher 
energy needs. Similar increases have been observed in 
patients with schizophrenia [40]. External creatine adminis-
tration has been demonstrated to delay seizures and support 
GABAergic neurons in various models [41–43]. Increased 
plasma levels might also reflect impaired creatine transport 
across the blood–brain barrier (BBB) mediated by the cre-
atine transporter protein (CRT), and 98% of the BBB lacks 
CRT [44]. Mutations in the CRT gene are linked to neuro-
logical impairments and seizures [45]. Thus, seizures can 
disrupt BBB and CRT function, leading to creatine imbal-
ances. The exact role of creatine in the pathophysiology 
of epilepsy remains unclear. Further studies are needed to 
explore fluctuations in creatine levels during epileptogenesis 
and its effects on disease progression or treatment responses, 
potentially enhancing our understanding of epilepsy’s patho-
physiology and treatment.

The creatine cycle ends with the conversion to creatinine, 
which is excreted in urine [44]. Creatinine also forms spon-
taneously from creatine via phosphocreatine conversion. In 
our study, plasma creatinine levels in rats during the 48-h 
period following SE were significantly lower than those in 
the controls. The low creatinine concentration despite high 
plasma creatine levels is probably attributable to the produc-
tion of creatinine from creatine at a constant rate, the effi-
cient renal clearance of creatinine, and the utilization of cre-
atine by tissues. The body’s regulatory mechanisms ensure 
efficient removal of creatinine as a waste product while 
making creatine available for metabolic needs. The literature 
suggests creatinine as a potential biomarker for neurodegen-
erative diseases such as dementia and Parkinson’s disease 

[46–48]. In line with the previous research, a reduction in 
plasma creatinine levels at 48 h post-SE offers support for 
its potential as a biomarker for the onset of epileptogenesis. 
On the other hand, creatinine’s reported immunosuppressive 
and antibacterial effects suggest it may have roles beyond 
waste elimination, deserving further investigation [49, 50].

Serving as a neurotransmitter glycine, predominantly 
inhibits neuronal activity in various brain regions. In addi-
tion, it plays an essential role in regulating gene expression, 
determining protein structure and function, and influenc-
ing a broad range of biological processes [51]. In the pre-
sent study, a notable increase in plasma glycine levels was 
observed in rats 48 h following SE. Glycine interacts with 
a variety of endogenous targets, including glycine recep-
tors (GlyRs), N-methyl-d-aspartate (NMDA) receptors, G 
protein-coupled receptor family C group 6 (GPRC6), and 
glycine transporters 1 and 2 (GlyT1 and GlyT2). These inter-
actions result in different neuromodulatory effects: GlyR 
binding leads to inhibition, while NMDA receptor interac-
tion induces excitation [51]. Increased GlyT1 expression has 
been observed in the epileptic hippocampus of both rats and 
humans with TLE, and inhibiting GlyT1 raises the seizure 
threshold [52–54]. Moreover, GlyT1 inhibitors have also 
been effective in reducing chronic seizures in mouse mod-
els [55]. Recent studies indicate that glycine-mediated acti-
vation of non-classical NMDA receptors may compromise 
BBB integrity and contribute to epileptic activity during the 
acute phase [56]. Furthermore, autoantibodies against GlyRs 
have been found in epilepsy patients, potentially reducing 
glycine’s inhibitory effect, making them a possible target 
for future anti-epileptogenic strategies [57]. Thus, autoanti-
bodies against GlyR receptors could represent an interesting 
research topic for understanding epileptogenesis and devel-
oping novel anti-epileptogenic strategies. On the other hand, 
the role of GPRC6 in epilepsy remains unclear. The elevated 
glycine levels observed in the acute phase are consistent 
with abnormalities in GlyR and GlyT expression, which 
suggests that glycine may serve as a potential biomarker for 
epileptogenesis. Additionally, glycine plays a pivotal role 
in primary bile acid synthesis, which was notably altered 
48 h after SE, potentially affecting bile acid conjugation 
processes [58]. Investigating glycine and its targets, such as 
GlyT and GlyR, is critical for identifying biomarkers and 
developing anti-epileptogenic therapies.

