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Objective: Epilepsy is a common neurological disorder characterized by recurrent epilepsy episodes. As a non-pharmacological treatment, the ketogenic diet has been widely applied in treating epilepsy. However, the exact therapeutic mechanism of the ketogenic diet for epilepsy remains unclear. This study investigates the molecular mechanisms of the ketogenic diet in regulating fatty acid metabolism and activating the ADCY3-initiated cAMP signaling pathway to enhance neuronal inhibition and thereby treat epilepsy.

Methods and results: Meta-analysis reveals that the ketogenic diet is superior to the conventional diet in treating epilepsy. Animal experiments demonstrate that the ketogenic diet is more effective than the conventional diet in treating epilepsy, with the best results achieved using the classic ketogenic diet. Transcriptome sequencing analysis identifies six essential genes, among which ADCY3 shows increased expression in the ketogenic diet. In vivo experiments confirm that the activation of the cAMP-PKA signaling pathway by ADCY3 enhances neuronal inhibition and improves epilepsy control.

Conclusion: Clinical observations indicate that the ketogenic diet improves patient epilepsy episodes by regulating the ADCY3-initiated cAMP signaling pathway.
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1 Introduction

Epilepsy remains a prevalent neurological disorder, manifesting in recurrent seizures that significantly impact the quality of life for many individuals (Beghi et al., 2015; Manford, 2017; Thijs et al., 2019; Levin et al., 2021). Although an array of anticonvulsants drugs are available, they fail to provide substantial relief for a significant subset of patients, either due to drug resistance or intolerable adverse effects (Klein et al., 2021). This prevailing issue underlines the pressing need for innovative and effective alternative treatments (Sorkpor and Ahn, 2021). One such promising non-pharmacological approach is the ketogenic diet, which has garnered empirical support for its potential therapeutic benefits in managing epilepsy (Sampaio, 2016; Paoli et al., 2020; Sourbron et al., 2020; Wells et al., 2020). Nonetheless, the intricate mechanisms underpinning its anticonvulsants effects remain partially obscured, necessitating further comprehensive exploration (Zhang et al., 2021a).

The ketogenic diet is fundamentally high in fats, moderate in proteins, and low in carbohydrates. It uniquely simulates a fasting state by inducing the production of β-hydroxybutyrate, a key metabolic product (Youm et al., 2015; Beam et al., 2021; Khoziainova et al., 2022). While the exact mechanisms of the anticonvulsants effects of the ketogenic diet are not fully understood, studies have shown that the diet can influence various metabolic pathways and signaling pathways in the brain, thereby reducing the frequency and severity of seizures (Zarnowska, 2020). Literature reports indicate that the ketogenic diet offers an effective alternative for children and adults with drug-resistant epilepsy, showing particular efficacy in certain epilepsy syndromes such as West syndrome, severe infantile spasms, myoclonic-astatic epilepsy, fever-related epilepsy syndromes, and drug-resistant idiopathic generalized or refractory epilepsy (Elia et al., 2017). Furthermore, in drug-resistant epilepsy, the ketogenic diet has demonstrated utility (Ułamek-Kozioł et al., 2019). Ketogenic diet-induced increase in circulating ketones may assist in the treatment of drug-resistant epileptic episodes (Rogawski et al., 2016). The production of ketone bodies in the liver as a result of the ketogenic diet helps control seizures through its anticonvulsant action (Cicek and Sanlier, 2023). When conventional anticonvulsants medications and anesthetics fail, the ketogenic diet presents a promising new adjunctive strategy for managing acute status epilepticus in the intensive care setting (McDonald and Cervenka, 2020). Research suggests that the ketogenic diet is high in fat and protein content but low in carbohydrates, with β-hydroxybutyrate being the primary ketone body produced during carbohydrate deficiency in the diet, believed to have neuroprotective effects (Polito et al., 2023). Additionally, studies on the ketogenic diet often consider β-hydroxybutyrate as a crucial marker (Lin et al., 2023; Martins et al., 2023; Poorshiri et al., 2023). Moreover, literature indicates that β-hydroxybutyrate is a byproduct of normal fatty acid oxidation metabolism. In animals, β-hydroxybutyrate serves not only as an intermediary metabolite but also as a significant regulatory molecule that can influence gene expression, lipid metabolism, neuronal function, and overall metabolic rate (Mierziak et al., 2021).

Fatty acid metabolism is a central feature of the ketogenic diet (Nagpal et al., 2019; Kraeuter et al., 2020). By enhancing fatty acid metabolism, the ketogenic diet can lead to the production of abundant β-hydroxybutyrate in the body (Koronowski et al., 2021; Basolo et al., 2022; Karagiannis et al., 2022). Recent studies have revealed a close relationship between fatty acid metabolism and epileptic seizures (Samanta, 2021). ADCY3 (Adenylate Cyclase 3), a crucial signaling molecule, is involved in regulating intracellular levels of cyclic adenosine monophosphate (cAMP) (Wu et al., 2016; Son et al., 2022; Gárriz et al., 2023). Research has detected miRNA in the cerebrospinal fluid of subjects, identifying potential target cells of ADCY3 including the choroid plexus, neurons, and microglial cells (Narayan et al., 2020). ADCY3 plays a significant role in neuronal excitability and is associated with severe depression (Yang et al., 2021). Furthermore, a study comparing two weight-loss diets has demonstrated that the ADCY3 gene is involved in regulating various metabolic processes, such as the development and function of adipose tissue, with specific regulatory effects depending on the nutrient intake levels (Goni et al., 2018). Therefore, we hypothesize that the ketogenic diet may regulate ADCY3 by promoting fatty acid metabolism, further activating the cAMP signaling pathway, influencing neuronal inhibition, and improving epileptic seizures.

To test this hypothesis, a comprehensive experimental design was implemented. Initially, a meta-analysis was conducted to evaluate the efficacy of ketogenic diet on epileptic seizures. Subsequently, animal experiments were carried out using an epilepsy mouse model to observe the effects of different types of ketogenic diets on seizure activity, assessing their anticonvulsants effects through indicators such as electroencephalograms. Furthermore, key genes and signaling pathways related to the ketogenic diet were identified through transcriptome sequencing and protein interaction analysis. Lastly, a mouse model overexpressing ADCY3 was constructed, followed by in vivo validation using a cAMP inhibitor, to elucidate the role of the ADCY3/cAMP signaling pathway in the ketogenic diet.

Our study results are expected to further elucidate the mechanistic role of ketogenic diet in treating epilepsy, providing a theoretical basis and new therapeutic strategies for its clinical application. Understanding the effects of ketogenic diet on fatty acid metabolism, ADCY3 activation of the cAMP signaling pathway, and regulatory mechanisms of neuronal inhibition holds significant importance for investigating the pathogenesis of epileptic seizures and treating related disorders.



2 Materials and methods


2.1 Meta-analysis

Searching computer databases such as PubMed, Cochrane Library, Embase, and Web of Science. The retrieval is set from the establishment of the database until April 2023. Search is performed using a combination of controlled vocabulary and free words. The retrieval terms primarily include: “Epilepsy” OR”Epilepsies,” “Seizure Disorder,” “Seizure Disorders,” “Awakening Epilepsy,” “Epilepsy, Awakening, “Epilepsy, Cryptogenic” OR”Cryptogenic Epilepsies” OR”Cryptogenic Epilepsy” OR”Epilepsies, Cryptogenic” OR”Aura” OR”Auras.”

The inclusion criteria for the literature meets the principles of evidence-based medicine PICOS (P-patient, I-intervention, C-comparison intervention, O-outcomes): (1) Patient population: patients diagnosed with epilepsy; (2) Intervention: ketogenic diet (KD); Comparison group: comparison with regular diet or different KDs; (3) Study design: clinical randomized controlled trials; (4) Outcome measures: frequency of epileptic epilepsy, including epilepsy reduction ≥50% or epilepsy reduction ≥90% or no epilepsy; (5) Included literature should include general information about the patients, adverse reactions, follow-up, and number of dropouts.

Exclusion criteria include (1) non-randomized controlled trials (RCTs); (2) studies that do not include relevant outcome measures and treatment methods; (3) incomplete literature data integrity; (4) non-case–control experiments; (5) duplicate publications; (6) guidelines, conference reports, systematic reviews or abstract articles; (7) animal experiments; (8) non-English literature.

The literature included in the study was independently analyzed by two researchers. Use Endnote software to identify relevant literature by reading the titles, abstracts, and full texts to determine if they meet the inclusion criteria. Disagreements are resolved through consensus to ensure the objectivity and integrity of the data.

According to the Jadad scale, the methodological quality of incorporating data is evaluated based on four aspects: random allocation method (appropriate, unclear, inappropriate), concealment of allocation scheme (appropriate, unclear, inappropriate), blinding method (appropriate, unclear, inappropriate), and follow-up records (present, absent). Scores 1 to 3 indicate low-quality research, while scores 4 to 7 represent high-quality research (Wells et al., 2020).



2.2 Generation of epileptic mouse model and sample acquisition

This experiment used healthy C57BL/6 male mice (weighing 20–30 g, 8–10 weeks old). All mice were purchased from the Experimental Animal Center of Guangdong Province and were housed in SPF-grade laboratories. The housing conditions met the standard requirements, including humidity (44–78%), temperature (17–20°C), lighting (12-h light–dark cycle), and access to food and water. The mice were acclimated to the experimental environment for 1 week. All mice were handled strictly with the ethical requirements for experimental animals and obtained approval from the Animal Ethics Committee for Experimentation.

The mice were randomly divided into six groups: a regular group of 10 mice (Control), a model group of 10 mice with epilepsy (Model), a group of 10 mice on a classical ketogenic diet (Model+KD), a group of mice on a medium-chain triglyceride ketogenic diet (Model+MCT), a group of mice on a modified Atkins diet (Model+MAD), and a group of mice on a low glycemic index ketogenic diet (Model+LGIT).

Proportions of nutrients in different types of ketogenic diets: Classic KD: fat content (80%); low carbohydrate content (5%); protein content (15%) (Neal et al., 2009). MCT: MCT composition contains two fatty acids, caprylic acid (C: 8.60%) and capric acid (C: 10.40%) (Hollis et al., 2018; Guimarães et al., 2019). MAD: carbohydrate content (7.6%), fat content (54.5%), protein (21.2%) (Gupta et al., 2021). LGIT: fat content (65%); low carbohydrate content (25%); protein content (10%) (Karimzadeh et al., 2014).

The KA (kainic acid) model is a classical model that simulates human temporal lobe epilepsy and is widely used in the study of refractory epilepsy drugs. Rodents can induce epileptic status after intraperitoneal injection of KA, which activates the limbic system (Grabenstatter et al., 2005).

Adult mice (20–30 g) were induced with a cell cytotoxic epilepsy model by intraperitoneal injection of KA (kainic acid) (55001ES10, Yeasen). Administer a low dose (5 mg/kg) every hour until mice exhibit a sustained epilepsy lasting longer than 3 h. After inducing epilepsy in each mouse, a subcutaneous injection of approximately 2.5 milliliters of lactated Ringer’s solution (approval number: National Medical Products Administration H20059425, Jiseng) was administered (Grabenstatter et al., 2005; Modebadze et al., 2016; Ramazi et al., 2022). Record each mouse’s epilepsy severity and convulsion duration according to the Racine Scale. In surviving mice, select mice that exhibit spontaneous and recurrent epilepsy within a few days and continue with subsequent experiments for several weeks. Inject an equivalent dose of normal saline into the control group. The standard experimental group and the epileptic mouse model group were fed a conventional diet, while the mice in different types of ketogenic diet groups were fed with different types of ketogenic feed (Wang et al., 2021) and purchased from the high-tech platform for experimental animal feed. We used a video monitoring method to continuously observe mice for 3 months and recorded information, including the frequency and duration of epileptic epilepsy (Modebadze et al., 2016; Wang et al., 2021).

To collect samples, excessive intraperitoneal injection of 0.5% pentobarbital sodium (controlled substance, contact customer service for purchase) or (P3761, Sigma) was used to euthanize the mice. Harvest the mouse brain hippocampal tissue and quickly wash the surface stains with physiological saline. Remove excess liquid and cut the tissue into specified sizes, collecting them in pre-chilled enzyme-free tubes. Place the tubes in liquid nitrogen and quickly freeze them at −80°C for storage after collecting all the samples (López-Rivera et al., 2023).



2.3 Generation of an animal model of overexpression of ADCY3 in epileptic mice

Divide the mice into four groups: oe-NC (overexpressing lentivirus negative control group), oe-ADCY3 (overexpressing lentivirus ADCY3 group), oe-ADCY3 + DMSO, and oe-ADCY3 + RMI12330A (cAMP inhibitor RMI 12330A) (Guellaen et al., 1977; Grupp et al., 1980; Griebel et al., 1991; Kim et al., 2019). Each group has 10 mice. The design customization service of RMI12330A is provided by Shanghai Yiji Bio-Technology Co., Ltd. Inducing epilepsy in mice using pilocarpine has been described earlier. After confirming the successful establishment of an epileptic mouse model, the ADCY3 overexpression was carried out using the lentiviral transduction method for 4 weeks. Subsequently, OE-ADCY3 + RMI12330A group mice were intraperitoneally injected with RMI 12330A (dissolved in DMSO at 15 mg/kg). The mice in the oe-ADCY3 + DMSO group were also injected with an equivalent dose of DMSO solution (Hong et al., 2013).



