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Phenobarbital (PB) is one of the most important antiseizure drugs (ASDs) to treat canine idiopathic epilepsy (IE). The effect of PB on the taxonomic changes in gastrointestinal microbiota (GIM) and their functions is less known, which may explain parts of its pharmacokinetic and pharmacodynamic properties, especially its antiseizure effect and drug responsiveness or drug resistance as well as its effect on behavioral comorbidities. Fecal samples of 12 dogs with IE were collected prior to the initiation of PB treatment and 90 days after oral PB treatment. The fecal samples were analyzed using shallow DNA shotgun sequencing, real-time polymerase chain reaction (qPCR)-based dysbiosis index (DI), and quantification of short-chain fatty acids (SCFAs). Behavioral comorbidities were evaluated using standardized online questionnaires, namely, a canine behavioral assessment and research questionnaire (cBARQ), canine cognitive dysfunction rating scale (CCDR), and an attention deficit hyperactivity disorder (ADHD) questionnaire. The results revealed no significant changes in alpha and beta diversity or in the DI, whereas only the abundance of Clostridiales was significantly decreased after PB treatment. Fecal SCFA measurement showed a significant increase in total fecal SCFA concentration and the concentrations of propionate and butyrate, while acetate concentrations revealed an upward trend after 90 days of treatment. In addition, the PB-Responder (PB-R) group had significantly higher butyrate levels compared to the PB-Non-Responder (PB-NR) group. Metagenomics of functional pathway genes demonstrated a significant increase in genes in trehalose biosynthesis, ribosomal synthesis, and gluconeogenesis, but a decrease in V-ATPase-related oxidative phosphorylation. For behavioral assessment, cBARQ analysis showed improvement in stranger-directed fear, non-social fear, and trainability, while there were no differences in ADHD-like behavior and canine cognitive dysfunction (CCD) scores after 90 days of PB treatment. While only very minor shifts in bacterial taxonomy were detected, the higher SCFA concentrations after PB treatment could be one of the key differences between PB-R and PB-NR. These results suggest functional changes in GIM in canine IE treatment.
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Introduction

Idiopathic epilepsy (IE) is a common neurological disease in dogs, with an unknown underlying cause and no identifiable structural brain abnormalities (1). IE is typically treated lifelong with antiseizure drugs (ASDs) (2). Phenobarbital (PB) is an ASD that is used as the primary treatment of choice for canine IE due to its widespread availability, tolerance, and affordability (2–4). It mainly acts on the allosteric site of gamma-aminobutyric acid subtype A (GABAA) receptors, causing the prolongation of its receptor channel opening, which enhances response to inhibitory neurotransmitter gamma-aminobutyric acid (GABA) or in higher concentrations, open the GABA channel alone, causing neuronal hyperpolarization (5). However, some dogs with IE continue to have a seizure despite PB treatment, which is referred to as “PB resistance” (6). The role of the microbiota–gut–brain axis (MGBA) in PB or drug-resistant epilepsy has not yet been fully explored.

MGBA is a bidirectional communication system between the enteric microbiota and the brain, which mainly consists of the central nervous system (CNS), enteric nervous system (ENS), and gastrointestinal microbiota (GIM) (7, 8). Communication is exerted through many pathways, namely, neural tracts, immunological, inflammatory, and neuroendocrine pathways (9). In the last decade, scientific evidence has increased substantially, highlighting the relation between GIM and neuropsychiatric and neurological disorders, namely, epilepsy (10–12). The first milestone in epilepsy was made by a preclinical study in mice by Olson and colleagues, which showed specific GIM to be responsible for increasing seizure threshold (13). This study led to an increased interest in MGBA relating to epilepsy and its role in treatment response.

In human medicine, patients with epilepsy differ in their GIM from healthy controls (14). Moreover, a difference in the GIM between human patients with drug-sensitive and drug-resistant epilepsy was also noted. A study found that the GIM composition of drug-sensitive epilepsy was similar to that of healthy people, while the GIM of patients with drug-resistant epilepsy showed an increased abundance of rare bacteria (11). In veterinary medicine, a study showed a significant reduction in GABA and short-chain fatty acids (SCFAs) producing bacteria in dogs with epilepsy compared to healthy controls (15). Another study in canine IE showed a change in microbiota composition when treating dogs with a medium-chain triglyceride-enriched diet, a diet used to improve seizure control (16).

Normally, GIM diversity and their functions can be affected to varying degrees by several factors, such as diet, environment, disease, and medication (17, 18). One of the main metabolites of GIM is SCFAs. SCFAs are fatty acids with fewer than six carbons produced by bacteria, such as Bifidobacterium, Clostridium, and Lactobacillus during polysaccharide fermentation in the colon (19, 20). The main SCFAs produced by GIM are acetate, propionate, and butyrate, which are absorbed through the intestine before being circulated to the liver and other organs, namely, the brain (9, 20). SCFAs play a major role in maintaining a healthy intestine as they are the main energy source of enterocytes and promote intestinal barrier integrity (21, 22). Furthermore, SCFAs work via MGBA, providing their anti-inflammatory, immunomodulatory, and neuroprotective abilities (23–25).

Like in people, fear- and anxiety-related behaviors, as well as cognitive dysfunctions, have been reported in treated and untreated dogs with IE (26–32). To date, it has not yet been completely elucidated whether these epilepsy comorbidities are a risk factor for the development of epilepsy, part of the epilepsy phenotype, a side effect of some ASDs, or a combination of all three factors. Therefore, the aim of the current study was to further investigate the effect of PB on behavior and on the composition and function of GIM as well as their association to PB response in dogs with IE. The results of this study could lead to a better understanding of the association of GIM and their function in canine IE and epilepsy comorbidities.



Materials and methods


Dogs

Owners of drug-naïve dogs with IE [Tier II confidence level (33)] were recruited and first informed about the current standard of care for IE management (2). Then, only dogs were included in the study for which the owners had given formal consent to initiate PB treatment. Only one dog per household was allowed to be enrolled. Diets were recorded and not modified, and the owners were told not to change the diet throughout the study period.



Phenobarbital treatment

The initial PB dose given was based on the International Veterinary Epilepsy Task Force (IVETF) consensus statement: 2.5 mg/kg orally every 12 h (34). The dose of PB was not changed during the 90-day study period. On days 30 and 90, the PB serum concentrations were measured.



Fecal samples

The fecal samples were collected prior to PB treatment (D0) and 90 days after continuous PB treatment (D90). The samples were stored in a plastic tube (5 ml, 57 × 15.3 mm, polypropylene; Sarstedt AG & Co. KG, Nümbrecht, Germany) at −80°C before being shipped with dried ice to the Gastrointestinal Laboratory of Texas A&M University, College Station, Texas, USA, for qPCR-based dysbiosis index (DI) and SCFA analysis, and further delivered to Diversigen, Inc., Houston, TX, USA for metagenomics by shallow DNA shotgun sequencing.