Our study revealed significant metabolic differences in 
SE-48 h group rats, particularly in the metabolism of gly-
cine, serine, and threonine, compared to controls. This path-
way is associated with oxidative stress and inflammation 
and has been linked to febrile seizures in children [59]. A 
recent review on epilepsy and metabolomics highlighted the 
disruption of this pathway in epilepsy, suggesting its role in 
understanding the disease and identifying therapeutic targets 
[14]. Elevated glycine levels in the cerebrospinal fluid (CSF) 
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of epilepsy patients further implicate this pathway [60]. Fur-
thermore, our findings revealed that DMSO2, which exhib-
ited considerable fluctuation at 48 h post-SE, is known to be 
involved in sulfur metabolism and may potentially interact 
with glycine, serine, and threonine metabolism. Our pathway 
analysis indicates that these metabolites undergo significant 
alteration during the acute period, specifically 48 h follow-
ing SE. This finding aligns with the existing literature, sug-
gesting that these metabolites may play a pivotal role in the 
onset of epileptogenesis subsequent to initial injury.

Mitochondrial dysfunction and changes in energy metab-
olism associated with conditions such as traumatic brain 
injury and seizures highlight the critical role of pyruvic 
and lactic acid in providing energy, particularly to cells in 
the nervous system. Mitochondrial dysfunction and altered 
energy metabolism in conditions like traumatic brain injury 
and seizures underscore the importance of pyruvic and lac-
tic acid in supplying energy, especially to nervous system 
cells [61]. Pyruvic acid plays a pivotal role as a substrate 
in the tricarboxylic acid (TCA) cycle, where it is converted 
into acetyl-CoA, thereby facilitating ATP production [62]. 
Numerous studies demonstrated that pyruvic acid provides 
significant neuroprotective benefits in various neurological 
diseases and animal models, including stroke, traumatic 
brain injury, and hypoglycemia [63–65]. In addition, pyru-
vic acid can be converted to lactic acid by LDH, an enzyme 
linked to disease and tissue damage. Increased LDH activity 
has been observed in specific epileptic kindling models [66]. 
Aside, lactic acid, once considered a metabolic byproduct, is 
currently recognized for its role in energy metabolism. The 
results of our study indicated that pyruvic acid levels in the 
plasma of rats exhibited a significant elevation during the 
period of epileptogenesis, at both the 1 week and 6 weeks’ 
time points following the occurrence of SE. In contrast, 
lactic acid levels demonstrated a notable increase only at 
the six-week mark following SE. This rise in pyruvic and 
lactic acids suggests hypoxia, increased glycolysis, and mito-
chondrial dysfunction. Moreover, increased muscle activity 
during chronic seizures may contribute to lactic acid accu-
mulation. Consistent with our findings, sustained increases 
in lactic acid levels have been observed in both epilepsy 
patients and models [67–70], with elevated levels reported in 
the hippocampus, CSF, and blood immediately after seizures 
[71–73]. Considering these insights, the transportation of 
pyruvic acid and lactic acid in and out of brain cells plays a 
crucial role in preserving the balance of energy metabolism. 
The transport of these acids is facilitated by monocarboxy-
late transporters (MCTs). Changes in MCT expression have 
been noted in epilepsy models, making them potential thera-
peutic targets [74]. The inhibition of lactic acid transport 
through MCT1/MCT2 has been shown to reduce seizures 
in mice, highlighting lactate’s role as a primary neuronal 
fuel [75]. Furthermore, a reduction in MCT4 expression has 