2.4 Lentivirus transfection

Epileptic mice overexpressing ADCY3 were constructed using a lentiviral transfection method. Initially, the pAcGFP plasmid vector was appropriately reconstructed by replacing the original CMV promoter with the SYN1 gene promoter. This promoter drives the expression of the SYN1 gene, producing Synapsin I protein, which exhibits specific expression within neurons, enabling the specific expression of ADCY3 in neuronal cells (Wang et al., 2018). Plasmid design, construction, and lentiviral packaging services were provided by Shanghai’s Biotech Engineering Company. Four hundred nanogram of pAcGFP-ADCY3 was transfected into HEK293 cells (CL-0005) using Lipofectamine 2000, followed by validation, amplification, and purification to obtain the packaged lentivirus. Mice were secured in appropriate restraint devices, with the injection needle positioned at the base of the tail to ensure entry into the tail vein. Subsequently, the prepared lentivirus was slowly injected into the tail vein of the mice (titer: 5 × 106 TU/mL) once a week for a total of 4 weeks (Hong et al., 2013).



2.5 Ketogenic diet treatment for preparation of mouse models of epilepsy and injection of cAMP inhibitors

The methods for purchasing mice and establishing the epilepsy model were performed as described previously. Mice were randomly assigned into two groups, with 10 mice in each group: KD group and KD + RMI 12330A group. Following the successful establishment of the epilepsy model, the mice were fed a ketogenic diet for 3 months. On the 90th day, mice in the KD + RMI 12330A group received an intraperitoneal injection of RMI 12330A (a cAMP inhibitor, 15 mg/kg), after which relevant parameters were measured and observed (Guellaen et al., 1977; Grupp et al., 1980; Biondi et al., 1990; Griebel et al., 1991; Hong et al., 2013; Kim et al., 2019).



2.6 Behavioral observation of mice (Racine scoring)

Evaluation criteria: R1: The mildest epileptic epilepsy is manifested as bright, flashing, or unusual sensations in the field of vision, referred to as photosensitivity or visual abnormalities, or localized muscle spasms, also known as focal epilepsy. R2: Mild epileptic epilepsy, characterized by local muscle twitching or jerking, which can spread to adjacent muscles, are called clonic epilepsy. R3: Moderate seizure, manifested as a grand mal seizure, where the patient suddenly loses consciousness, experiences muscle convulsions or stiffness, and may have symptoms such as foaming at the mouth and urinary incontinence. R4: Severe epileptic epilepsy, manifested as grand mal epilepsy, sudden intense emotional reactions such as fear or anger, possibly accompanied by loss of consciousness, muscle convulsions or stiffness, foaming at the mouth, incontinence, rapid breathing, etc. R5: The most severe epileptic epilepsy is characterized by a status epilepticus, which involves a prolonged period of unconsciousness until the epilepsy episode ends and may result in severe brain damage (Van Erum et al., 2019).



2.7 EEG measurements in epileptic mice

Anesthesia was induced in mice by intraperitoneal injection of 0.5% sodium pentobarbital at 50 mg/kg. Bipolar, coated stainless steel electrodes were implanted in the right CA3 region, with a single reference electrode and ground electrode fixed above the mouse brain cortex and cerebellum. Twenty-four hours after the implantation surgery, we used Pinnacle’s Nervus EEG recording system to record a 12-h electroencephalogram (EEG). We define an epileptic epilepsy as a sustained high-amplitude rhythmic discharge (such as repeated spike waves, spike-and-wave complexes, and slow waves) lasting at least 5 s, with a frequency greater than 5 Hz and an amplitude greater than twice the baseline (Masino et al., 2011). Later, after 3 months of ketogenic treatment, the brainwave of the mice was recorded.



2.8 High-throughput transcriptome sequencing

Three hippocampal tissue samples were selected from the standard group, the epilepsy model group, and the classic ketogenic diet group, respectively. Each sample was extracted for at least 1 μg total RNA (AM1931, Thermo Fisher Scientific, Netherlands), followed by treatment with DNAse I and silica-membrane purification (74,134, Qiagen, Germany). RNA was quantified using the Qubit RNA HS Assay Kit (Q32852, Thermo Fisher Scientific) and diluted to a concentration of 100 ng/μl. Confirm the quality of total RNA using the Fragment Analyzer (Advanced Analytical Technologies, Germany). For samples with an RNA Quality Number (RQN) greater than or equal to 6, RNA library preparation will be conducted using protocols certified under ISO/IEC 17025 (TruSeq RNA Library Preparation Kit v2, Illumina, United States). After cDNA synthesis of enriched oligo (dT) beads and fragmented mRNA, adapter ligation and PCR amplification are performed. Sequencing with Illumina HiSeq 2500v4 sequencer using a 126 bp paired-end sequencing strategy. According to the manufacturer’s protocol, each sample should be sequenced to a minimum depth of 12.5 Gbp, resulting in approximately 50 million read pairs. Perform image analysis, base calling, and quality control using Illumina data analysis pipeline RTA v1.18.64 and Bcl2fastq v1.8.4. RNAseq reads are provided in compressed Sanger FASTQ format.

Each input sample file is analyzed by FastQC (version 0.10.1). Known overexpressed sequences detected by FastQC were subjected to adapter trimming using cutadapt (version 1.2), with a minimum accepted read length set at 20 bp. Next, use a sickle (version 1.33) to trim low-quality bases. Each read is synchronized through a custom Python script to maintain correspondence and merged into a single file. Use the GSNAP alignment tool (version 2014–12–23) to align reads against the human reference genome GRCh38, with the options set for novel splicing discovery (−-novel splicing 1) and unique alignment (−-paths 1 and --quiet-if-excessive). The output SAM file is compressed, position sorted, and indexed using the Picard suite (version 1.141). Differentially expressed genes between the control group, model group, and classical ketogenic diet group samples were filtered using “Limma” in Python script (with thresholds of |logFC| > 1 and p-value <0.05). Use Python script to draw the heatmap of differentially expressed genes, and also draw the volcano plot of differentially expressed genes and perform GO and KEGG enrichment analysis (Saeidian et al., 2020; Arindrarto et al., 2021; Wang et al., 2021).



2.9 RT-qPCR

Extract hippocampal tissues from the control, Model, and classic ketogenic diet group mice. Extract total RNA from hippocampal tissue using TRIzol reagent (15,596,026, ThermoFisher, United States). Reverse transcribe 1 μg of RNA into cDNA using oligo (dT) primer. The primer sequence can be found in Supplementary Table S1, and Shanghai Biochemical Co., Ltd. synthesized it Synthesize cDNA using Maxima Reverse Transcriptase (EP0751, Thermo Scientific). Using SYBR Green (K0222, Thermo Scientific) for RT-qPCR detection, three replicates were set for each sample. GAPDH serves as an internal reference. Calculate relative expression using the 2−ΔΔCt method (Liang et al., 2017; Mazdeh et al., 2018; Wang et al., 2021).



2.10 Western blot

The hippocampus tissue was digested in RIPA buffer (Thermo Scientific, United States). Protein concentration was determined using the BCA (Bicinchoninic Acid) method, and quantification was performed with the BCA1 assay kit (Sigma-Aldrich, United States). The samples are separated on SDS/PAGE and transferred to a PVDF membrane. Incubate the membrane in TBS buffer containing Tween-20 and 5% skim milk for 1 h. Incubation with the following antibodies was performed overnight at 4°C: MA5-32245 (VAV2, dilution 1:1000), PA5-35382 (ADCY3, dilution 1:2000), MA3-920 (CACNA1S, dilution 1:500), PA5-104261 (CALLM3, dilution 1:1000), MA1-157 (PRKACA, dilution 1:1000), PA5-104261 (GRIN2B, dilution 1:1000), MA1-083 (CREB), and BFNE84953 (pCREB). Incubate the membrane after washing, and then incubate with the HRP-conjugated secondary antibody (ab6721, Abcam, United Kingdom) in the same TBS buffer for 1 h. Wash the membrane with TBST for 5 min; repeat 3 times. For development, protein quantification analysis was performed using the Genesys imaging system (Gene Company Limited, UK) and ImageJ 1.80u software. Protein quantification analysis is performed by calculating the ratio of each protein’s grayscale value to the internal reference’s grayscale value, GAPDH (Zou et al., 2016; Wang et al., 2021). Repeat the experiment three times each time.



2.11 ELISA

Homogenized samples of mouse hippocampal tissue were collected, and the expression levels of cAMP (ab290713, from the United Kingdom) and PKA (JK-E3114, from Crysto Biotech in China) were detected using an enzyme-linked immunosorbent assay (ELISA) kit following the manufacturer’s instructions (Ding et al., 2014; Ma et al., 2014).



2.12 Electrophysiological analysis

Mice were anesthetized with 0.5% pentobarbital sodium for brain extraction. The brain was quickly removed and placed in artificial cerebrospinal fluid (ACSF) for cooling. The ACSF composition consisted of: choline chloride 110 mM, NaHCO3 26 mM, d-glucose 10 mM, Na-ascorbate 11.6 mM, MgCl2 7 mM, Na-pyruvate 3.1 mM, KCl 2.5 mM, NaH2PO4 1.25 mM, and CaCl2 0.5 mM (Wickham et al., 2020). The VT-1000S vibrating microtome (Leica, Germany) cut longitudinal hippocampal slices (300 μm) in ACSF and transferred them to a regular ACSF storage chamber. The slices were maintained at a constant temperature of 32°C for 30 min before recording, followed by an additional hour at room temperature. All solutions are saturated with 95% O2/5% CO2 (vol/vol). Place the brain slices in the recording chamber and perfuse with ACSF at a 2 mL/min flow rate. Perform whole-cell patch clamp recordings on CA1 pyramidal neurons using an upright microscope with an infrared-sensitive CCD camera (DAGE-MTI, IR-1000E). The resistance value of the pipette is 3–5 MΩ, and the micropipette puller (P-97, Sutter instrument) is used for pulling. The recording was performed using the MultiClamp 700B amplifier and the 1440A digitizer (Molecular Devices). Recorded spontaneous inhibitory postsynaptic currents (sIPSCs) were maintained at −70 mV in the presence of 20 μM CNQX and 100 μM AP-5, and the pipette solution contained (in millimolar): 140 mM CsCl, 10 mM Hepes, 0.2 mM EGTA, 1 mM MgCl2, 4 mM Mg-ATP, 0.3 mM Na-GTP, 10 mM phosphocreatine, and 5 mM QX314 (pH 7.40, 285 mm). Measurements of evoked inhibitory postsynaptic currents (PSCs) were conducted with the stimulating electrode placed on the Schaffer Collaterals (SC)-CA1 pathway, approximately 100 micrometers away from the recording pipette (Wang et al., 2021).



2.13 Calcium imaging technology

Separate and culture neurons from the mouse brain in suspension in a culture medium. Then, add 1 microliter of Fluo4-AM (Beyotime.S1060) to 1 milliliter of DMEM solution and incubate the neurons for 30 min. Remove the Fluo4-AM solution, wash three times with HBSS solution (14170112), excite with fluorescence dye at 480 ± 15 nanometers, and measure fluorescence emission at 535 ± 25 nanometers. Capture images every 2 s using a digital camera (Nikon Corporation, Japan) and analyze them using ImageJ software (Ait Ouares et al., 2020; Yang et al., 2020). The fluorescence intensity of Fluo-4 was quantified in a minimum of 5 fields, each containing at least 100 cells. The average fluorescence intensity was computed for each field. Following this, the average fluorescence intensity of the control group (oe-NC or KD group) in every experiment was normalized to 100%. Subsequently, the relative fluorescence intensity of calcium ions in each experimental group was determined by calculating the ratio of its average fluorescence intensity to that of its respective control group (Wang et al., 2013).



2.14 Blood glucose and blood ketone monitoring

Measure the concentrations of blood ketones (β-hydroxybutyrate) and glucose using Abbott’s blood glucose and ketone monitoring system (FreeStyle Optium Neo124434). According to the manufacturer’s instructions, disinfect the mouse tail with 70% ethanol, then use clean scissors to cut off the tip and collect a drop of blood. Use Abbott test strips to measure levels of β-hydroxybutyrate or glucose (Wang et al., 2021).



2.15 Recruitment and other processing of clinical samples

This study involved a 6-month clinical observation of 60 epilepsy patients admitted to our hospital between January and June 2023. This study has been approved by the Clinical Ethics Committee of our hospital, and written informed consent has been obtained from the patients and their families, strictly adhering to the Helsinki Declaration. Inclusion criteria include: (1) Meeting the diagnostic criteria for epilepsy, including primary epilepsy, secondary epilepsy, focal epilepsy, and generalized epilepsy; (2) No improvement after treatment with two or more anticonvulsants drugs; (3) Age older than 3 years; (4) The study has obtained approval from the medical ethics committee. Exclusion criteria include: (1) individuals with disorders of lipid metabolism; (2) individuals with severe cardiovascular, pulmonary, renal, and hematologic diseases; (3) individuals with severe hepatic and renal impairment; (4) individuals with mental disorders, behavioral disorders, and language disorders; (5) pregnant women; (6) individuals who have used a ketogenic diet or had changes in anticonvulsants treatment in the past 12 months; (7) individuals who have experienced status epilepticus in the previous 6 months or have undergone surgical resection or vagus nerve stimulator implantation in the previous 12 months; (8) individuals with other conditions prohibiting the use of a ketogenic diet.