Shallow DNA shotgun sequencing (metagenomics)

The microbial DNA from fecal samples was extracted and quantified using the MoBio PowerSoil® DNA isolation kit (MoBio Laboratories, Carlsbad, CA, USA) and the Quant-iT PicoGreen dsDNA assay kit (Thermo Fisher Scientific Inc., Waltham, MA, USA), respectively. For sequencing libraries preparation, the Nextera XT DNA Library Preparation Kit (Illumina Inc., San Diego, CA, USA) was used before the libraries were pooled. After this step, SPRI bead purification and concentration were processed using SpeedBeads Magnetic Carboxylate Modified Particles (Cytiva Life Sciences, Marlborough, MA, USA). The resulting pooled libraries were denatured by NaOH before being diluted and spiked by 2% PhiX. The metagenomic sequencing was performed on an Illumina NextSeq 500 System using NextSeq 500/550 High Output 150 cycle kit (1 x 145 bp reads), followed by being multiplexed on the sequencer before converting to FASTQ files and filtering for low quality (Q-score <30) and length (<50). Adapter sequences were trimmed, and all sequences were trimmed to a maximum length of 100 bp prior to alignment. The raw sequences were made using NCBI Sequence Read Archive before analysis with established pipelines. In terms of taxonomic classification, FASTA sequences were aligned making a curated database, which contained all representative genomes in the NCBI RefSeq representative genome collection for prokaryotes (release 86) with additional manually curated strains for bacteria (35). Alignments were made at 97% identity and compared to reference genomes. The input sequences were listed for taxonomy assignment as the lowest common ancestor, which was compatible with not <80% of the reference sequences. OTUs accounting for < one million of all species-level markers and OTUs with <0.01% of their unique genome regions matching as well as <0.1% of the whole genome were discarded. For downstream analysis, normalized and filtered tables were used in QIIME2.

Alpha diversity was evaluated by the number of species, Shannon–Wiener index, Pielou's index, and observed operational taxonomic units (OTUs) using a rarefied OTU table. Beta diversity was evaluated by weighted and unweighted UniFrac distance measures, and principal coordinate analysis (PCoA) plots using the Bray–Curtis dissimilarity.

The differences between each GIM community were investigated by Bray–Curtis distance metric analysis and beta diversity with QIIME2. Kyoto Encyclopedia of Genes and Genomes (KEGG) orthology (KO) groups were observed with alignment at 97% identity against a gene database derived from the NCBI RefSeq representative genome collection for prokaryotes with additional manually curated strains for bacteria mentioned above for functionally annotated genes (36, 37). The directly observed KO counts reported as relative abundance within each sample were expressed in a KO table and downstream tables. KOs were then collapsed to level-2 and level-3 KEGG pathways and KEGG modules.



Fecal dysbiosis index and quantitative real-time PCR

All fecal samples were analyzed, and DNA was extracted from 100 mg of each fecal sample using a MoBio PowerSoil® DNA isolation kit (MoBio Laboratories, Carlsbad, CA, USA). The total bacteria and specific bacterial taxa (i.e., Faecalibacterium, Turicibacter, Streptococcus, Escherichia coli, Blautia, Fusobacterium, Clostridium hiranonis, and Bifidobacterium) were analyzed using Quantitative PCR assays (qPCR). The PCR conditions were performed in the following order: at 95°C maintained for 2 min, 40 cycles at 95°C for 5 s, and then annealing for 10 s at the optimized temperature using 10 μL of SYBR-based reaction mixtures (5 μL of SsoFast™ EvaGreen® supermix [Bio-Rad Laboratories GmbH, Düsseldorf, Germany]), 1.6 μL of high-quality PCR water, 0.4 μL of each primer (final concentration: 400 nM), 1 μL of 1% BSA (final concentration: 0.1%), and 2 μL of DNA (1:10 or 1:100 dilution). The qPCR results were reported in log amount of microbial DNA (fg) for each taxon per 10 ng of isolated total DNA. The DI was calculated combined with qPCR assay results. The DI at 0 was used as a cut-off for normobiosis (DI <0) (38).



SCFAs analysis

The concentration of SCFAs, namely, acetate, propionate, butyrate, isobutyrate, valerate, and isovalerate was analyzed by stable isotope dilution gas chromatography-mass spectrometry (GC-MS) assay [modified from (39)]. The fecal samples from each time point were thawed at room temperature and then vortexed for 30 min before being centrifuged for 20 min at 2,100 g at 4°C. The fecal supernatants from each sample were separated using serum filters (Fisherbrand serum filter system, Fisher Scientific Inc., Pittsburgh, PA, USA). The amount of 500 μL of each supernatant sample was mixed with 10 μL of internal standard (200 mM heptadeuterated butyric acid). A C18 solid-phase extraction column (Sep-Pak C18 1 cc Vac Cartridge, Waters Corporation, Milford, MA, USA) was then used to extract the mixtures. The samples were derivatized by N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide (MTBSTFA) for 60 min at room temperature. The chromatographic separation and quantification of the processed samples were performed using a GC (Agilent 6890N, Agilent Technologies Inc., Santa Clara, CA, USA) connected to an electron ionizing MS (Agilent 5975C, Agilent Technologies Inc.). A DB-1 ms capillary column (Agilent Technologies Inc.) was used for separation. The separation was performed under the following temperature program: 40°C maintained for 0.1 min, increased by 5°C/min to 70°C, then maintained for 3.5 min, increased by 20°C/min to 160°C, and lastly increased by 35°C/min to 280°C and maintained for 3 min. This process lasted for 20.53 min. The MS in electron impact positive-ion mode was used with selective ion monitoring at mass-to-charge ratios (M/Z) of 117 (acetate), 131 (propionate), 145 (butyrate), and 152 (heptadeuterated butyrate; internal standard). In terms of quantification, the ratio was calculated using the area under curve of the internal standard and each SCFA. The minimum detection limits of acetate, propionate, and butyrate concentrations were 1.33, 0.43, and 0.12 μmol/g, respectively. If the SCFA concentrations were lower than the minimum detection limits of acetate, propionate, and butyrate concentrations, the concentrations were adjusted to 1.32, 0.42, and 0.11 μmol/g, respectively. Due to the different water contents of the individual fecal samples, the fecal SCFA concentrations were reported as μmol/g of fecal dry matter.



Questionnaires

The online questionnaires were sent to each owner at the beginning and the end of the study. These contained questions about seizure semiology, nutrition, behavior, and cognition based on the formerly validated cBARQ (40), ADHD (41), and CCDR (42) questionnaires.