also been observed in TLE in both humans and the pilocar-
pine rat model [76]. Recent studies suggest that lactate’s role 
extends beyond metabolism, acting as a signaling molecule 
involved in epigenetic regulation through lactylation, which 
influences gene expression and inflammatory responses 
[77–79]. Lactylation, which is widespread among brain 
cells, is regulated by neural activity and stress, markedly 
influencing cellular functions [80]. In Alzheimer’s disease, 
the lactate-driven transition from oxidative phosphorylation 
to glycolysis in microglia triggers pro-inflammatory sign-
aling and microglial dysfunction facilitated by a feedback 
mechanism involving lactate-induced lactylation [81]. Simi-
larly, in sepsis, lactate absorption by macrophages results in 
the lactylation of the nuclear protein HMGB1, enhancing 
endothelial permeability via its pro-inflammatory properties. 
Although the role of lactylation in epilepsy is underexplored, 
the lactylation of proteins like HMGB1, a biomarker in epi-
lepsy, suggests its relevance in epileptogenesis [82, 83]. In 
this context, the complex relationship among metabolism, 
epigenetics, and post-transcriptional regulation represents an 
intriguing but understudying area that could elucidate cel-
lular mechanisms. The dynamic interplay between pyruvic 
and lactic acids during epileptogenesis highlights the poten-
tial of monitoring these metabolites and MCT expression 
to understand disease progression. MCTs have emerged as 
promising therapeutic targets to delay or inhibit epileptogen-
esis, making them crucial for future epilepsy research and 
treatment strategies.

Mitochondria are essential for cellular function, particu-
larly in the management of intermediary metabolism and 
bioenergetics. The complexity of mitochondrial dysfunction 
in chronic epilepsy is a challenge in determining whether 
mitochondrial oxidative stress is a precursor or consequence 
of seizures. Succinic acid serves as a pivotal link between 
various metabolic pathways, playing a critical role by pool-
ing catabolic molecules and triggering anabolic processes 
[84]. In particular, it is a key player in the TCA cycle and 
the γ-aminobutyric acid (GABA) shunt. The present study 
revealed a significant increase in plasma succinate levels in 
SE-6wk rats. Recent findings indicate that succinate accu-
mulation may result from reverse catalysis by succinate 
dehydrogenase (SDH), which typically converts succinate 
to fumarate. During periods of ischemia, SDH catalyzes a 
reverse reaction, resulting in the generation of ROS upon 
reperfusion and subsequent neuronal damage [85]. Consist-
ent with our results, another study found elevated succinate 
levels in the hippocampus of rats with kainic acid-induced 
SE, primarily due to reverse SDH activity [86]. Similarly, 
increased succinic acid levels were detected in the CSF of 
dogs with idiopathic epilepsy [87]. Succinic acid also acts as 
a partial NMDA agonist, enhancing post-synaptic excitabil-
ity and triggering convulsions [88]. In addition, succinate is 
closely linked to GABA metabolism, as GABA is converted 
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into succinic semialdehyde, then oxidized to succinate by 
succinic semialdehyde dehydrogenase (SSADH). In the 
literature, a study involving the ALDH5A1 gene, which 
encodes this enzyme, suggested that high-stress conditions 
like SE could lead to significant activation in the ALDH5A1 
promoter region, resulting in increased production of the 
ALDH5A1 protein [89]. It is thus possible that under con-
ditions of elevated stress, such as those observed in SE, the 
elevated levels of ALDH5A1 protein may lead to enhanced 
synthesis of succinic acid, resulting in its accumulation in 
plasma. Furthermore, a study conducted on rat brain mito-
chondria indicated that damage-causing lipid peroxidation 
resulted in the inhibition of the TCA cycle enzyme SSADH 
by lipid peroxidation products [90]. This resulted in a reduc-
tion in the flow of the TCA cycle and a decrease in GABA 
clearance. Additionally, electrophysiological data indicates 
that this could lead to the excitatory transformation of extra-
cellular GABA due to the functional impairment of ligand-
gated chloride channels (GABAA), which may contribute to 
further seizure-related damage [91]. Besides, succinic acid 
is also involved in protein succinylation, a post-translational 
modification, and acts as a chemical messenger, though its 
regulatory effects remain unclear [84]. These findings sug-
gest that succinate may have different roles in physiological 
versus pathological processes and could disrupt the GABA-
glutamate balance, exacerbating SE pathology. Given its 
elevated levels in various epilepsy models and samples, 
succinic acid shows potential as a biomarker for monitoring 
epileptogenesis.