Eligible patients were randomly assigned into two groups using a computer-generated random number list: the Conventional Diet Group (CAU) and the Classic Ketogenic Diet Group (KD), each consisting of 30 individuals. The KD group comprised 12 males and 18 females with a mean age of 14.53 years, while the CAU group included 10 males and 20 females with a mean age of 13.73 years (Neal et al., 2009; Sondhi et al., 2020).

Both groups underwent a one-week baseline observation period, during which each patient recorded detailed medical history and underwent examinations, including measurement of β-hydroxybutyrate, cholesterol, triglycerides, high-density lipoprotein, and low-density lipoprotein levels. The type, frequency, age of onset, family history, developmental status, and treatment history of epilepsy were also recorded. During hospitalization, participants in the diet group received dietary guidance, and family members collected data after patients were discharged. The CAU group received conventional anticonvulsants treatment and standard diet, while the KD group received adjunctive ketogenic diet treatment based on the CAU group’s treatment. During the ketogenic diet therapy, daily meals should be prepared according to the principles of the KD diet. The recommended ratio of fats to proteins and carbohydrates is 4:1, with protein intake meeting the minimum requirement suggested by the World Health Organization (WHO). Adequate supplementation of sugar, calcium, and vitamins is also essential. For patients during the ketogenic diet therapy, assess the contraindications and adverse reactions of the ketogenic diet therapy, and evaluate the effectiveness of epilepsy treatment based on the grading criteria of the International League Against Epilepsy (ILAE). The standard is divided into the following four levels: (1) Complete epilepsy control: patients have not experienced any epilepsy for two consecutive years and are not using any anticonvulsants drugs; (2) improvement: patients have a reduction in epilepsy frequency of 75% or more; (3) Some improvement: patients have a reduction in epilepsy frequency of 50 to 74%; (4) Ineffective: patients have a reduction in epilepsy frequency of less than 50%, or there is no improvement in symptoms (Neal et al., 2009; Lambrechts et al., 2017; Kverneland et al., 2018).

During the 6 months of the study, the epilepsy frequency and duration of epileptic patients in the CAU and KD groups were assessed through observation and recording by family members or caregivers. Additionally, regular examinations, such as electroencephalograms, were conducted.

Before and after treatment, we collected peripheral venous blood samples (3 mL) from the patients and measured the levels of β-hydroxybutyrate, triglycerides (TG), cholesterol (HyperChol), high-density lipoprotein (HDL), and low-density lipoprotein (LDL).

Obtain 3 mL of a peripheral venous blood sample using venipuncture into an EDTA preparation tube, and detect the expression levels of ADCY3 (ADCY3, RENJIE), cAMP (ab290713, United Kingdom), and PKA (CB10491-Hu, SCI-BIO) in the sample using enzyme-linked immunosorbent assay (ELISA) kits.



2.16 Statistical analysis

Using the fixed effects model, a Meta-analysis was conducted on direct evidence using R 4.3.0 software and the Meta package. The treatment efficacy of the ketogenic diet in patients with epilepsy was directly compared, and the respective odds ratios (OR) and 95% confidence intervals (CI) for each study were combined to obtain the overall effect size. In addition, Bayesian statistical methods are used for network meta-analysis, comparing the treatment effects through indirect evidence with corresponding risk ratios (RR) and 95% confidence intervals. Create a probability graph of the levels to rank these intervention measures and compare them to choose the best therapeutic effect. The I2 test is used to analyze heterogeneity among different studies. A fixed-effect model is adopted when p ≥ 0.05 and I2 < 50%. A random-effect model is adopted when p < 0.05 and I2 > 50%.

The data was statistically processed using SPSS 26.0 software. The continuous variable is expressed as χ ± s. The comparison between two groups was conducted using a t-test, while the comparison among multiple groups was performed using a one-way analysis of variance. The categorical variable was analyzed using the chi-square test. Count data is presented as rates or percentages. A significance level of p < 0.05 indicates a statistical difference.




3 Results


3.1 The classical ketogenic diet has therapeutic effects in treating epilepsy

The ketogenic diet is a high-fat, low-carbohydrate diet widely used in treating patients with epilepsy. There are several types of ketogenic diets, including the classic ketogenic diet (KD), medium-chain triglyceride ketogenic diet (MCT), modified ketogenic diet, and a low-calorie ketogenic diet (MAD) (Sampaio, 2016; Martin-McGill et al., 2020; Sondhi et al., 2020). The individual variances in patients with epilepsy suggest that their responses to different treatments may vary. A detailed comparison of various ketogenic diets can offer clinicians more specific guidance to assist them in selecting the most suitable dietary treatment plan for each patient based on their specific circumstances (van der Louw et al., 2016).

First, we searched English databases such as PubMed, Cochrane Library, Embase, and Web of Science (Sourbron et al., 2020; Yang et al., 2022). We obtained a total of 1,211 articles, excluding 251 duplicated articles. We then screened out 411 articles, including animal experiment articles, review articles, cohort study articles, and irrelevant articles, by reading the titles and abstracts. Next, we read the full texts of the remaining 122 articles and eventually included eight randomized controlled trial articles (Supplementary Figure S1), totaling 692 patients. Among them, 4 studies compared the ketogenic diet with the conventional diet (CAU), with 111 patients in the ketogenic diet group and 114 patients in the conventional diet group. The detailed characteristics are shown in Supplementary Table S2. Additionally, four studies compared different types of ketogenic diets, including 467 patients. Detailed characteristics are also shown in Supplementary Table S2. Quality assessment for the included 8 literature was conducted (risk bias), and the Jadad score ranged from 4 to 7, indicating all studies were of high quality (Supplementary Table S3). The Cochrane risk of bias assessment results are shown in Supplementary Figure S2.

To verify the efficacy of the ketogenic diet in treating epileptic epilepsy, we analyzed four clinical studies comparing the conventional diet (CAU) with different types of ketogenic diets (KD, MCT, MAD, LGIT), evaluating a total of 225 patients. In these four studies, the ketogenic diet was used as an adjunctive therapy for epileptic epilepsy. In these four studies, the efficacy rate of a 3-month ketogenic diet treatment was 36.0% (40/111). The I2 test showed no heterogeneity between the groups (I2 = 38%, p = 0.19), and the funnel plot showed no obvious publication bias (Figure 1A). When conducting sensitivity analysis, a fixed effects model was used. The results showed that Magnhild Kverneland had an I2 of 54%, indicating slight heterogeneity. The overall pooled risk ratio (RR) was 4.17, with a 95% confidence interval (CI) of [2.16, 8.04]. The p-value was less than 0.05, indicating a statistical difference (Figure 1B). It suggests that the ketogenic diet is superior to the conventional diet in treating epilepsy. Because the ketogenic diet has 4 different types, we conducted subgroup analysis on different types of ketogenic diet subgroups to assess the effectiveness of the ketogenic diet and the heterogeneity of the studies. The results show that when comparing different ketogenic diets with a conventional diet group, the I2 value is less than 50%, indicating acceptable heterogeneity. The relative risk ratio between the KD and CAU groups was 1.69, 95% CI = 1.69[0.59, 4.87], with no statistical difference. The merged relative risk ratio between the MAD group and the CAU group was 5.50, 95% CI = [2.20, 13.74], I2 = 37%, p = 0.21, indicating an improvement in treatment effect in the MAD group compared to CAU, but with no statistical difference. The relative risk ratio between the LGIT and CAU groups was 13, 95% CI = [0.78, 216.05], with no statistical difference (Figure 1C).
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FIGURE 1
 Comparison of the therapeutic efficacy between the ketogenic diet and conventional diet control in reducing epilepsy (≥50% reduction in epilepsy). Experimental group refers to the group on a ketogenic diet, with a total sample size of 111 cases, while CAU represents the control group on a conventional diet, with a total sample size of 114 cases. Events indicate the number of cases with a ≥ 50% reduction in epilepsy. RR indicates the relative risk ratio, where RR > 1 indicates that the number of cases with a ≥ 50% reduction in epilepsy in the ketogenic diet group is multiplied by the ratio compared to the control group on a conventional diet. The 95% confidence interval (95%-CI) reflects the possible range of effect sizes to support the results. I2 is used to evaluate the magnitude of heterogeneity between studies, with I2 < 50% indicating an acceptable level of heterogeneity. (A) Comparison of the therapeutic efficacy of ketogenic and conventional diets in reducing epilepsy by at least 50% at 3 months, with a funnel plot to assess publication bias. (B) Sensitivity analysis of the therapeutic efficacy of ketogenic and conventional diets in controlling epilepsy at 3 months, evaluating the source of heterogeneity. (C) Subgroup analysis of different types of ketogenic diets to evaluate the heterogeneity of the studies.


To compare the differences in the therapeutic effects of different types of ketogenic diets on epilepsy, a network meta-analysis was conducted on the included 8 studies. The therapeutic effects of different ketogenic diets are represented as relationships between nodes in the network graph (Supplementary Figure S3). The greater the number of nodes, the higher the degree of association. The study, analyzing the reduction of epilepsy by 50% in 3 months (including ①②④⑤⑦⑧), found that the ketogenic diet (KD) and modified Atkins diet (MAD) were superior to conventional anticonvulsants drugs (CAU) (Supplementary Table S4; Supplementary Figure S4A). The probability graph suggests that LGIT is better than KD, MCT, and MAD, and KD is better than MAD (Figure 2A). The study analyzing three months of reduced epilepsy by 90% (including ①④⑤⑦⑧) found that KD was superior to CAU (Supplementary Table S5; Supplementary Figure S4B). The level probability graph indicates that KD is superior to CAU (Figure 2B). The study analyzing a 50% decrease in epilepsy over 6 months (including ⑤⑥⑦) found that the KD was superior to CAU (Supplementary Table S4; Supplementary Figure S4C). MCT, MAD, and LGIT were superior to the CAU group, but the differences were insignificant. The probability graph indicates that the KD group has the best effect (Figure 2C; Supplementary Figure S4B). The study, which analyzed a 90% reduction in epilepsy over 6 months (including ⑤⑥⑦), found that KD, MAD, and LGIT were superior to MCT, while KD and LGIT were superior to MAD (Supplementary Table S5; Supplementary Figure S4D). The difference is not statistically significant, and the rank probability plot indicates that the KD group is superior to the MCT, MAD, and LGIT groups (Figure 2D). The meta-analysis results indicate more robust support for using the conventional ketogenic diet in treating epileptic epilepsy.
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FIGURE 2
 Comparison of the probabilities of different types of ketogenic diets at various levels. CAU refers to the control group on a conventional diet, KD represents the group on a classic ketogenic diet, MCT refers to the group on a medium-chain triglyceride ketogenic diet, MAD stands for the group on a modified Atkins diet, and LGIT describes the group on a low glycemic index ketogenic diet. Rank indicates the ranking probability of different types of ketogenic diets at specific levels (1–5). The levels indicate the likelihood of being the best treatment, second-best treatment, and so on, with Level 1 being the best and Level 5 being the worst. (A) Comparison of the therapeutic efficacy of different ketogenic diets in reducing epilepsy by at least 50% at 3 months. (B) Comparison of the therapeutic efficacy of different ketogenic diets in reducing epilepsy by at least 90% at 3 months. (C) Comparison of the therapeutic efficacy of different ketogenic diets in reducing epilepsy by at least 50% at 6 months. (D) Comparison of the therapeutic efficacy of different ketogenic diets in reducing epilepsy by at least 90% at 6 months.




3.2 Transcriptome sequencing indicates that the ketogenic diet exerts its therapeutic effect on epilepsy by activating the cAMP signaling pathway

To further validate the results of the aforementioned meta-analysis, this study constructed a chronic epilepsy mouse model and utilized video monitoring to observe spontaneous recurrent seizures in the mice. The results showed that the Racine scoring system was used to assess motor epilepsy activity in epileptic patients. Compared with the Control group, the Model group showed increased epilepsy scores. Compared with the Model group, the group using KD, MCT, MAD, and LGIT, four types of ketogenic diets, showed reduced epilepsy scores (Figure 3A). The EEG results indicated that the amplitude of epilepsy activity in the Model group was increased compared to the Control group. Compared with the Model group, mice using KD, MCT, MAD, and LGIT ketogenic diets reduced the amplitude of epileptic epilepsy activity (Figure 3B). Compared to the Control group, the epilepsy frequency in the Model group increased. Compared with the Model group, the groups using KD, MCT, MAD, and LGIT ketogenic diets demonstrated a decrease in the frequency of epileptic epilepsy. Comparing the frequency of epileptic epilepsy among different types of ketogenic diets, it can be observed that the ketogenic diet (KD) is superior to the medium-chain triglyceride diet (MCT), the modified Atkins diet (MAD), and the low glycemic index treatment (LGIT) (Figure 3C), which is consistent with the results of the meta-analysis.
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FIGURE 3
 Analysis of the therapeutic efficacy of a classic ketogenic diet in controlling epilepsy. Control refers to the standard group, Model represents the epilepsy model group, KD stands for the group on a classic ketogenic diet, MCT refers to the group on a medium-chain triglyceride ketogenic diet, MAD stands for the group on a modified Atkins diet, and LGIT describes the group on a low glycemic index ketogenic diet. Each group had a sample size of n = 10. (A) Racine scoring, *denotes a difference compared to the Control group, # denotes a difference compared to the Model group, p < 0.05, ns denotes no difference compared to the KD group, p > 0.05. (B) In EEG analysis of epilepsy controlled by the ketogenic diet, vertical arrows indicate the start and end of epilepsy in mice, the Control group had no epilepsy activity, the Model group represents the baseline epilepsy activity in mice, KD, MCT, MAD, and LGIT groups showed a decrease in epilepsy activity wave amplitude compared to the Model group. (C) Comparison of epilepsy frequency in mice with epilepsy, *denotes a difference compared to the Control group, # denotes a difference compared to the Model group, p < 0.05, ∆ denotes a difference compared to the KD group, p < 0.05.