Statistics and data analysis

The data were collated and analyzed using Prism® Version 9.3.1 (GraphPad Software, San Diego, CA, USA). The level of significance was set at a P-value of <0.05. A one-tailed Wilcoxon matched-paired signed-ranks test was used to compare each alpha diversity parameter, taxonomic levels, genes related to metabolic pathways, qPCR-based DI, SCFA concentrations, and behavioral questionnaires between two-time points. To compare the difference between PB-R and PB-NR groups at D90, a one-tailed Mann–Whitney U test was used for analysis. The same method was also used to compare the results at D0 between both groups in order to rule out any potential biases. Multivariate statistical analysis for beta diversity (analysis of similarity, ANOSIM) was performed using Primer 7 (Plymouth Routines in Multivariate Ecological Research Statistical Software, v7.0.13) (43). Univariate statistics were then performed on alpha diversity and bacterial taxa for all taxonomic levels using JMP Pro 12 (Cary, NC, USA). P-values were adjusted for multiple comparisons with Benjamin & Hochberg FDR at a P-value of <0.05.




Results


Dogs

Twelve dogs with IE Tier II confidence levels (33) were included in the study (Table 1). The signalment of the dogs is summarized in Table 1. The mean age (± standard deviation) of the dogs at the beginning of the study and their age at IE onset were 3.5 ± 2.2 and 2.7 ± 1.7 years, respectively. Of the 12 dogs, 10 dogs were male and two dogs were female. The dog breeds varied, with no breed being overrepresented. The administered dose of PB was 2.3 ± 0.4 mg/kg every 12 h. The PB serum concentrations at D30 and D90 were 19.8 ± 5.3 and 18.1 ± 3.7 mg/L, respectively. After the start of PB treatment, seven dogs were seizure-free, while five dogs had at least one seizure within the 90-day study period. In this study, the dogs experiencing seizure freedom since starting PB were grouped as PB-Responder (PB-R), and the dogs not responding to the initial dose were grouped as PB-Non-Responder (PB-NR).


TABLE 1 Signalment of dogs included in the study, age of IE onset, diets, treats, experience of cluster seizures (CS) or status epilepticus (SE) in the last 90 days before starting phenobarbital (PB), PB concentrations (conc.) 30 days post-treatment (D30), and 90 days post-treatment (D90), responses to PB, seizure frequency (SF) per month during the study, dysbiosis index (DI) at pre-treatment (D0), and D90 of each dog.

[image: Table 1]



Alpha diversity

No differences in alpha diversity parameters, namely, species richness, Shannon–Wiener index, Pielou's evenness, and OTU rarefaction, were found within the samples when comparing the two-time points (D0 and D90) (Figure 1).


[image: Figure 1]
Figure 1. (A–C) Comparison of alpha diversity parameters in box and whiskers plots. (A) Species number, (B) Shannon–Wiener index, and (C) Pielou's evenness demonstrated no significant changes between pre-phenobarbital treatment (D0) and 90-day post-treatment (D90). Lines in the boxes represent the median of each group and the boxes represent the interquartile range, whereas the whiskers represent the minimum and maximum data. (D) Rarefaction curve based on the number of observed operational taxonomic units (OTUs). The red circles and blue triangles represent the mean of sequences per sample at D0 and D90, respectively. The error bars represent standard deviations.




Beta diversity

No significant microbiome clustering between D0 and D90 or between the PB-R and PB-NR group at D90 was observed.

Also, when comparing feces from the PB-R group and PB-NR group sampled at D0, no significant microbiome clustering was detected. There was also no significant difference in beta diversity in the PB-NR group at D90 compared to D0, which was similar to the PB-R group. The beta diversity is shown in Figure 2.


[image: Figure 2]
FIGURE 2
 Principal coordinates analysis (PCoA) of weighted UniFrac distances of taxa diagrams demonstrating beta diversity (A) between the day prior to phenobarbital (PB) treatment (D0; red) and 90 days post-PB treatment (D90; blue), and (B) between PB-R group (light blue) and PB-NR group (dark blue) at D90. There was no significant microbiome clustering. (C) Changes in PCoA weighted UniFrac distances of taxa after PB treatment. The arrows show the direction from D0 (arrow tail) to D90 (arrow head) of each dog.




Taxonomic difference

The metagenomics by shotgun gene sequencing showed no significant change in fecal bacterial taxa at phylum, family, genus, and species level. There was only a significant decrease in the order Clostridiales at D90 compared to D0 (P = 0.04) (Figures 3, 4). The sequence data are deposited in the NCBI Short Read Archive (SRA) database (Accession Number: PRJNA849257).


[image: Figure 3]
FIGURE 3
 Relative abundance of each order prior to phenobarbital treatment (D0) and 90 days post-treatment (D90) in fecal samples of each dog (n = 12).



[image: Figure 4]
FIGURE 4
 Significant decrease in order Clostridiales in percentage after 90 days of phenobarbital treatment (D90) compared to pre-treatment (D0). Lines in dark and light gray boxes represent the median at D0 and D90, respectively. The box limits indicate the interquartile range, while the whiskers represent the minimum and maximum data. *P < 0.05 (one-tailed Wilcoxon matched-paired signed-ranks test).




Functional genes analysis

The comparisons of the functional genes concentrations measured by metagenomics analysis between D0 and D90 demonstrated a significant increase in the number of microbial ribosome genes (KEGG module M00178, P = 0.02), genes associated with the conversion from oxaloacetate to fructose 6-phosphate in the gluconeogenesis pathway (KEGG module M00003, P = 0.04), and D-glucose 1-phosphate to trehalose in the trehalose biosynthesis pathway (KEGG module M00565, P = 0.04). Additionally, a significant decrease in V-type ATPase genes as part of the oxidative phosphorylation pathway (KEGG module M00159, P = 0.01) was evident. The sequence data are deposited in the NCBI SRA database (Accession Number: PRJNA849257).



Dysbiosis index

In parallel to the sequencing data, the qPCR-based DI comparing D0 and D90 did not show any significant changes (Table 1). At D0 and D90, 10/12 (83%) and 11/12 (92%) dogs had a DI <0, respectively.



Short-chain fatty acids

The total fecal SCFA concentrations and the concentrations of propionate and butyrate increased significantly from D0 to D90 (P = 0.04, 0.03, 0.03, respectively), while acetate concentrations showed a marginal trend but did not reach statistical significance (P = 0.05). There were no significant changes in the levels of isobutyrate (P = 0.36), isovalerate (P = 0.31), and valerate (P = 0.16) between both time points. The comparison between the PB-R group and the PB-NR group revealed that the PB-R group had significantly higher concentrations of butyrate (P = 0.03). Respective graphs are shown in Figure 5.