The significant metabolic changes observed during the 
latent and chronic phases of epileptogenesis were particu-
larly evident in the TCA cycle. Consistent with our findings, 
impaired TCA cycle function has been noted in the cerebral 
cortex and hippocampus in mice with SRSs, suggesting that 
targeting mitochondrial dysfunction may offer a promising 
approach for drug-resistant epilepsy [92]. Our analysis of the 
TCA cycle revealed a key interaction with glycine, serine, 
and threonine metabolism. Although the precise mechanisms 
underpinning this interaction remain somewhat elusive, it is 
apparent that anaplerotic substrates such as serine, threo-
nine, and glycine, which are converted into pyruvate, play a 
crucial role in supplementing TCA cycle metabolites [93]. 
This process is crucial for maintaining TCA cycle homeosta-
sis and reflects the metabolic flexibility required to sustain 
cellular function and energy production. The relationship 
between the glycine, serine, and threonine pathway, which 
appears to be significant in the acute phase, and the TCA 
cycle, important in the chronic phase, warrants further inves-
tigation. Exploring this interaction could offer new insights 
into metabolic regulation and potential therapeutic targets 
for epileptogenesis.

The current findings highlight the significant impact 
of alterations in pyruvic acid and lactic acid levels on 

glycolysis/gluconeogenesis and pyruvate metabolism path-
ways, as observed 6 weeks following the occurrence of SE. 
Pyruvate and lactate are linked to each other both within 
the Cori cycle, as needed in gluconeogenesis pathway, and 
in anaerobic metabolism with the conversion of pyruvate 
to lactate in the absence of sufficient oxygen. In particu-
lar, lactate, as an alternative energy substrate, can be accu-
mulated by brain tissues under stressful conditions such as 
epileptogenesis [94]. The results of our study demonstrated 
that alterations in pyruvate and lactate metabolite levels 
were only statistically significant in the glycolysis/gluco-
neogenesis and pyruvate metabolism pathways during the 
6-week period following SE. These findings highlight the 
importance of these metabolites in selecting the appropri-
ate treatment or follow-up period. In addition, pyruvic acid 
can participate in arginine and proline metabolism. In this 
metabolic pathway, pyruvic acid participates in arginine syn-
thesis, which is important for detoxification of ammonia, 
indirectly through the TCA cycle. It can also contribute to 
proline synthesis indirectly through the pentose phosphate 
pathway, producing NADPH metabolites that are subse-
quently used for detoxification and cellular redox balance. In 
neurological disorders such as epilepsy, oxidative stress and 
neuroinflammation occur, and arginine/proline metabolite 
production is increased to combat this metabolic dysregula-
tion and excessive neuronal hyperexcitability [95].

In light of the aforementioned points, it is notable that 
pyruvic acid is present both in the period 1 week after SE 
and in the subsequent period of 6 weeks after SE. Pyruvic 
acid’s role in epileptogenesis is closely linked to its func-
tion in energy metabolism, its antioxidant properties and 
its potential for neuroprotection. Dysregulation of pyruvate 
metabolism can result in metabolic distress, increased oxi-
dative stress, and neuronal damage, all of which contribute 
to the development and progression of epilepsy. Further 
research is required to gain a deeper understanding of the 
precise mechanism by which pyruvic acid is involved in epi-
leptogenesis and to determine how modulation of pyruvate 
metabolism could be employed as a therapeutic intervention 
in epilepsy.

Conclusion

The mechanisms and biomarkers associated with epilep-
togenesis have not been extensively explored, but our find-
ings demonstrate the potential utility of further research in 
this area. Our investigation successfully uncovered viable 
biomarkers by examining the plasma metabolomic profile of 
rats with induced TLE across three distinct time points dur-
ing epileptogenesis. Comprehensive pathway analysis and 
examination of significant metabolites provided insight into 
potential metabolic pathways involved in the development of 
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epilepsy. The usefulness of plasma metabolomics in identi-
fying biomarkers for epileptogenesis was highlighted, paving 
the way for a better understanding of the mechanisms driv-
ing SE and opening avenues for the development of targeted 
therapeutic interventions. Further research is necessary to 
evaluate the roles of these metabolites and their associated 
molecular pathways in epileptogenesis within human cohorts 
before translating these findings into clinical practice.
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