To investigate the potential mechanisms of ketogenic diet therapy in treating epileptic epilepsy, we performed transcriptome sequencing on the Control group, Model group, and KD group. The results indicate that volcano plots can provide an overall view of the distribution of differential genes (Figures 4A,B). The Model group obtained 5,054 upregulated differentially expressed genes and 5,497 down-regulated differentially expressed genes compared with the Control group (Figure 4A). Compared to the Model group, the KD group had 4,693 upregulated differentially expressed genes and 5,038 downregulated differentially expressed genes (Figure 4B). Differential gene expression analysis was conducted using the criteria |LogFC| > 1 and p < 0.05 as selection standards (Figures 4C,D). Genes with similar or identical expression patterns were grouped for analysis, where high gene expression levels are represented in red and low levels in blue. By intersecting the differentially expressed genes between the Control and Model groups with those between the Model and KD groups but in opposite trends, a total of 157 intersecting genes were identified (Figure 4E). Protein–protein interaction analysis was conducted on the 157 intersecting genes encoded by these proteins. The top 15 genes, sorted by degree value, are GRIN2B, CALM3, PRKACA, ITPR1, COG1, MYO5A, SPTAN1, ADCY3, ANK1, APOE, CACNA1S, ZW10, CPT1c, GABARAP12, XPO5 (Figure 4F).
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FIGURE 4
 Transcriptome sequencing analysis results. Control refers to the standard group, the Model represents the epilepsy model group, and KD stands for the group on a classic ketogenic diet. Each group had a sample size of n = 3. (A) Comparison of the Model group with the Control group, red dots indicate upregulated gene expression, green dots indicate downregulated gene expression, the p-value represents the significance of differential gene expression, and a higher Log2FC (log2 fold change) indicates a more difference in expression. (B) Comparison of the epilepsy model group with the classic KD group, p < 0.05, indicating a difference. Red dots indicate upregulated gene expression, green dots indicate downregulated gene expression, the p-value represents the significance of differential gene expression, and a higher Log2FC (log2 fold change) indicates more expression differences. (C) Hierarchical clustering analysis of differentially expressed genes between the Control and Model groups. (D) Hierarchical clustering analysis of differentially expressed genes between the Model and KD groups. (E) Venn diagrams depicting the intersection of upregulated genes in the Model group (compared to the Control group) with downregulated genes in the KD group (upper diagram), and the intersection of downregulated genes in the Model group (compared to the Control group) with upregulated genes in the KD group (lower diagram). Green represents genes differentially expressed between the Control and Model groups, blue represents genes differentially expressed between the Model and KD groups, and the overlapping area indicates intersecting genes. (F) Protein interaction analysis among the Control, Model, and KD groups. (G) GO enrichment analysis. (H) KEGG pathway enrichment analysis.


The results of GO and KEGG enrichment analysis showed that there were enrichments in biological processes such as response to hypoxia, response to decreased oxygen levels, cellular response to hypoxia, and phospholipid efflux (Figure 4G), as well as in signaling pathways, including Proteoglycans in cancer, cAMP signaling pathway, Calcium signaling pathway, Glucagon signaling pathway, Glutamatergic synapse, GABAergic synapse, and Fatty acid elongation (Figure 4H). After consulting, it was found that the genes enriched in the cAMP signaling pathway were mainly VAV2, CALM3, ADCY3, CACNA1S, PRKACA, and GRIN2B. Among them, 5 genes overlapped with the sorted degree values, suggesting that KD may regulate the cAMP signaling pathway in treating epilepsy by modulating the above genes.

Transcriptome sequencing results indicate that, compared with the Control group, the expression levels of VAV2, CALM3, ADCY3, PRKACA, and GRIN2B are down-regulated, while the expression level of CACNA1S is upregulated. Compared with the Model group, the expression levels of VAV2, CALM3, ADCY3, PRKACA, and GRIN2B were upregulated, while the expression level of CACNA1S was downregulated. To further validate the transcriptome data, we performed RT-qPCR and Western blot experiments to detect the mRNA and protein expression levels of VAV2, CALM3, ADCY3, CACNA1S, PRKACA, and GRIN2B. As shown in Figures 5A–C, the results showed that compared to the Control group, the mRNA and protein levels of VAV2, CALM3, ADCY3, PRKACA, and GRIN2B were downregulated, while the mRNA and protein levels of CACNA1S were upregulated. Compared with the Model group, the mRNA and protein levels of VAV2, CALM3, ADCY3, CACNA1S, PRKACA, and GRIN2B were upregulated, while the mRNA and protein levels of CACNA1S were downregulated, which is consistent with the expression trend observed in the transcriptome sequencing results.
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FIGURE 5
 The expression of 6 critical genes in the hippocampal tissue of epileptic mice. Control refers to the standard group; Model refers to the epileptic model group; KD refers to the classic ketogenic diet group. The sample size in each group was n = 5. (A) RT-qPCR analysis, * indicates the difference between the Model group and the Control group (p < 0.05); # indicates the difference between the KD group and the Model group (p < 0.05); (B,C) Western Blot analysis, * indicates the difference between the Model group and the Control group (p < 0.05); # indicates the difference between the KD group and the Model group (p < 0.05).


The above results suggest that these six genes, VAV2, CALM3, ADCY3, CACNA1S, PRKACA, and GRIN2B, may be critical genes influencing epileptic epilepsy. KD may improve epileptic epilepsy by regulating the expression of VAV2, CALM3, ADCY3, CACNA1S, PRKACA, and GRIN2B, thereby modulating the cAMP signaling pathway and inhibiting neuronal activity.



3.3 ADCY3 activation improves epilepsy onset in epilepsy through the cAMP signaling pathway

To explore the possible mechanisms of the involvement of critical genes such as VAV2, CALM3, ADCY3, and CACNA1S in epileptic epilepsy, we have consulted relevant literature. We found that ADCY3 (adenylate cyclase 3) is an activator of cAMP. Increased expression of ADCY3 can catalyze ATP to generate cAMP, which then binds to the regulatory subunits of PKA, activating the catalytic subunits of PKA and subsequently activating PKA (Hong et al., 2013; Zheng et al., 2023). Therefore, regulating the activity of cAMP plays a crucial role in controlling the excitability of neurons and networks (Zhang et al., 2021b). Based on this, we found that the remaining four genes are downstream in the cAMP signaling pathway, and their expression may be closely associated with cAMP activation.

Research has found that activation of the cAMP signaling pathway in the hippocampal neurons of brain tissue has a neuroprotective effect (Chen et al., 2021; Essam and Kandil, 2023). The expression levels of the ADCY3 gene increase during dietary restriction and ketone body intake (Zhang et al., 2017; Goni et al., 2018). Therefore, ADCY3 may be a potential target for the treatment of epilepsy.

Several studies have indicated that cAMP exhibits dual regulatory effects. It enhances the strength of excitatory neural circuits and, simultaneously, acts locally on postsynaptic GABA receptors to reduce inhibitory synaptic plasticity (Lee, 2015). In the context of epilepsy research, activation of the cAMP-PKA pathway has been shown to have inhibitory effects during seizures (Qi et al., 2019). Furthermore, Forskolin, a adenylyl cyclase activator, has been demonstrated to increase cAMP levels when administered subcutaneously in mice, thereby preventing epileptic seizures (Sano et al., 1984). The findings of these studies align with those of the present study, suggesting that increasing cAMP has antiepileptic effects in the regulation of epilepsy.

To investigate the activation of the ADCY3 in the cAMP signaling pathway and its impact on epileptic seizures (Hosseini-Zare et al., 2011), we established an epileptic mouse model and conducted experimental validation. The experiments were divided into four groups: oe-NC (overexpression lentivirus control group), oe-ADCY3 (overexpression lentivirus ADCY3 group), oe-ADCY3 + DMSO (overexpression lentivirus ADCY3 group with intraperitoneal injection of varying doses of DMSO), and oe-ADCY3 + RMI 12330A (overexpression lentivirus ADCY3 group with intraperitoneal injection of varying doses of cAMP inhibitor, RMI 12330A).

Behavioral observations were conducted on mice, including evaluation of mouse performance using the Racine scoring system, electroencephalogram (EEG) detection, and recording of epilepsy frequencies. Racine scoring results showed that compared to the oe-NC group, the epilepsy score decreased in the oe-ADCY3 group; compared to the oe-ADCY3 + DMSO group, the epilepsy score increased in the oe-ADCY3 + RMI 12330A group (Figure 6A). EEG results showed that compared with the oe-NC group, the amplitude of epileptic EEG activity was reduced in the oe-ADCY3 group; compared with the oe-ADCY3 + DMSO group, the amplitude of epileptic EEG activity was increased in the oe-ADCY3 + RMI 12330A group (Figure 6B). Statistical analysis of the frequency of epileptic seizures revealed a significant reduction in seizure frequency in the oe-ADCY3 group compared to the oe-NC group. Conversely, when comparing mice in the oe-ADCY3 + DMSO group (overexpression lentivirus ADCY3 group with intraperitoneal injection of varying doses of DMSO) to those in the oe-ADCY3 + RMI 12330A group (overexpression lentivirus ADCY3 group with intraperitoneal injection of varying doses of cAMP inhibitor, RMI 12330A), there was an increase in seizure frequency in the oe-ADCY3 + RMI 12330A group (Figure 6C).
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FIGURE 6
 Activation of the cAMP signaling pathway by ADCY3 improves epileptic epilepsy. (A) Behavioral observation in mice (Racine score), n = 10, *indicates difference between the oe-ADCY3 group and the oe-NC group (p < 0.05), # indicates difference between the oe-ADCY3 + RMI 12330A group and the oe-ADCY3 + DMSO group (p < 0.05). (B) Analysis of mouse EEG, Vertical arrows indicate the beginning and end of seizures in mice. (C) Frequency of epileptic epilepsy, n = 10, *indicates difference between the oe-ADCY3 group and the oe-NC group (p < 0.05), # indicates difference between the oe-ADCY3 + RMI 12330A group and the oe-ADCY3 + DMSO group (p < 0.05). (D,E) Expression levels of ADCY3, CREB, pCREB, cAMP, and PKA in mice as detected by Western Blot and ELISA, n = 6, *indicates difference between the oe-ADCY3 group and the oe-NC group (p < 0.05), ns indicates no difference between the oe-ADCY3 + RMI 12330A group and the oe-ADCY3 + DMSO group (p > 0.05). (F) Detection of sIPSC using electrophysiological techniques, scale bar, 100 ms and 1,000 pA, n = 20 neurons, bar graph (right) represents frequency and amplitude. (G) Detection of eIPSC using electrophysiological techniques, scale bar, 2 s and 20 pA, n = 20 neurons, bar graph (right) represents amplitude. (H) Measurement of the relative intensity changes of calcium ions in different groups of mice neurons using calcium imaging techniques (scale bar = 25 μm), n = 10 cells, *indicates difference between the oe-ADCY3 group and the oe-NC group (p < 0.05), # indicates difference between the oe-ADCY3 + RMI 12330A group and the oe-ADCY3 + DMSO group (p < 0.05).


To explore the molecular mechanism of treating epileptic epilepsy by activating the cAMP signaling pathway through ADCY3, we utilized the Western blot analysis method to examine the protein expression levels of ADCY3, cAMP-responsive element binding protein (CREB), and phosphorylated CREB (pCREB). Additionally, we employed the ELISA analysis method to measure the expression levels of cAMP and protein kinase A (PKA). The results showed that compared with the oe-NC group, the expression levels of cAMP, PKA, ADCY3, CREB, and pCREB were upregulated in the oe-ADCY3 group. Compared with the oe-ADCY3 + DMSO group, the expression levels of cAMP, PKA, CREB, and pCREB were downregulated in the oe-ADCY3 + RMI 12330A group, while the expression level of ADCY3 showed no difference (Figures 6D,E). These results indicate that overexpression of ADCY3 affects the production of cAMP.

Furthermore, we investigated whether activating the ADCY3/cAMP signaling pathway can enhance neuronal inhibition and improve epilepsy onset in epilepsy. We analyzed the inhibitory properties of neurons using electrophysiological techniques, as described in the methods section. Electrophysiological techniques recorded spontaneous inhibitory postsynaptic currents (sIPSCs) and evoked inhibitory postsynaptic currents (PSCs). UPSC results showed that compared with the oe-NC group, the frequency and amplitude increased in the oe-ADCY3 group, and the inhibitory effect of neurons was enhanced. Compared with the oe-ADCY3 + DMSO group, the amplitude decreased, and the inhibitory effect of neurons was weakened in the oe-ADCY3 + RMI 12330A group (Figure 6F). The UPSC results showed that compared to the oe-NC group, the frequency and amplitude increased in the oe-ADCY3 group, and the inhibitory effect of the neurons was enhanced. Compared to the oe-ADCY3 + DMSO group, the amplitude decreased, and the inhibitory effect of the neurons was weakened in the oe-ADCY3 + RMI 12330A group (Figure 6G).