[image: Figure 5]
FIGURE 5
 (A) The total short-chain fatty acids (SCFAs), (C) propionate, and (D) butyrate levels in fecal samples increased significantly when comparing 90 days after phenobarbital (PB) treatment (D90) to the day before PB treatment (D0). (B) The graph shows an upward trend of acetate at D90 compared to D0. *P < 0.05 (one-tailed Wilcoxon matched-paired signed-ranks test). (E) Butyrate level at D90 differed between PB-R and PB-NR. *P < 0.05 (one-tailed Mann–Whitney U-test). The lines in the boxes indicate a median value and the box limits represent the interquartile range. The whiskers indicate minimum and maximum data.




Behavioral analysis

The cBARQ, ADHD, and CCDR values were compared between D0 and D90. The cBARQ results showed a significant decrease in stranger-directed fear (0.20 ± 0.32 [D0] vs. 0.08 ± 0.19 [D90], P = 0.03), non-social fear (0.49 ± 0.41 [D0] vs. 0.34 ± 0.26 [D90], P = 0.04), and an increase in trainability (0.85 ± 0.44 [D0] vs. 1.01 ± 0.39 [D90], P = 0.02). The results showed that stranger-directed fear, non-social fear, and trainability improved after PB treatment. Neither ADHD nor CCDR scores changed between D0 and D90. All CCDR values at D0 (34.91 ± 3.75) and D90 (35.75 ± 6.73) were under the score of 50, below the canine cognitive dysfunction (CCD) score (32). Comparing each parameter between the PB-R group and PB-NR group revealed no significant differences.




Discussion

PB as the primary drug of choice has a long history in canine IE treatment. However, its role in behavior and GIM has not been fully elucidated. PB improved stranger-directed fear, non-social fear, and trainability. Apart from the abundance of the bacterial order Clostridiales being reduced after PB treatment, no other GIM changes could be demonstrated. The fecal DI indicated that 92% of the dogs were within the reference interval established for healthy dogs. The functional metagenomics analysis mainly demonstrated changes in protein synthesis and glucose metabolism pathways, whereas there was an increase in the total SCFAs, butyrate, and propionate.

Similar to the current study, another study in nine dogs showed no changes in the alpha and beta diversity of GIM from fecal samples of drug-naïve IE dogs compared to 30 days after PB- or imepitoin treatment (15). However, the dosage of PB might play a role here. In a preclinical study, the effects of different PB concentrations on several bacteria, namely, Bifidobacterium, Bacteroides, Enterococcus, Eubacterium, Clostridium, and Staphylococcus were tested in vitro. The study found that generation time and lag time during the growth of some bacteria were affected depending on PB concentrations, while the lag time was influenced only by a high concentration of PB. Additionally, the metabolite alpha-ethyl-benzeneacetamide was found as a by-product of Bifidobacterium in both low and high PB doses (44). One of the metabolite synonyms is 2-phenylbutyramide, which was shown in several studies in mice as having a promising antiseizure effect by inhibiting neuronal acetylcholine receptors (45, 46). In the present study, a starting dosage of PB was used (2, 3). Higher PB concentrations might have yielded a different effect and produced a similar effect in vivo as seen in vitro in terms of how bacteria are affected.

In the study by Olson and colleagues in mice, Akkermansia and Parabacteroides bacteria were considered important for seizure control by increasing the seizure threshold (13). In contrast, no genus Akkermansia was detected in the current study by metagenomics analysis, while Parabacteroides accounted for only 0.1% of sequencing reads in this study. It is worth noting that Akkermansia populates mainly the enteric crypts in dogs, so they might not shed easily into feces (47). To investigate this hypothesis, an intestinal biopsy could provide more information. In another canine study, Bacteroidaceae species within genus 5-7N15 were more abundant in dogs fed with a medium-chain triglyceride diet (16). These bacteria have previously been suggested to prevent aggressive behavior and occupy a similar niche in humans as Akkermansia.

In our study, there was a significant decrease in Clostridiales after PB treatment, which inversely correlates with the SCFA concentration results. Clostridiales are a complex bacterial order, namely, SCFA producers, pathogens, and many others. It is most likely that there were some changes in another Clostridiales member in lower taxa, other than SCFA-producing bacteria, which caused an overall decrease in this order abundance. In the aforementioned study by García-Belenguer and colleagues, the reduction in SCFA-producing bacteria at the family level was reported after 30 days of PB- or imepitoin treatment. Nevertheless, the SCFA concentration was not measured in that study (15).

The concentration of total SCFAs, propionate, butyrate, and also to some extent, acetate, did increase with PB treatment in our study. This is supported by the results of a study by Xie and colleagues (48). The researchers investigated the effects of oral GABA administration on different concentrations of SCFAs in mice and found that GABA could increase the production of total SCFAs, acetate, propionate, and butyrate as well as increase acidity in the intestine. Both PB and GABA work on the same receptor, which is the GABAA receptor (48). However, the reason why PB increases the SCFA production of GIM is unknown. SCFAs are essential for gut and brain health. Due to their being small molecules of fatty acids, they can be rapidly absorbed and transported via circulation to the liver and other organs, namely, the brain, easily crossing the blood–brain barrier (BBB) (49). In another study, serum saturated fatty acid concentrations in PB-treated dogs were evaluated and were significantly higher than in controls (50). The beneficial functions of SCFAs are well studied in the intestine but only to a lesser degree in CNS. SCFAs have several positive effects that could potentially support brain functions and palliate epilepsy through MGBA. One of the well-known functions of SCFAs, particularly butyrate, is their anti-inflammatory effect (23, 51, 52). Inflammation plays an important role, especially in drug-resistant epilepsy (53, 54). Nonetheless, whether butyrate can alter brain inflammation in epilepsy requires further studies. However, a study in mice showed that intestinal inflammation could increase convulsant activity and reduce ASD efficiency (55). Furthermore, epilepsy is associated with a change in glucose metabolism (56). Butyrate can provide an alternative energy resource for the brain (57), resulting therefore in a potential improvement in epilepsy. This could be similar to a ketogenic diet in humans and dietary medium-chain triglyceride in canine IE management, where ketones provide an alternative source of energy (56). Butyrate also has neuroprotective effects, which can be explained in several dimensions, such as the ability of neurogenesis stimulation (58), prevention of neuronal apoptosis (59), suppressed demyelination, and promoted remyelination (60), BBB permeability restoration (61), and antioxidation (25). A couple of preclinical studies in rodent models also found that butyrate may have direct antiseizure effects through the histone deacetylase pathway (62, 63). In our study, the butyrate level after PB treatment was significantly higher in the PB-R group compared to the PB-NR group. Nevertheless, it should be taken into account that this study had a small sample size in both groups, which might influence the results. A future study with a larger sample size would be needed to confirm these results. Further studies might also consider adding butyrate to a dog's diet, either directly or indirectly by modifying the microbiome (probiotic or high fiber diet) (57, 64), to see whether this can improve epilepsy management.

Regarding the functional aspect of GIM, we also found that PB treatment could increase the number of genes associated with protein synthesis and carbohydrate metabolism. However, it appears that the GIM under PB treatment was under stress conditions. There are several conditions that could be stressful for GIM, such as osmotic stress, oxidative stress, and acid stress from their SCFA fermentation (65–67). To survive under these conditions, GIM have stress defense mechanisms, well-known ones such as trehalose biosynthesis and transcriptional regulation (65). Interestingly, we found that there was an increased abundance of genes associated with the trehalose biosynthesis pathway during metabolism from D-glucose 1-phosphate to trehalose (KEGG module M00565). Bacterial trehalose biosynthesis typically occurs under abiotic stress in order to increase trehalose concentration (66, 68). On the one hand, the elevation of trehalose concentration nourishes the GIM themselves (66). On the other hand, the accumulation of trehalose results in bacterial rehydration without cellular function deterioration by reducing water activity, cell volume restoration, and stabilizing protein as well as cellular turgor pressure (65). Other than surviving stress conditions by trehalose biosynthesis, an increased number of ribosomes are also essential. In the present study, the abundance of genes related to microbial ribosomal production (KEGG module M00178) was significantly increased, which potentially resulted in an increased number of microbial ribosomes. As mentioned above, transcriptional regulation is also necessary for GIM to alleviate stress conditions. The defense strategies of bacteria are generally “programmed” in specific genes. The responses depend on the type of stress the GIM are facing and the transcription is regulated to react appropriately to each condition. However, the success of transcriptional regulation is determined by the subsequent ribosomal translation, the number and speed of the ribosomes playing a crucial role in this process (69, 70). Since ribosomes are an important factor in bacterial protein synthesis, increasing the ribosome number is not only important for stress responses but also for viability and their protein-related productivity (71). Other elevated gene numbers detected in this study were genes associated with pathways in gluconeogenesis during the metabolism of oxaloacetate to fructose 6-phosphate (KEGG module M00003). GIM normally require glucose as the main carbon source for their metabolism, which they normally uptake from the surrounding environment. When glucose is insufficient, the GIM use gluconeogenesis as an alternative method to synthesize glucose from non-sugar substrates, namely, amino acids and intermediates from the tricarboxylic acid cycle (72). In contrast, V-type ATPase genes as part of oxidative phosphorylation decreased in this study. The V-type ATPase gene is located in the bacterial cytoplasmic membrane and functions as an ATP hydrolysis-driven ion pump, which relates to several GIM processes, namely, intracellular pH regulation and neurotransmitters release (73). However, it is still unclear how the reduction in the V-type ATPase gene might affect this situation. Furthermore, the alterations of the four genes associated with the KEGG modules (M00003, M00159, M00178, and M00565) showed no relation to SCFA production. In our study, we compared the results before and after PB treatment. Each dog received the same diet throughout the study period. Since the diet is one of the important factors affecting GIM (18) as is the dog breed (74), it is worth noting that the lack of dietary and breed standardization in this study might have affected the results. In addition, an age, breed, and diet matched healthy control group could have also added value to the interpretation of the study results.

Fear- and anxiety-related behaviors as well as cognitive dysfunction are well-known epilepsy comorbidities in dogs (26, 27, 32). To date, it has not yet been completely elucidated whether these epilepsy comorbidities are a risk factor for the development of epilepsy, part of the epilepsy phenotype, a side effect of some ASDs, or a combination of all. Our study is the first prospective study focusing on the effect of PB on behavior in dogs with IE. For behavioral assessment in this study, the positive effects of PB were observed by improving stranger-directed and non-social fear as well as trainability. There was no significant difference between the PB-R group and the PB-NR group. These results might appear surprising at first sight, as the opposite is more likely to have been predicted. However, prior to our study, there had been no behavioral longitudinal studies in either animals or humans with epilepsy treated with PB as monotherapy (26). In humans, PB has been used not only to treat seizures but also to treat anxiety (75). Nonetheless, in a small cross-sectional study, it was shown that people with epilepsy treated with primidone, which gets metabolized to PB, were more likely to show anxiety (76). Similar single reports on anxiety-related behavioral changes seen in dogs with IE exist for primidone, but not for PB (77). The influence of PB on cognition remains unclear, with original studies in humans even reporting a potential improvement (75). In dogs with IE, cross-sectional studies did not reveal an improvement or a deterioration in fear/anxiety or cognitive impairment with PB monotherapy (27, 78, 79). Potential improvement in terms of behavior, but also deterioration in individual cases after treatment with individual drugs have been shown for levetiracetam (80) and imepitoin (77). For other drugs, however, this link is not as clear. Nonetheless, aggression as a side effect, which is often idiosyncratic in nature, as seen in individual cases treated with PB, potassium bromide, levetiracetam, and/or zonisamide, has been reported in the literature (77, 81). In addition, polypharmacy and drug resistance have also been associated with cognitive impairments and fear/anxiety, especially in dogs with IE treated via monotherapy (27, 32, 79). Interestingly, in one of these studies, pharmacoresistance was an influencing factor, but an association with seizure frequency could not be found (79). This further highlights that the severity of epilepsy is not only reflected by its seizure frequency but also by the severity of its comorbidities. With regard to the influence of ASDs on cognition, Packer and colleagues reported that the trainability of adult dogs with IE was significantly worse compared to controls when dogs received potassium bromide, zonisamide, or polypharmacy (32). The current evidence in canines rather suggests that epilepsy is one of the main factors triggering the development of fear/anxiety and cognitive deficits (27, 29, 32, 78, 79). It is worth mentioning that the diagnostic methods for anxiety and cognitive dysfunction are complex. In humans, the gold standard of anxiety disorder diagnosis is a clinical interview by a specialist (82), while mild cognitive impairment is normally assessed using the Montreal Cognitive Assessment and Mini-Mental State Examination (83). To date, there is a paucity of data showing that self-reported or symptom-based questionnaires could replace the gold standard (82). In dogs, diagnoses of fear- and anxiety-related behaviors and cognitive dysfunction are as complicated as in humans and the gold standards have not been established. Therefore, history taking and completion of validated questionnaires by dog owners as well as the performance of dog behavioral tests or observations and behavioral development assessments are used in combination as diagnostic procedures (84, 85). In the present study, only validated online questionnaires were used to evaluate the behavioral comorbidities. This should be kept in mind, when considering the results, as it is a limitation of the current study.