Calcium ions are one of the critical mediators for signal transmission in neurons. After the cell membrane is stimulated, calcium ion channels on the membrane can either open or close, resulting in the influx of calcium ions and an increase in calcium ion concentration, which has a particular impact on the excitability of neurons (Ross, 1989). Hence, we utilized calcium imaging analysis to examine the trends in calcium ion concentration changes in neurons, thereby investigating the impact of ADCY3 activation on neuronal excitability via the cAMP signaling pathway. The results indicate that compared to the oe-NC group, the oe-ADCY3 group exhibited a decreasing trend in calcium ion concentration. Additionally, when comparing the oe-ADCY3 + DMSO group with the oe-ADCY3 + RMI 12330A group, there was an increasing trend in the relative intensity of calcium fluorescence signals in the latter (Figure 6H).

In conclusion, modulating the activation of ADCY3 can enhance inhibitory synaptic transmission, increase neuronal inhibition, and thereby improve epilepsy onset in epilepsy.



3.4 A ketogenic diet regulates ADCY3 to activate the cAMP signaling pathway and improve epileptic epilepsy

To investigate the regulatory effects of the ketogenic diet on ADCY3-mediated activation of the cAMP signaling pathway and its impact on epileptic epilepsy, we further validated the influence of the ketogenic diet on the cAMP signaling pathway and epilepsy occurrence. We established a mouse model of epilepsy and performed experimental verification using a cAMP inhibitor. The experiment is divided into the KD group and the KD + RMI 12330A group.

We conducted behavioral observations on mice, and according to the Racine scoring results, the epilepsy score of the KD + RMI 12330A group was higher compared to the KD group (Figure 7A). The electroencephalogram results showed that compared with the KD group, the amplitude of epileptic brain electrical activity in the KD + RMI 12330A group increased (Figure 7B). Analysis of epilepsy frequency statistics showed that compared to the KD group, the KD + RMI 12330A group had increased epilepsy frequency (Figure 7C).
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FIGURE 7
 The ketogenic diet regulates the cAMP signaling pathway and influences epileptic seizure. (A) Behavioral observation in mice (Racine score), n = 10, * indicates difference between the KD + RMI 12330A group and the KD group (p < 0.05). (B) Analysis of mouse EEG, and vertical arrows indicate the beginning and end of seizures in mice. (C) Frequency of epileptic epilepsy, n = 10, * indicates difference between the KD + RMI 12330A group and the KD group (p < 0.05). (D,E) Levels of β-hydroxybutyrate and Glucose, n = 10, * indicates difference between the KD + RMI 12330A group and the KD group (p < 0.05). (F) Western Blot analysis of ADCY3, CREB, pCREB, cAMP, and PKA expression levels in mice, n = 6, * indicates difference between the KD + RMI 12330A group and the KD group (p < 0.05), ns indicates no difference between the KD + RMI 12330A group and the KD group (p > 0.05). (G) Detection of sIPSC using electrophysiological techniques, bar graph (right) represents frequency and amplitude, scale bar, 100 ms and 1,000 pA, n = 20 neurons. (H) Detection of eIPSC using electrophysiological techniques, bar graph (right) represents amplitude, scale bar, 2 s and 20 pA, n = 20 neurons. (I) Measurement of the relative intensity in calcium ion concentrations among the different groups of mice’s neurons using calcium imaging techniques (scale bar = 25 μm), n = 10 cells, * indicates difference between the KD + RMI 12330A group and the KD group (p < 0.05).


β-hydroxybutyrate and glucose levels reflect the body’s fat metabolism status. Compared to the KD group, the KD + RMI 12330A group showed a decrease in β-hydroxybutyrate concentration and an increase in blood glucose levels (Figures 7D,E), indicating that the ketogenic diet can promote fatty acid metabolism and improve epilepsy disorders.

We used the Western blot analysis to detect cAMP, PKA, ADCY3, CREB, and pCREB protein expression levels. The results showed that compared to the KD group, the expression levels of cAMP, PKA, CREB, and pCREB in the KD + RMI 12330A group were down-regulated, while the expression level of ADCY3 showed no difference (Figure 7F).

We used electrophysiological techniques to analyze spontaneous inhibitory postsynaptic currents (sIPSCs) and evoked inhibitory postsynaptic currents (PSCs). The sIPSC results revealed that, compared to the KD group, the KD + RMI 12330A group exhibited a decreased frequency and significantly reduced amplitude, indicating a marked decrease in neuronal inhibitory function (Figure 7G). The UPSC results showed that compared to the KD group, the amplitude of the KD + RMI 12330A group decreased, and the inhibitory nature of the neurons was weakened (Figure 7H).

We employed calcium imaging analysis to detect the trends in the relative intensity changes of calcium fluorescence signals in neurons. The results revealed that compared to the KD group, the KD + RMI 12330A group exhibited an increasing trend in the relative intensity of calcium fluorescence signals, indicating a decrease in neuronal excitability (Figure 7I).

In summary, by regulating ADCY3 to activate the cAMP signaling pathway and increasing inhibitory synaptic transmission, the ketogenic diet improves epilepsy activity in epilepsy.



3.5 The impact of a classical ketogenic diet on patients with epileptic epilepsy

In order to evaluate the efficacy of the ketogenic diet in patients with epilepsy, we conducted a study involving 60 individuals diagnosed with epilepsy. These participants were randomly assigned to either a control group or an observation group, with each group consisting of 30 individuals. Comparison of the general characteristics between the two groups revealed no significant differences (p > 0.05), indicating their comparability (Supplementary Table S6). The Hospital’s Medical Ethics Committee has approved this study.

The electroencephalogram (EEG) results of patients with epilepsy showed that compared to the control group, the ketogenic diet group had a decreased amplitude of EEG activity (Figure 8A). Compared with the control group, the ketogenic diet group showed a reduction in the frequency and duration of epileptic epilepsy (Figures 8B,C), indicating that the ketogenic diet can decrease the frequency and duration of epilepsy in epileptic patients, thereby improving their epilepsy condition. Compared with the control group, the ketogenic diet group showed a decrease in glucose levels and an increase in β-hydroxybutyrate levels, indicating that the ketogenic diet can elevate ketone body levels in patients and promote fatty acid metabolism, thereby improving epilepsy in epilepsy (Figures 8D,E). Blood lipid analysis results showed no differences in cholesterol, triglycerides, high-density lipoprotein, and low-density lipoprotein between the ketogenic diet group and the control group (Figure 8F), indicating that the ketogenic diet does not cause harm to patients. In addition, we also assessed the expression levels of ADCY3, cAMP, and PKA in the blood of patients with epilepsy using ELISA. The results showed that in the classical ketogenic diet group, ADCY3, cAMP, and PKA expression levels were upregulated compared to the control group (Figure 8G). It indicates that the classical ketogenic diet regulates the ADCY3-initiated cAMP signaling pathway by promoting fatty acid metabolism, inhibiting neuronal activity and further alleviating patients’ epileptic epilepsy.
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FIGURE 8
 Effect of the classical ketogenic diet on epilepsy onset in patients with epilepsy. CAU, conventional epilepsy diet group; KD, classical ketogenic diet group. (A) EEG of patients with epilepsy, n = 30, and the vertical arrow indicates the beginning and end of epileptic seizures in mice. (B) Frequency of epilepsy in patients with epilepsy, n = 30, * indicates the comparison between the two groups, p < 0.05. (C) Duration of epilepsy in patients with epilepsy, n = 50, * indicates the comparison between the two groups, p < 0.05. (D) Glucose concentration levels, n = 50, * indicates the comparison between the two groups, p < 0.05. (E) β-hydroxybutyrate levels, n = 50, * indicates the comparison between the two groups, p < 0.05. (F) Influence of KD on blood lipid levels in patients with epilepsy, n = 30, TG (triglycerides), HyperChol (cholesterol), HDL (high-density lipoprotein), LDL (low-density lipoprotein), ns indicates the comparison between the two groups, p > 0.05. (G) Expression of ADCY3, cAMP, and PKA in the blood of patients with epilepsy detected by ELISA, n = 30, * indicates the comparison between the two groups, p < 0.05.





4 Discussion

In this study, we delved into the molecular mechanisms by which the ketogenic diet regulates fatty acid metabolism, activates ADCY3 to initiate the cAMP signaling pathway, enhances neuronal inhibition, and treats epileptic seizures. Through high-throughput transcriptome sequencing and in vivo experiments in mice, we systematically elucidated how the ketogenic diet increases neuronal inhibition and improves seizure control by promoting fatty acid metabolism to regulate ADCY3 activation of the cAMP signaling pathway. The findings of this study align with previous clinical and experimental research, confirming the effectiveness of the ketogenic diet in epilepsy treatment (Wells et al., 2020; Kong et al., 2021).

Our meta-analysis revealed that the efficacy of the ketogenic diet in treating epilepsy surpasses that of conventional diets, with the classical ketogenic diet demonstrating superior improvement in seizure activity compared to other variants. These results provide robust evidence for clinicians to consider the ketogenic diet as a non-pharmacological treatment option for epilepsy patients, guiding clinical practices coherently with previous research. Both traditional and network meta-analyses support the superior efficacy of the classical ketogenic diet in ameliorating seizure activity compared to other variants (Wang et al., 2022), endorsing the ketogenic diet as a viable non-pharmacological therapeutic approach (Yuan et al., 2020; Sun et al., 2021; Ruan et al., 2022).

The meta-analysis revealed that the classical ketogenic diet may improve epileptic seizures by modulating the expression of VAV2, CALM3, ADCY3, CACNA1S, PRKACA, and GRIN2B, thereby regulating the cAMP signaling pathway to inhibit neuronal activity (Figures 1–4). Subsequently, the expression of six key genes was examined in the hippocampal tissue of epileptic mice (Figure 5). Based on the literature, ADCY3, identified as a significant adenylyl cyclase, when activated, elevates intracellular cAMP levels and modulates various cellular functions (Son et al., 2022; Gárriz et al., 2023). Consequently, ADCY3 is viewed as a potential therapeutic target for epilepsy treatment. Furthermore, a mouse model was successfully established to validate the findings. It was discovered that modulating ADCY3 to initiate the cAMP signaling pathway could enhance inhibitory synaptic transmission, increasing neuronal inhibition and ameliorating epileptic seizures (Figure 6). This research highlights the critical role of ADCY3 in the ketogenic diet and lays the groundwork for further investigations into its mechanism of action. This finding aligns with existing literature, emphasizing the vital regulatory role of the cAMP signaling pathway in treating epileptic seizures with a ketogenic diet. cAMP influences neuronal function by activating protein kinase A (PKA) and regulating the phosphorylation of the transcription factor CREB (Grigsby et al., 2020). Additionally, delving deeper into the specific regulatory mechanisms of ADCY3 within the cAMP signaling pathway and exploring other potential molecular mechanisms warrants further investigation (Ding et al., 2021).

Subsequently, we validated that the ketogenic diet can improve epileptic seizures by modulating ADCY3 to activate the cAMP signaling pathway (Figure 7). This discovery holds significant importance for gaining a deeper understanding of the molecular mechanisms underlying epileptic seizures and exploring novel therapeutic approaches. This conclusion is consistent with research findings from relevant literature, indicating that through cAMP pathway activation, the ketogenic diet can enhance neuronal inhibition, reducing the likelihood of epileptic seizures (Luo et al., 2022).

Lastly, to ascertain the efficacy of the ketogenic diet in human epilepsy patients, we collected data from 60 epilepsy patients. The results demonstrated that the classical ketogenic diet regulates ADCY3 to initiate the cAMP signaling pathway by promoting fatty acid metabolism, thereby inhibiting neuronal activity and further alleviating the occurrence of seizures in patients (Figure 8). As a non-pharmacological treatment approach, the ketogenic diet exhibits fewer side effects and dependencies, making it a promising option for certain refractory epilepsy patients (Paoli et al., 2020). Future clinical studies could further evaluate the application effectiveness of the ketogenic diet in various types of epilepsy patients and explore its combined use with medication or other treatment modalities (Norwitz et al., 2020). Additionally, long-term follow-up observations can assess the impact of the ketogenic diet on the recurrence rate of epileptic seizures and long-term prognosis, providing stronger evidence for clinical practice (Desli et al., 2022).

In conclusion, we can preliminarily deduce the following outcomes: the classical ketogenic diet enhances neuronal inhibition by promoting fatty acid release, thereby regulating ADCY3 to activate the cAMP signaling pathway, leading to the amelioration of epileptic seizures (Figure 9). This study provides significant scientific and clinical value by delving into the mechanisms of the ketogenic diet in treating epileptic seizures.
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FIGURE 9
 Schematic representation of the molecular mechanisms underlying the therapeutic effects of the classical ketogenic diet in epilepsy.