It is possible that the beneficial effects on stranger-directed and non-social fear-related behavior and trainability after PB treatment may be due to elevated SCFAs, particularly the butyrate level (57). Such effects were also shown in human cases and mice models receiving a high fiber diet, modulating the GIM to produce these SCFAs (86, 87). An improvement in anxiety-like behavior and cognitive impairment was shown in a number of studies on sodium butyrate, a salt form of butyric acid in rodent models (88–90). Sodium butyrate is also a histone deacetylase inhibitor and was reported to be a potential anti-depressant, inducing short-lasting histone hyperacetylation in the hippocampus and frontal cortex as well as temporarily increasing brain-derived neurotrophic factor (BDNF) expression in mice (91). Not only in preclinical studies was the inverse correlation between butyrate concentration and the degree of anxiety observed but also in humans with anorexia nervosa (92), which agrees with our findings. In our study, improvement in trainability without alleviating cognitive ability was observed, which could be explained by its multifactorial correlation. In dogs, trainability is a combination of motivation and willingness to follow the commands of their owners, difficulty in being distracted, and positive reaction to correction as well as cognitive skills (40, 93). Therefore, the improvement in fear- and anxiety behaviors could also play a positive role in trainability.



Conclusion

PB treatment in canine IE could affect GIM taxonomically and functionally including an increase in SCFAs level as well as altering glucose and protein metabolism of GIM by increasing the abundance of their functional genes. In addition, the level of butyrate among PB-R was significantly higher than that of PB-NR, showing that butyrate could be essential and beneficial for seizure control. This could be explained by providing an alternative efficient energy source and by the anti-inflammatory and neuroprotective effects of butyrate. Moreover, PB treatment may have the potential to alleviate fear- and anxiety-related behaviors as well as trainability in dogs with IE. Future large-scale studies including consulting a behavior specialist are needed to confirm these results.

These findings could be an important first milestone showing that the difference in microbial functional reactions could be the key difference between the effective and ineffective treatment of dogs with epilepsy. More studies on GIM functions and their role in epilepsy management, as well as behavioral comorbidities, are needed to better our understanding and to consider the development of alternative effective treatment strategies in canine IE.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: SRA data: PRJNA849257/Temporary Submission ID: SUB11612854.



Ethics statement

Ethical review and approval was not required for the animal study because all dogs in this study received the standard of care, therapeutic and diagnostic work-up. The fecal samples were collected after voiding. Written informed consent was obtained from the owners for the participation of their animals in this study.



Author contributions

AW planned and performed this study as well as interpreted the results and drafted the manuscript as a part of her Ph.D. thesis. SM and HV planned, co-supervised, and reviewed the study. JS, MK, and RP performed the laboratory part and supervised and reviewed the study. SL, LB, and AB-N were responsible for some dogs from their own institutes and reviewed the study. GM-W supervised and reviewed the study. All authors contributed to the article and approved the submitted version.



Funding

This open access publication was funded by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) – 491094227 – Open Access Publication Funding and the University of Veterinary Medicine Hannover, Foundation. AW is a holder of a scholarship from the Faculty of Veterinary Medicine, Kasetsart University, Thailand.



Acknowledgments

Our thank go to our patients with epilepsy, owners, referring veterinarians, and laboratory co-workers who made it possible to successfully complete this study.



Conflict of interest

Author HV served as a paid consultant in the field of epilepsy for Boehringer Ingelheim, CEVA Animal Health, Nestle Purina, and as a contract researcher for Nestle Purina, Desitin Pharma, and Boehringer Ingelheim. Author JS is an employee of the Gastrointestinal Laboratory at Texas A&M University that provides microbiome testing on a fee-for-service basis and is on the scientific advisory board for Nestle Purina and received speaker honoraria from Royal Canin, Nutramax Laboratories, ExeGi Pharma, LLC, and Hill's Pet Nutrition, Inc.

The remaining 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.



References

 1. Berendt M, Farquhar RG, Mandigers PJ, Pakozdy A, Bhatti SF, De Risio L, et al. International veterinary epilepsy task force consensus report on epilepsy definition, classification and terminology in companion animals. BMC Vet Res. (2015) 11:182. doi: 10.1186/s12917-015-0461-2

 2. Bhatti SF, De Risio L, Muñana K, Penderis J, Stein VM, Tipold A, et al. International Veterinary Epilepsy Task Force consensus proposal: medical treatment of canine epilepsy in Europe. BMC Vet Res. (2015) 11:176. doi: 10.1186/s12917-015-0464-z

 3. Podell M, Volk HA, Berendt M, Löscher W, Muñana K, Patterson EE, et al. 2015 ACVIM small animal consensus statement on seizure management in dogs. J Vet Intern Med. (2016) 30:477–90. doi: 10.1111/jvim.13841

 4. Charalambous M, Brodbelt D, Volk HA. Treatment in canine epilepsy–a systematic review. BMC Vet Res. (2014) 10:257. doi: 10.1186/s12917-014-0257-9

 5. Löscher W, Rogawski MA. How theories evolved concerning the mechanism of action of barbiturates. Epilepsia. (2012) 53:12–25. doi: 10.1111/epi.12025

 6. Potschka H, Fischer A, Löscher W, Patterson N, Bhatti S, Berendt M, et al. International veterinary epilepsy task force consensus proposal: outcome of therapeutic interventions in canine and feline epilepsy. BMC Vet Res. (2015) 11:177. doi: 10.1186/s12917-015-0465-y

 7. Yue Q, Cai M, Xiao B, Zhan Q, Zeng C. The microbiota-gut-brain axis and epilepsy. Cell Mol Neurobiol. (2022) 42:439–53. doi: 10.1007/s10571-021-01130-2

 8. Ambrosini YM, Borcherding D, Kanthasamy A, Kim HJ, Willette AA, Jergens A, et al. The Gut-brain axis in neurodegenerative diseases and relevance of the canine model: a review. Front Aging Neurosci. (2019) 11:130. doi: 10.3389/fnagi.2019.00130

 9. Ding M, Lang Y, Shu H, Shao J, Cui L. Microbiota-gut-brain axis and epilepsy: a review on mechanisms and potential therapeutics. Front Immunol. (2021) 12:742449. doi: 10.3389/fimmu.2021.742449

 10. Fouquier J, Moreno Huizar N, Donnelly J, Glickman C, Kang DW, Maldonado J, et al. The gut microbiome in autism: study-site effects and longitudinal analysis of behavior change. mSystems. (2021) 6:e00848-20. doi: 10.1128/mSystems.00848-20

 11. Peng A, Qiu X, Lai W, Li W, Zhang L, Zhu X, et al. Altered composition of the gut microbiome in patients with drug-resistant epilepsy. Epilepsy Res. (2018) 147:102–7. doi: 10.1016/j.eplepsyres.2018.09.013

 12. Romano S, Savva GM, Bedarf JR, Charles IG, Hildebrand F, Narbad A. Meta-analysis of the Parkinson's disease gut microbiome suggests alterations linked to intestinal inflammation. NPJ Parkinsons Dis. (2021) 7:27. doi: 10.1038/s41531-021-00156-z