However, this study has certain limitations. Although we employed mouse models and transcriptome sequencing for validation, there are inherent methodological constraints. Future research could utilize alternative models such as large animal models or in vitro cell models to better mimic the pathological processes of human epilepsy. Moreover, integrating other technologies like single-cell transcriptome sequencing and proteomics analysis could further elucidate the regulatory mechanisms of the ketogenic diet on neuronal inhibition. While this study offers initial insights into the molecular mechanisms of the ketogenic diet in epilepsy treatment, there are numerous aspects that require further exploration, such as investigating the diet’s regulatory effects on other epilepsy-related genes and elucidating the specific functions of these genes during seizure onset (Sourbron et al., 2020; Wells et al., 2020; Dashti et al., 2021).

The systemic effects of intraperitoneal administration on in vivo validation were not extensively investigated in this study, introducing certain limitations that need exploration in future research. Predominantly based on animal experiments and transcriptome sequencing analyses, large-scale clinical trials have not yet been conducted for verification. Therefore, it is imperative to proceed with further human clinical studies to validate the efficacy and safety of the ketogenic diet in epilepsy patients. Additionally, the limited selection of ketogenic diet types in this study, including the classical ketogenic diet, MAD, LGIT, and MCT, leaves other variants unexplored. Hence, further research is essential to investigate the mechanisms of action of other types of ketogenic diets in epilepsy treatment. Furthermore, Fluo-4 AM is not the optimal dye for measuring the ratio metric of absolute calcium concentrations between independent samples. In future studies, we will consider using calcium indicators like Fura Red AM for ratio metric calcium measurement to enhance the accuracy of our calcium measurements.

Despite its limitations, the results of this study offer promising prospects. Firstly, further research could broaden the spectrum of ketogenic diet types, comparing the efficacy of different types in epilepsy treatment to identify more personalized dietary strategies. Secondly, exploring the therapeutic effects of the ketogenic diet on other neurological disorders such as Parkinson’s and Alzheimer’s diseases is warranted. Investigating the common mechanisms of action of the ketogenic diet on neurological diseases could extend its applications across various disease domains. Additionally, combining the ketogenic diet with other therapies like drug treatments and neuroregulation techniques could enhance the effectiveness of epilepsy treatment.

In essence, our study provides a profound understanding of the application of the ketogenic diet in epilepsy treatment, offering a non-pharmacological treatment option for epilepsy patients. Future research will refine the application strategies of the ketogenic diet, exploring its potential value in other neurological disorders, fostering new breakthroughs in both neuroscience research and clinical practice.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding authors.



Ethics statement

All mice were handled strictly with the ethical requirements for experimental animals and obtained approval from the Animal Ethics Committee for Experimentation (IACUC FJMU 2023-0100). The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study. This study has been approved by the Clinical Ethics Committee of Fujian Medical University Union Hospital, and written informed consent has been obtained from the patients and their families, strictly adhering to the Helsinki Declaration (2022YF018-01). The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

ML: Conceptualization, Formal analysis, Methodology, Writing – original draft, Writing – review & editing. JG: Conceptualization, Methodology, Supervision, Validation, Writing – original draft, Writing – review & editing. LW: Conceptualization, Methodology, Supervision, Validation, Writing – review & editing. XL: Data curation, Resources, Validation, Writing – review & editing. YZ: Data curation, Resources, Validation, Writing – review & editing. WL: Formal analysis, Investigation, Supervision, Writing – review & editing. HH: Formal analysis, Investigation, Project administration, Writing – original draft, Writing – review & editing. CZ: Formal analysis, Investigation, Project administration, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This study was supported by the Excellent Young Scholars Cultivation Project of Fujian Medical University Union Hospital (2022XH037), National Natural Science Foundation of China Youth Grant Program 82201604, 81901311), National Natural Science Foundation of China Comprehensive Program (82171445), and Fujian Provincial Natural Science Foundation of China Youth Innovation Program (2023J05148).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fncel.2024.1305867/full#supplementary-material

SUPPLEMENTARY FIGURE S1 | Literature screening process.

SUPPLEMENTARY FIGURE S2 | Cochrane bias risk assessment. Green represents low risk, red represents high risk, and yellow represents potential high bias risk.

SUPPLEMENTARY FIGURE S3 | Network diagram comparing the efficacy of different types of ketogenic diets. (A) ≥50% reduction in epilepsy at 3 months; (B) ≥90% reduction in epilepsy at 3 months; (C) ≥50% reduction in epilepsy at 6 months; (D) ≥90% reduction in epilepsy at 6 months. The lines connecting the nodes indicate their correlations, with more lines indicating higher correlations.

SUPPLEMENTARY FIGURE S4 | Forest plot of meta-analysis comparing the efficacy of different types of ketogenic diets. (A) ≥50% reduction in epilepsy at 3 months; (B) ≥90% reduction in epilepsy at 3 months; (C) ≥50% reduction in epilepsy at 6 months; (D) ≥90% reduction in epilepsy at 6 months.



References

 Ait Ouares, K., Jaafari, N., Kuczewski, N., and Canepari, M. (2020). Imaging native calcium currents in brain slices. Adv. Exp. Med. Biol. 1131, 73–91. doi: 10.1007/978-3-030-12457-1_4 

 Arindrarto, W., Borràs, D. M., de Groen, R. A. L., van den Berg, R. R., Locher, I. J., van Diessen, S. A. M. E., et al. (2021). Comprehensive diagnostics of acute myeloid leukemia by whole transcriptome RNA sequencing. Leukemia 35, 47–61. doi: 10.1038/s41375-020-0762-8 

 Basolo, A., Magno, S., Santini, F., and Ceccarini, G. (2022). Ketogenic diet and weight loss: is there an effect on energy expenditure? Nutrients 14:1814. doi: 10.3390/nu14091814 

 Beam, A., Clinger, E., and Hao, L. (2021). Effect of diet and dietary components on the composition of the gut microbiota. Nutrients 13:2795. doi: 10.3390/nu13082795 

 Beghi, E., Giussani, G., and Sander, J. W. (2015). The natural history and prognosis of epilepsy. Epilept. Disord. 17, 243–253. doi: 10.1684/epd.2015.0751

 Biondi, C., Campi, A. L., Pareschi, M. C., Portolan, A., and Ferretti, M. E. (1990). RMI 12330A, an inhibitor of adenylate cyclase and cyclic AMP-phosphodiesterase activities in the segmental ganglia of the leech Hirudo medicinalis. Neurosci. Lett. 113, 322–327. doi: 10.1016/0304-3940(90)90605-9 

 Chen, Y., Wang, H., Wang, W. Z., Wang, D., Skaggs, K., and Zhang, H. T. (2021). Phosphodiesterase 7(PDE7): a unique drug target for central nervous system diseases. Neuropharmacology 196:108694. doi: 10.1016/j.neuropharm.2021.108694 

 Cicek, E., and Sanlier, N. (2023). The place of a ketogenic diet in the treatment of resistant epilepsy: a comprehensive review. Nutr. Neurosci. 26, 828–841. doi: 10.1080/1028415X.2022.2095819 

 Dashti, H. M., Mathew, T. C., and Al-Zaid, N. S. (2021). Efficacy of low-carbohydrate ketogenic diet in the treatment of type 2 diabetes. Med. Princ. Pract. 30, 223–235. doi: 10.1159/000512142 

 Desli, E., Spilioti, M., Evangeliou, A., Styllas, F., Magkos, F., and Dalamaga, M. (2022). The efficacy and safety of ketogenic diets in drug-resistant epilepsy in children and adolescents: a systematic review of randomized controlled trials. Curr. Nutr. Rep. 11, 102–116. doi: 10.1007/s13668-022-00405-4 

 Ding, S., Hua, Y., Wu, J., Xie, A., and Zhu, X. (2014). Family-based analysis of the adiponectin gene polymorphisms and polycystic ovary syndrome. Zhonghua Fu Chan Ke Za Zhi 49, 36–41. doi: 10.3760/cma.J.issn.0529-567x.2014.10.009

 Ding, Q., Wu, Y., and Liu, W. (2021). Molecular mechanism of reproductive toxicity induced by Tripterygium Wilfordii based on network pharmacology. Medicine 100:e26197. doi: 10.1097/MD.0000000000026197 

 Elia, M., Klepper, J., Leiendecker, B., and Hartmann, H. (2017). Ketogenic diets in the treatment of epilepsy. Curr. Pharm. Des. 23, 5691–5701. doi: 10.2174/1381612823666170809101517

 Essam, R. M., and Kandil, E. A. (2023). P-CREB and p-DARPP-32 orchestrating the modulatory role of cAMP/PKA signaling pathway enhanced by Roflumilast in rotenone-induced Parkinson's disease in rats. Chem. Biol. Interact. 372:110366. doi: 10.1016/j.cbi.2023.110366 

 Gárriz, A., Morokuma, J., Toribio, D., and Zoukhri, D. (2023). Role of the adenylate cyclase/cyclic AMP pathway in oxytocin-induced lacrimal gland myoepithelial cells contraction. Exp. Eye Res. 233:109526. doi: 10.1016/j.exer.2023.109526 

 Goni, L., Riezu-Boj, J. I., Milagro, F. I., Corrales, F. J., Ortiz, L., Cuervo, M., et al. (2018). Interaction between an ADCY3 genetic variant and two weight-lowering diets affecting body fatness and body composition outcomes depending on macronutrient distribution: a randomized trial. Nutrients 10:789. doi: 10.3390/nu10060789 

 Grabenstatter, H. L., Ferraro, D. J., Williams, P. A., Chapman, P. L., and Dudek, F. E. (2005). Use of chronic epilepsy models in antiepileptic drug discovery: the effect of topiramate on spontaneous motor seizures in rats with kainate-induced epilepsy. Epilepsia 46, 8–14. doi: 10.1111/j.0013-9580.2005.13404.x 

 Griebel, G., Misslin, R., Vogel, E., and Bourguignon, J. J. (1991). Behavioral effects of rolipram and structurally related compounds in mice: behavioral sedation of cAMP phosphodiesterase inhibitors. Pharmacol. Biochem. Behav. 39, 321–323. doi: 10.1016/0091-3057(91)90186-6 

 Grigsby, K. B., Childs, T. E., and Booth, F. W. (2020). The role of nucleus accumbens CREB attenuation in rescuing low voluntary running behavior in female rats. J. Neurosci. Res. 98, 2302–2316. doi: 10.1002/jnr.24698 

 Grupp, G., Grupp, I. L., Johnson, C. L., Matlib, M. A., Rouslin, W., Schwartz, A., et al. (1980). Effects of RMI 12330A, a new inhibitor of adenylate cyclase on myocardial function and subcellular activity. Br. J. Pharmacol. 70, 429–442. doi: 10.1111/j.1476-5381.1980.tb08721.x 

 Guellaen, G., Mahu, J. L., Mavier, P., Berthelot, P., and Hanoune, J. (1977). RMI 12330 a, an inhibitor of adenylate cyclase in rat liver. Biochim. Biophys. Acta 484, 465–475. doi: 10.1016/0005-2744(77)90102-4 

 Guimarães, J., Bargut, T. C. L., Mandarim-de-Lacerda, C. A., and Aguila, M. B. (2019). Medium-chain triglyceride reinforce the hepatic damage caused by fructose intake in mice. Prostaglandins Leukot. Essent. Fatty Acids 140, 64–71. doi: 10.1016/j.plefa.2018.11.005 

 Gupta, S., Dabla, S., and Kaushik, J. S. (2021). Modified Atkins diet vs low glycemic index treatment for drug-resistant epilepsy in children: an open label. Random. Contr. Trial. Indian Pediatr. 58, 815–819. doi: 10.1007/s13312-021-2299-y 

 Hollis, F., Mitchell, E. S., Canto, C., Wang, D., and Sandi, C. (2018). Medium chain triglyceride diet reduces anxiety-like behaviors and enhances social competitiveness in rats. Neuropharmacology 138, 245–256. doi: 10.1016/j.neuropharm.2018.06.017 

 Hong, S. H., Goh, S. H., Lee, S. J., Hwang, J. A., Lee, J., Choi, I. J., et al. (2013). Upregulation of adenylate cyclase 3 (ADCY3) increases the tumorigenic potential of cells by activating the CREB pathway. Oncotarget 4, 1791–1803. doi: 10.18632/oncotarget.1324 

 Hosseini-Zare, M. S., Salehi, F., Seyedi, S. Y., Azami, K., Ghadiri, T., Mobasseri, M., et al. (2011). Effects of pentoxifylline and H-89 on epileptogenic activity of bucladesine in pentylenetetrazol-treated mice. Eur. J. Pharmacol. 670, 464–470. doi: 10.1016/j.ejphar.2011.09.026 

 Karagiannis, F., Peukert, K., Surace, L., Michla, M., Nikolka, F., Fox, M., et al. (2022). Impaired ketogenesis ties metabolism to T cell dysfunction in COVID-19. Nature 609, 801–807. doi: 10.1038/s41586-022-05128-8 

 Karimzadeh, P., Sedighi, M., Beheshti, M., Azargashb, E., Ghofrani, M., and Abdollahe-Gorgi, F. (2014). Low glycemic index treatment in pediatric refractory epilepsy: the first Middle East report. Seizure 23, 570–572. doi: 10.1016/j.seizure.2014.03.012 

 Khoziainova, S., Rozenberg, G., and Levy, M. (2022). Ketogenic diet and beta-hydroxybutyrate in colorectal cancer. DNA Cell Biol. 41, 1007–1011. doi: 10.1089/dna.2022.0486 

 Kim, N. J., Baek, J. H., Lee, J., Kim, H., Song, J. K., and Chun, K. H. (2019). A PDE1 inhibitor reduces adipogenesis in mice via regulation of lipolysis and adipogenic cell signaling. Exp. Mol. Med. 51, 1–15. doi: 10.1038/s12276-018-0198-7 

 Klein, P., Devinsky, O., French, J., Harden, C., Krauss, G. L., McCarter, R., et al. (2021). Suicidality risk of newer antiseizure medications: a meta-analysis. JAMA Neurol. 78, 1118–1127. doi: 10.1001/jamaneurol.2021.2480 

 Kong, C., Yan, X., Liu, Y., Huang, L., Zhu, Y., He, J., et al. (2021). Ketogenic diet alleviates colitis by reduction of colonic group 3 innate lymphoid cells through altering gut microbiome. Signal Transduct. Target. Ther. 6:154. doi: 10.1038/s41392-021-00549-9 

 Koronowski, K. B., Greco, C. M., Huang, H., Kim, J. K., Fribourgh, J. L., Crosby, P., et al. (2021). Ketogenesis impact on liver metabolism revealed by proteomics of lysine β-hydroxybutyrylation. Cell Rep. 36:109487. doi: 10.1016/j.celrep.2021.109487 

 Kraeuter, A. K., Mashavave, T., Suvarna, A., van den Buuse, M., and Sarnyai, Z. (2020). Effects of beta-hydroxybutyrate administration on MK-801-induced schizophrenia-like behaviour in mice. Psychopharmacology 237, 1397–1405. doi: 10.1007/s00213-020-05467-2 

 Kverneland, M., Molteberg, E., Iversen, P. O., Veierød, M. B., Taubøll, E., Selmer, K. K., et al. (2018). Effect of modified Atkins diet in adults with drug-resistant focal epilepsy: a randomized clinical trial. Epilepsia 59, 1567–1576. doi: 10.1111/epi.14457 

 Lambrechts, D. A., de Kinderen, R. J., Vles, J. S., de Louw, A. J., Aldenkamp, A. P., and Majoie, H. J. (2017). A randomized controlled trial of the ketogenic diet in refractory childhood epilepsy. Acta Neurol. Scand. 135, 231–239. doi: 10.1111/ane.12592 

 Lee, D. (2015). Global and local missions of cAMP signaling in neural plasticity, learning, and memory. Front. Pharmacol. 6:161. doi: 10.3389/fphar.2015.00161 

 Levin, D. N., McClain, C. D., Stone, S. S. D., Madsen, J. R., and Soriano, S. (2021). Anesthetic management and outcomes for MRI-guided laser interstitial thermal therapy (LITT) for seizure focus in pediatrics: a single-Centre experience with 10 consecutive patients. Paediatr. Anaesth. 31, 234–236. doi: 10.1111/pan.13929 

 Liang, N., Li, Y., and Chung, H. Y. (2017). Two natural eudesmane-type sesquiterpenes from Laggera alata inhibit angiogenesis and suppress breast cancer cell migration through VEGF- and angiopoietin 2-mediated signaling pathways. Int. J. Oncol. 51, 213–222. doi: 10.3892/ijo.2017.4004 

 Lin, C., Wang, S., Xie, J., Zhu, J., Xu, J., Liu, K., et al. (2023). Ketogenic diet and β-Hydroxybutyrate alleviate ischemic brain injury in mice via an IRAKM-dependent pathway. Eur. J. Pharmacol. 955:175933. doi: 10.1016/j.ejphar.2023.175933 

 López-Rivera, J. A., Leu, C., Macnee, M., Khoury, J., Hoffmann, L., Coras, R., et al. (2023). The genomic landscape across 474 surgically accessible epileptogenic human brain lesions. Brain J. Neurol. 146, 1342–1356. doi: 10.1093/brain/awac376 

 Luo, Z., Liao, X., Luo, L., Fan, Q., Zhang, X., Guo, Y., et al. (2022). Extracellular ATP and cAMP signaling promote piezo 2-dependent mechanical allodynia after trigeminal nerve compression injury. J. Neurochem. 160, 376–391. doi: 10.1111/jnc.15537 

 Ma, T. C., Barco, A., Ratan, R. R., and Willis, D. E. (2014). cAMP-responsive element-binding protein (CREB) and cAMP co-regulate activator protein 1 (AP1)-dependent regeneration-associated gene expression and neurite growth. J. Biol. Chem. 289, 32914–32925. doi: 10.1074/jbc.M114.582460 

 Manford, M. (2017). Recent advances in epilepsy. J. Neurol. 264, 1811–1824. doi: 10.1007/s00415-017-8394-2 

 Martin-McGill, K. J., Bresnahan, R., Levy, R. G., and Cooper, P. N. (2020). Ketogenic diets for drug-resistant epilepsy. Cochrane Database Syst. Rev. 2020:CD001903. doi: 10.1002/14651858.CD001903.pub5 

 Martins, C., Nymo, S., Aukan, M. I., Roekenes, J. A., Coutinho, S. R., Hunter, G. R., et al. (2023). Association between ß-Hydroxybutyrate plasma concentrations after hypocaloric ketogenic diets and changes in body composition. J. Nutr. 153, 1944–1949. doi: 10.1016/j.tjnut.2023.05.010 

 Masino, S. A., Li, T., Theofilas, P., Sandau, U. S., Ruskin, D. N., Fredholm, B. B., et al. (2011). A ketogenic diet suppresses seizures in mice through adenosine a₁ receptors. J. Clin. Invest. 121, 2679–2683. doi: 10.1172/JCI57813 

 Mazdeh, M., Omrani, M. D., Sayad, A., Komaki, A., Arsang-Jang, S., Taheri, M., et al. (2018). Expression analysis of cytokine coding genes in epileptic patients. Cytokine 110, 284–287. doi: 10.1016/j.cyto.2018.01.017 

 McDonald, T. J. W., and Cervenka, M. C. (2020). Ketogenic diet therapies for seizures and status epilepticus. Semin. Neurol. 40, 719–729. doi: 10.1055/s-0040-1719077 

 Mierziak, J., Burgberger, M., and Wojtasik, W. (2021). 3-Hydroxybutyrate as a metabolite and a signal molecule regulating processes of living organisms. Biomol. Ther. 11:402. doi: 10.3390/biom11030402 

 Modebadze, T., Morgan, N. H., Pérès, I. A., Hadid, R. D., Amada, N., Hill, C., et al. (2016). A low mortality, high morbidity reduced intensity status epilepticus (RISE) model of epilepsy and Epileptogenesis in the rat. PLoS One 11:e0147265. doi: 10.1371/journal.pone.0147265 

 Nagpal, R., Neth, B. J., Wang, S., Craft, S., and Yadav, H. (2019). Modified Mediterranean-ketogenic diet modulates gut microbiome and short-chain fatty acids in association with Alzheimer's disease markers in subjects with mild cognitive impairment. EBioMedicine 47, 529–542. doi: 10.1016/j.ebiom.2019.08.032 

 Narayan, V., Shivapurkar, N., and Baraniuk, J. N. (2020). Informatics inference of exercise-induced modulation of brain pathways based on cerebrospinal fluid Micro-RNAs in Myalgic encephalomyelitis/chronic fatigue syndrome. Netw. Syst. Med. 3, 142–158. doi: 10.1089/nsm.2019.0009 

 Neal, E. G., Chaffe, H., Schwartz, R. H., Lawson, M. S., Edwards, N., Fitzsimmons, G., et al. (2009). A randomized trial of classical and medium-chain triglyceride ketogenic diets in the treatment of childhood epilepsy. Epilepsia 50, 1109–1117. doi: 10.1111/j.1528-1167.2008.01870.x 

 Norwitz, N. G., Sethi, S., and Palmer, C. M. (2020). Ketogenic diet as a metabolic treatment for mental illness. Curr. Opin. Endocrinol. Diabetes Obes. 27, 269–274. doi: 10.1097/MED.0000000000000564

 Paoli, A., Mancin, L., Giacona, M. C., Bianco, A., and Caprio, M. (2020). Effects of a ketogenic diet in overweight women with polycystic ovary syndrome. J. Transl. Med. 18:104. doi: 10.1186/s12967-020-02277-0 

 Polito, R., La Torre, M. E., Moscatelli, F., Cibelli, G., Valenzano, A., Panaro, M. A., et al. (2023). The ketogenic diet and neuroinflammation: the action of beta-hydroxybutyrate in a microglial cell line. Int. J. Mol. Sci. 24:3102. doi: 10.3390/ijms24043102 

 Poorshiri, B., Barzegar, M., Afghan, M., Shiva, S., Shahabi, P., Golchinfar, Z., et al. (2023). The effects of ketogenic diet on beta-hydroxybutyrate, arachidonic acid, and oxidative stress in pediatric epilepsy. Epilepsy Behav. 140:109106. doi: 10.1016/j.yebeh.2023.109106 

 Qi, A. Q., Zhang, Y. H., Qi, Q. D., Liu, Y. H., and Zhu, J. L. (2019). Overexpressed HspB6 underlines a novel inhibitory role in Kainic acid-induced epileptic seizure in rats by activating the cAMP-PKA pathway. Cell. Mol. Neurobiol. 39, 111–122. doi: 10.1007/s10571-018-0637-y 

 Ramazi, S., Fahanik-Babaei, J., Mohamadi-Zarch, S. M., Baluchnejadmojarad, T., and Roghani, M. (2022). Paeonol exerts neuroprotective and anticonvulsant effects in intrahippocampal kainate model of temporal lobe epilepsy. J. Chem. Neuroanat. 124:102121. doi: 10.1016/j.jchemneu.2022.102121 

 Rogawski, M. A., Löscher, W., and Rho, J. M. (2016). Mechanisms of action of Antiseizure drugs and the ketogenic diet. Cold Spring Harb. Perspect. Med. 6:a022780. doi: 10.1101/cshperspect.a022780 

 Ross, W. N. (1989). Changes in intracellular calcium during neuron activity. Annu. Rev. Physiol. 51, 491–506. doi: 10.1146/annurev.ph.51.030189.002423

 Ruan, Y., Chen, L., She, D., Chung, Y., Ge, L., and Han, L. (2022). Ketogenic diet for epilepsy: an overview of systematic review and meta-analysis. Eur. J. Clin. Nutr. 76, 1234–1244. doi: 10.1038/s41430-021-01060-8 

 Saeidian, A. H., Youssefian, L., Vahidnezhad, H., and Uitto, J. (2020). Research techniques made simple: whole-transcriptome sequencing by RNA-Seq for diagnosis of monogenic disorders. J. Invest. Dermatol. 140, 1117–1126.e1. doi: 10.1016/j.jid.2020.02.032 

 Samanta, D. (2021). Epilepsy in Angelman syndrome: a scoping review. Brain Dev. 43, 32–44. doi: 10.1016/j.braindev.2020.08.014 

 Sampaio, L. P. (2016). Ketogenic diet for epilepsy treatment. Arq. Neuropsiquiatr. 74, 842–848. doi: 10.1590/0004-282X20160116

 Sano, M., Seto-Ohshima, A., and Mizutani, A. (1984). Forskolin suppresses seizures induced by pentylenetetrazol in mice. Experientia 40, 1270–1271. doi: 10.1007/BF01946669 

 Son, Y., Choi, C., Saha, A., Park, J. H., Im, H., Cho, Y. K., et al. (2022). REEP6 knockout leads to defective β-adrenergic signaling in adipocytes and promotes obesity-related metabolic dysfunction. Metab. Clin. Exp. 130:155159. doi: 10.1016/j.metabol.2022.155159 

 Sondhi, V., Agarwala, A., Pandey, R. M., Chakrabarty, B., Jauhari, P., Lodha, R., et al. (2020). Efficacy of ketogenic diet, modified Atkins diet, and low glycemic index therapy diet among children with drug-resistant epilepsy: a randomized clinical trial. JAMA Pediatr. 174, 944–951. doi: 10.1001/jamapediatrics.2020.2282 

 Sorkpor, S. K., and Ahn, H. (2021). Transcranial direct current and transcranial magnetic stimulations for chronic pain. Curr. Opin. Anaesthesiol. 34, 781–785. doi: 10.1097/ACO.0000000000001056

 Sourbron, J., Klinkenberg, S., van Kuijk, S. M. J., Lagae, L., Lambrechts, D., Braakman, H. M. H., et al. (2020). Ketogenic diet for the treatment of pediatric epilepsy: review and meta-analysis. Child Nerv. Syst. 36, 1099–1109. doi: 10.1007/s00381-020-04578-7 

 Sun, H. L., Wu, Y. W., Bian, H. G., Yang, H., Wang, H., Meng, X. M., et al. (2021). Function of uric acid transporters and their inhibitors in Hyperuricaemia. Front. Pharmacol. 12:667753. doi: 10.3389/fphar.2021.667753 

 Thijs, R. D., Surges, R., O'Brien, T. J., and Sander, J. W. (2019). Epilepsy in adults. Lancet 393, 689–701. doi: 10.1016/S0140-6736(18)32596-0