 13. Olson CA, Vuong HE, Yano JM, Liang QY, Nusbaum DJ, Hsiao EY. The gut microbiota mediates the anti-seizure effects of the ketogenic diet. Cell. (2018) 174:497. doi: 10.1016/j.cell.2018.04.027

 14. Safak B, Altunan B, Topcu B, Eren Topkaya A. The gut microbiome in epilepsy. Microb Pathog. (2020) 139:103853. doi: 10.1016/j.micpath.2019.103853

 15. García-Belenguer S, Grasa L, Valero O, Palacio J, Luno I, Rosado B. Gut microbiota in canine idiopathic epilepsy: effects of disease and treatment. Animals. (2021) 11:3121. doi: 10.3390/ani11113121

 16. Pilla R, Law TH, Pan Y, Zanghi BM, Li Q, Want EJ, et al. The effects of a ketogenic medium-chain triglyceride diet on the feces in dogs with idiopathic epilepsy. Front Vet Sci. (2020) 7:541547. doi: 10.3389/fvets.2020.541547

 17. Pilla R, Suchodolski JS. The role of the canine gut microbiome and metabolome in health and gastrointestinal disease. Front Vet Sci. (2019) 6:498. doi: 10.3389/fvets.2019.00498

 18. Wernimont SM, Radosevich J, Jackson MI, Ephraim E, Badri DV, MacLeay JM, et al. The effects of nutrition on the gastrointestinal microbiome of cats and dogs: impact on health and disease. Front Microbiol. (2020) 11:1266. doi: 10.3389/fmicb.2020.01266

 19. Markowiak-Kopec P, Slizewska K. The effect of probiotics on the production of short-chain fatty acids by human intestinal microbiome. Nutrients. (2020) 12:1107. doi: 10.3390/nu12041107

 20. Cook SI, Sellin JH. Review article: short chain fatty acids in health and disease. Aliment Pharmacol Ther. (1998) 12:499–507. doi: 10.1046/j.1365-2036.1998.00337.x

 21. Roediger WE. Utilization of nutrients by isolated epithelial cells of the rat colon. Gastroenterology. (1982) 83:424–9. doi: 10.1016/S0016-5085(82)80339-9

 22. Deleu S, Machiels K, Raes J, Verbeke K, Vermeire S. Short chain fatty acids and its producing organisms: an overlooked therapy for IBD? EBioMedicine. (2021) 66:103293. doi: 10.1016/j.ebiom.2021.103293

 23. Andoh A, Bamba T, Sasaki M. Physiological and anti-inflammatory roles of dietary fiber and butyrate in intestinal functions. JPEN J Parenter Enteral Nutr. (1999) 23:S70–3. doi: 10.1177/014860719902300518

 24. Sadler R, Cramer JV, Heindl S, Kostidis S, Betz D, Zuurbier KR, et al. Short-chain fatty acids improve poststroke recovery via immunological mechanisms. J Neurosci. (2020) 40:1162–73. doi: 10.1523/JNEUROSCI.1359-19.2019

 25. Valvassori SS, Dal-Pont GC, Steckert AV, Varela RB, Lopes-Borges J, Mariot E, et al. Sodium butyrate has an antimanic effect and protects the brain against oxidative stress in an animal model of mania induced by ouabain. Psychiatry Res. (2016) 235:154–9. doi: 10.1016/j.psychres.2015.11.017

 26. Watson F, Rusbridge C, Packer RMA, Casey RA, Heath S, Volk HA, et al. Review of treatment options for behavioral manifestations of clinical anxiety as a comorbidity in dogs with idiopathic epilepsy. Vet J. (2018) 238:1–9. doi: 10.1016/j.tvjl.2018.06.001

 27. Shihab N, Bowen J, Volk HA. Behavioral changes in dogs associated with the development of idiopathic epilepsy. Epilepsy Behav. (2011) 21:160–7. doi: 10.1016/j.yebeh.2011.03.018

 28. De Risio L, Newton R, Freeman J, Shea A. Idiopathic epilepsy in the Italian spinone in the United Kingdom: prevalence, clinical characteristics, and predictors of survival and seizure remission. J Vet Intern Med. (2015) 29:917–24. doi: 10.1111/jvim.12599

 29. Packer RM, De Risio L, Volk HA. Investigating the potential of the anti-epileptic drug imepitoin as a treatment for co-morbid anxiety in dogs with idiopathic epilepsy. BMC Vet Res. (2017) 13:90. doi: 10.1186/s12917-017-1000-0

 30. Winter J, Packer RMA, Volk HA. Preliminary assessment of cognitive impairments in canine idiopathic epilepsy. Vet Rec. (2018) 182:633. doi: 10.1136/vr.104603

 31. Packer RA, McGreevy PD, Pergande A, Volk HA. Negative effects of epilepsy and antiepileptic drugs on the trainability of dogs with naturally occurring idiopathic epilepsy. Appl Anim Behav Sci. (2018) 200:106–13. doi: 10.1016/j.applanim.2017.11.008 

 32. Packer RM, McGreevy PD, Salvin HE, Valenzuela MJ, Chaplin CM, Volk HA. Cognitive dysfunction in naturally occurring canine idiopathic epilepsy. PLoS ONE. (2018) 13:e0192182. doi: 10.1371/journal.pone.0192182

 33. De Risio L, Bhatti S, Munana K, Penderis J, Stein V, Tipold A, et al. International veterinary epilepsy task force consensus proposal: diagnostic approach to epilepsy in dogs. BMC Vet Res. (2015) 11:148. doi: 10.1186/s12917-015-0462-1

 34. Patterson EN. Status epilepticus and cluster seizures. Vet Clin North Am Small Anim Pract. (2014) 44:1103–12. doi: 10.1016/j.cvsm.2014.07.007

 35. O'Leary NA, Wright MW, Brister JR, Ciufo S, Haddad D, McVeigh R, et al. Reference sequence (RefSeq) database at NCBI: current status, taxonomic expansion, and functional annotation. Nucleic Acids Res. (2016) 44:D733–45. doi: 10.1093/nar/gkv1189

 36. Kanehisa M, Sato Y, Kawashima M, Furumichi M, Tanabe M, KEGG. as a reference resource for gene and protein annotation. Nucleic Acids Res. (2016) 44:D457–62. doi: 10.1093/nar/gkv1070

 37. Kanehisa M, Goto S, KEGG KEGG kyoto encyclopedia of genes and genomes. Nucleic Acids Res. (2000) 28:27–30. doi: 10.1093/nar/28.1.27