 Ułamek-Kozioł, M., Czuczwar, S. J., Januszewski, S., and Pluta, R. (2019). Ketogenic Diet and Epilepsy. Nutrients 11:2510. doi: 10.3390/nu11102510 

 van der Louw, E., van den Hurk, D., Neal, E., Leiendecker, B., Fitzsimmon, G., Dority, L., et al. (2016). Ketogenic diet guidelines for infants with refractory epilepsy. Eur. J. Paediatr. Neurol. 20, 798–809. doi: 10.1016/j.ejpn.2016.07.009 

 Van Erum, J., Van Dam, D., and De Deyn, P. P. (2019). PTZ-induced seizures in mice require a revised Racine scale. Epilepsy Behav. 95, 51–55. doi: 10.1016/j.yebeh.2019.02.029 

 Wang, Y., Gao, Y., Tian, Q., Deng, Q., Wang, Y., Zhou, T., et al. (2018). TRPV1 SUMOylation regulates nociceptive signaling in models of inflammatory pain. Nat. Commun. 9:1529. doi: 10.1038/s41467-018-03974-7 

 Wang, J., Huang, J., Li, Y. Q., Yao, S., Wu, C. H., Wang, Y., et al. (2021). Neuregulin 1/ErbB4 signaling contributes to the anti-epileptic effects of the ketogenic diet. Cell Biosci. 11:29. doi: 10.1186/s13578-021-00536-1 

 Wang, Z. Y., Li, X. Y., Gou, X. J., Chen, C. L., Li, Z. Y., Zhao, C., et al. (2022). Network Meta-analysis of Acupoint catgut embedding in treatment of simple obesity. Evid. Based Complement. Alternat. Med. 2022, 6408073–6408016. doi: 10.1155/2022/6408073 

 Wang, D., Wong, H. K., Feng, Y. B., and Zhang, Z. J. (2013). Paeoniflorin, a natural neuroprotective agent, modulates multiple anti-apoptotic and pro-apoptotic pathways in differentiated PC12 cells. Cell. Mol. Neurobiol. 33, 521–529. doi: 10.1007/s10571-013-9914-y 

 Wells, J., Swaminathan, A., Paseka, J., and Hanson, C. (2020). Efficacy and safety of a ketogenic diet in children and adolescents with refractory epilepsy-a review. Nutrients 12:1809. doi: 10.3390/nu12061809 

 Wickham, J., Corna, A., Schwarz, N., Uysal, B., Layer, N., Honegger, J. B., et al. (2020). Human cerebrospinal fluid induces neuronal excitability changes in resected human neocortical and hippocampal brain slices. Front. Neurosci. 14:283. doi: 10.3389/fnins.2020.00283 

 Wu, L., Shen, C., Seed Ahmed, M., Östenson, C. G., and Gu, H. F. (2016). Adenylate cyclase 3: a new target for anti-obesity drug development. Obesity Rev. 17, 907–914. doi: 10.1111/obr.12430 

 Yang, X. Y., Ma, Z. L., Storm, D. R., Cao, H., and Zhang, Y. Q. (2021). Selective ablation of type 3 adenylyl cyclase in somatostatin-positive interneurons produces anxiety- and depression-like behaviors in mice. World J. Psychiatry 11, 35–49. doi: 10.5498/wjp.v11.i2.35 

 Yang, L., Ton, H., Zhao, R., Geron, E., Li, M., Dong, Y., et al. (2020). Sevoflurane induces neuronal activation and behavioral hyperactivity in young mice. Sci. Rep. 10:11226. doi: 10.1038/s41598-020-66959-x 

 Yang, C., Yang, Y., Peng, Y., Zhang, L., and Yu, D. (2022). Efficacy and safety of lacosamide in pediatric patients with epilepsy: a systematic review and meta-analysis. Epilepsy Behav. 134:108781. doi: 10.1016/j.yebeh.2022.108781 

 Youm, Y. H., Nguyen, K. Y., Grant, R. W., Goldberg, E. L., Bodogai, M., Kim, D., et al. (2015). The ketone metabolite β-hydroxybutyrate blocks NLRP3 inflammasome-mediated inflammatory disease. Nat. Med. 21, 263–269. doi: 10.1038/nm.3804 

 Yuan, X., Wang, J., Yang, S., Gao, M., Cao, L., Li, X., et al. (2020). Effect of the ketogenic diet on glycemic control, insulin resistance, and lipid metabolism in patients with T2DM: a systematic review and meta-analysis. Nutr. Diabetes 10:38. doi: 10.1038/s41387-020-00142-z 

 Zarnowska, I. M. (2020). Therapeutic use of the ketogenic diet in refractory epilepsy: what we know and what still needs to be learned. Nutrients 12:2616. doi: 10.3390/nu12092616 

 Zhang, J., Lu, C., Wu, X., Nie, D., and Yu, H. (2021a). Neuroplasticity of acupuncture for stroke: an evidence-based review of MRI. Neural Plast. 2021, 2662585–2662514. doi: 10.1155/2021/2662585 

 Zhang, Z., Yang, D., Zhang, M., Zhu, N., Zhou, Y., Storm, D. R., et al. (2017). Deletion of type 3 adenylyl cyclase perturbs the postnatal maturation of olfactory sensory neurons and olfactory cilium ultrastructure in mice. Front. Cell. Neurosci. 11:1. doi: 10.3389/fncel.2017.00001 

 Zhang, J., Zhang, C., Chen, X., Wang, B., Ma, W., Yang, Y., et al. (2021b). PKA-RIIβ autophosphorylation modulates PKA activity and seizure phenotypes in mice. Commun. Biol. 4:263. doi: 10.1038/s42003-021-01748-4 

 Zheng, W., Zhang, T., Zhao, T., Zhu, Z., Qin, S., Yan, H., et al. (2023). cAMP controls the balance between dormancy and activation of primordial follicles in mouse ovaries. PNAS Nexus 2:pgad 055. doi: 10.1093/pnasnexus/pgad055 

 Zou, S., Wang, C., Cui, Z., Guo, P., Meng, Q., Shi, X., et al. (2016). β-Elemene induces apoptosis of human rheumatoid arthritis fibroblast-like synoviocytes via reactive oxygen species-dependent activation of p38 mitogen-activated protein kinase. Pharmacol. Rep. 68, 7–11. doi: 10.1016/j.pharep.2015.06.004 


Copyright
 © 2024 Lin, Gong, Wu, Lin, Zhang, Lin, Huang and Zhu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		ADCY3: the pivotal gene in classical ketogenic diet for the treatment of epilepsy



		1 Introduction



		2 Materials and methods



		2.1 Meta-analysis



		2.2 Generation of epileptic mouse model and sample acquisition



		2.3 Generation of an animal model of overexpression of ADCY3 in epileptic mice



		2.4 Lentivirus transfection



		2.5 Ketogenic diet treatment for preparation of mouse models of epilepsy and injection of cAMP inhibitors



		2.6 Behavioral observation of mice (Racine scoring)



		2.7 EEG measurements in epileptic mice



		2.8 High-throughput transcriptome sequencing



		2.9 RT-qPCR



		2.10 Western blot



		2.11 ELISA



		2.12 Electrophysiological analysis



		2.13 Calcium imaging technology



		2.14 Blood glucose and blood ketone monitoring



		2.15 Recruitment and other processing of clinical samples



		2.16 Statistical analysis









		3 Results



		3.1 The classical ketogenic diet has therapeutic effects in treating epilepsy



		3.2 Transcriptome sequencing indicates that the ketogenic diet exerts its therapeutic effect on epilepsy by activating the cAMP signaling pathway



		3.3 ADCY3 activation improves epilepsy onset in epilepsy through the cAMP signaling pathway



		3.4 A ketogenic diet regulates ADCY3 to activate the cAMP signaling pathway and improve epileptic epilepsy



		3.5 The impact of a classical ketogenic diet on patients with epileptic epilepsy









		4 Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary material



		References



















OPS/images/cover.jpg
& frontiers | Frontiers in Cellular Neuroscience

ADCY3: the pivotal gene in
classical ketogenic diet for the
treatment of epilepsy












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
’ frontiers Frontiers in Cellular Neuroscience






OPS/images/fncel-18-1305867-g005.jpg
3 Control A2
£ Model

a3

ADCY3 |-

PRKACA

Relative expression levels

GRINZB

GAPDH

CACNATS |*

& N
S e M e
jE

101 KDa

17k0a

- 146KDa

229KDa

174KDa

37kDa

Relative protein expression

3 Control
1 Model
1 KD






OPS/images/fncel-18-1305867-g006.jpg
Frequency /time

06-ADCY3+DMSO 06-ADCY3+RM| 12330A

Averaged seizure score

x *

3 oe-NC E ) oe-NC
0 conoers G cobers
ooADCYS + OISO oo ADCYS + OHSO
3 oo ADCYS + A 123908 3 oo ADGY2 » M 12590
%15 [ i
i Tz Bl fs
£ a0 A Y ol 8 HiI
: - 2
fos 'R P
: H
] n
oo .
[ e
o
- o 2!
AT H
PP VY ‘ Wr“"‘lrﬂ'h!“l vy E
£
£
oeADCYIONSO ceADCYIRMI 123308 g
- 0-

TR A

g
g

oe-NC 00-ADCY3

§

H

06.ADCY3 + DHSO_0e-ADCY3 + RMI 123304

€IPSC ampitude (pA)
g

06-ADCY3+DMSO 00 ADCY3+RMI 12330A

Relative Fluod-AM intensity
% of 0e-NC)






OPS/images/fncel-18-1305867-g003.jpg
o

IS

Averaged seizure score

Control Model
x
e Wbt ;
Model+KD Model+MCT

Model+LGIT

Frequency / time






OPS/images/fncel-18-1305867-g004.jpg
0o 5 10
Logy (Fold Change)

-5

-10

10

5

5 0
Logy (Fold Change)

-10

(enfeng) 04607






OPS/images/fncel-18-1305867-g009.jpg
\_‘(w\.‘

High fat
Moderate protein
Low carbohydrates

Ketone bodies

CALM3

VAV2

—> AMPL - Grnae) p——

CACAN1S

Neurons





OPS/images/fncel-18-1305867-g007.jpg
>

o

go . . 4w
§ 2
s T £:
L] = 3 . H
3 % 5.
H 52
< S,
- o N
\d;“
&
&
& &
3 S
o Ko e &e &
© Ko+ R 12550
2 s H ; cres v -‘E 50
£2 ~ 310
St s e | 00
£c Los
5 = H e | | - =] 32500
2 oo : . e
3 g N = soxon
E S 8 s &
& P A S R —
& YT [P p——

KD+RMI 12330A

me ﬂﬂm T

I : ]
o
o N
\\I"&
‘@}
[ o
KD
L 90 2
S © K0 + R 123308 2
g so0o R
£ aono 33w
a 33 100
H ig
g X %
KD+RMI 12330A % E
e H





OPS/images/fncel-18-1305867-g008.jpg
¥5e %
P, = Y
o = S
o 8 & & °
o 1weuod

R “,
o mionss 2o =N
=R
el oo IR IR
orepidy
¥ w
[}
<
*
=)
X
S
g 4
G o (Vo) jone) 2500niD






OPS/images/fncel-18-1305867-g001.jpg
Exporimontal

Study. Bvonts Tota Event Total
DA J €. Lombrechis! 2016 8 26 4 2
Magnhild Kverneland 2018 3 24 2 m
Kannan Lakshminarayanan2021 5 20 0 20
Suvasini Sharma 2016 23 # 3 a0
Gommon offect model ] 114

Heterogenaty 17 = 38%. ¥ = 03668, p = 010

Study

Omiting D. A. J. E. Lambrechts1 2016
Omiting Magnhid Kverneland 2018
Omitting Kannan Lakshminarayanan 2021
Omitting Suvasini Sharma 2016
Common effect model

01

Exporimental

Study
5 A'5€ Lambrocnt 2016 5 26
Magnhild Kverneland 2018 s 24
Suvasini Sharma 2016 23 a1
Common ‘o 65
Kannan Lakshminarayanan 2021 6 20
Common effect model 111

Heterogenalty: /- = 38%. = 0,
Test for subgroup difierences: 13 = 3.58, df = 2 (p = 0.17)

Risk Ratio RR s5%-cl Welght
= 160 (o 487y 4s2% o
a4 200 (635 1108 17o% |

1500 07021000 52% |
B o = It
- 417 (216: 8.041 1000%
———
001 01 1 1 10

Risk Ratio

wn

Total Events Total

22

32

72

20

—— 622 (261, 14.83)

RR  95%-Cl P-value Tauz Tau I2

<001 00639 02527 0%

—F— 464 [227, 951] <001 06195 0.7871 54%

"
001

10
Risk Ratio RR
et 169
200

748

5.50

369 [1.87, 7.25] <001 0.3938 06276 48%
264 [1.15, 6.06] 002 <0.0001 0.0016 0%

447 [216; 8.04] <001 0.3568 0.5973 38%

95%-C1 Weight

(059, 487) 452%

(0.36; 11.05] 17.9%
[2.44: 22.96] 31.7%
[220; 13741 a96%

0.78:216.05  5.2%

[216; 8.04] 100.0%





OPS/images/fncel-18-1305867-g002.jpg
08

06

04

02

08

o5

04

02

00

08

. -
= =
S =
Shni . St
S s J i
v o et M wr L Ay o et MAD e
B
S g =
Rk =
—Fh S
=n Ste
e
| .
J_H_‘ f‘ﬂ c
I_’—H d
B %
- e = - g
. - ek e