 38. AlShawaqfeh MK, Wajid B, Minamoto Y, Markel M, Lidbury JA, Steiner JM, et al. A dysbiosis index to assess microbial changes in fecal samples of dogs with chronic inflammatory enteropathy. FEMS Microbiol Ecol. (2017) 93:431–57. doi: 10.1093/femsec/fix136

 39. Moreau NM, Goupry SM, Antignac JP, Monteau FJ, Le Bizec BJ, Champ MM, et al. Simultaneous measurement of plasma concentrations and 13C-enrichment of short-chain fatty acids, lactic acid and ketone bodies by gas chromatography coupled to mass spectrometry. J Chromatogr B Analyt Technol Biomed Life Sci. (2003) 784:395–403. doi: 10.1016/S1570-0232(02)00827-9

 40. Hsu Y, Serpell JA. Development and validation of a questionnaire for measuring behavior and temperament traits in pet dogs. J Am Vet Med Assoc. (2003) 223:1293–300. doi: 10.2460/javma.2003.223.1293

 41. Vas J, Topál J, Péch E, Miklósi A. Measuring attention deficit and activity in dogs: a new application and validation of a human ADHD questionnaire. Appl Anim Behav Sci. (2007) 103:105–17. doi: 10.1016/j.applanim.2006.03.017 

 42. Salvin HE, McGreevy PD, Sachdev PS, Valenzuela MJ. The canine cognitive dysfunction rating scale (CCDR): a data-driven and ecologically relevant assessment tool. Vet J. (2011) 188:331–6. doi: 10.1016/j.tvjl.2010.05.014

 43. Clarke KR, Gorley RN. Getting started with PRIMER v7. PRIMER-E. Plymouth: Plymouth Marine Laboratory (2015). 

 44. Tucker KR, Jacobs D, Manjarrez J, John GH. The metabolism of phenobarbital, a drug used for epilepsy, by intestinal flora, Bifidobacterium adolescentis and Bifidobacterium bifidum. Microb Ecol Health Dis. (2006) 18:32–7. doi: 10.1080/08910600600726979 

 45. Krivoshein AV. anticonvulsants based on the alpha-substituted amide group pharmacophore bind to and inhibit function of neuronal nicotinic acetylcholine receptors. ACS Chem Neurosci. (2016) 7:316–26. doi: 10.1021/acschemneuro.5b00259

 46. Khrustalev VN, Sandhu B, Bentum S, Fonari A, Krivoshein AV, Timofeeva TV. Absolute configuration and polymorphism of 2-phenylbutyramide and alpha-methyl-alpha-phenylsuccinimide. Cryst Growth Des. (2014) 14:3360–9. doi: 10.1021/cg500284q

 47. Giaretta PR, Suchodolski JS, Jergens AE, Steiner JM, Lidbury JA, Cook AK, et al. Bacterial biogeography of the colon in dogs with chronic inflammatory enteropathy. Vet Pathol. (2020) 57:258–65. doi: 10.1177/0300985819891259

 48. Xie M, Chen HH, Nie SP, Yin JY, Xie MY. Gamma-aminobutyric acid increases the production of short-chain fatty acids and decreases pH values in mouse colon. Molecules. (2017) 22:653. doi: 10.3390/molecules22040653

 49. Silva YP, Bernardi A, Frozza RL. The role of short-chain fatty acids from gut microbiota in gut-brain communication. Front Endocrinol. (2020) 11:25. doi: 10.3389/fendo.2020.00025

 50. Ottka C, Weber C, Muller E, Lohi H. Serum NMR metabolomics uncovers multiple metabolic changes in phenobarbital-treated dogs. Metabolomics. (2021) 17:54. doi: 10.1007/s11306-021-01803-5

 51. Saemann MD, Bohmig GA, Osterreicher CH, Burtscher H, Parolini O, Diakos C, et al. Anti-inflammatory effects of sodium butyrate on human monocytes: potent inhibition of IL-12 and up-regulation of IL-10 production. FASEB J. (2000) 14:2380–2. doi: 10.1096/fj.00-0359fje

 52. Park J, Wang Q, Wu Q, Mao-Draayer Y, Kim CH. Bidirectional regulatory potentials of short-chain fatty acids and their G-protein-coupled receptors in autoimmune neuroinflammation. Sci Rep. (2019) 9:8837. doi: 10.1038/s41598-019-45311-y

 53. Knebel A, Kampe A, Carlson R, Rohn K, Tipold A. Th17 cell-mediated immune response in a subpopulation of dogs with idiopathic epilepsy. PLoS ONE. (2022) 17:e0262285. doi: 10.1371/journal.pone.0262285

 54. Vezzani A, Aronica E, Mazarati A, Pittman QJ. Epilepsy and brain inflammation. Exp Neurol. (2013) 244:11–21. doi: 10.1016/j.expneurol.2011.09.033

 55. De Caro C, Leo A, Nesci V, Ghelardini C, di Cesare Mannelli L, Striano P, et al. Intestinal inflammation increases convulsant activity and reduces antiepileptic drug efficacy in a mouse model of epilepsy. Sci Rep. (2019) 9:13983. doi: 10.1038/s41598-019-50542-0

 56. Han FY, Conboy-Schmidt L, Rybachuk G, Volk HA, Zanghi B, Pan Y, et al. Dietary medium chain triglycerides for management of epilepsy: new data from human, dog, and rodent studies. Epilepsia. (2021) 62:1790–806. doi: 10.1111/epi.16972

 57. Bourassa MW, Alim I, Bultman SJ, Ratan RR. Butyrate, neuroepigenetics and the gut microbiome: can a high fiber diet improve brain health? Neurosci Lett. (2016) 625:56–63. doi: 10.1016/j.neulet.2016.02.009

 58. Kim HJ, Leeds P, Chuang DM. The HDAC inhibitor, sodium butyrate, stimulates neurogenesis in the ischemic brain. J Neurochem. (2009) 110:1226–40. doi: 10.1111/j.1471-4159.2009.06212.x

 59. Wang RX, Li S, Sui X. Sodium butyrate relieves cerebral ischemia-reperfusion injury in mice by inhibiting JNK/STAT pathway. Eur Rev Med Pharmacol Sci. (2019) 23:1762–9. doi: 10.26355/eurrev_201902_17138

 60. Chen T, Noto D, Hoshino Y, Mizuno M, Miyake S. Butyrate suppresses demyelination and enhances remyelination. J Neuroinflammation. (2019) 16:165. doi: 10.1186/s12974-019-1552-y

 61. Braniste V, Al-Asmakh M, Kowal C, Anuar F, Abbaspour A, Toth M, et al. The gut microbiota influences blood-brain barrier permeability in mice. Sci Transl Med. (2014) 6:263ra158. doi: 10.1126/scitranslmed.3009759

 62. Reddy SD, Clossen BL, Reddy DS. Epigenetic histone deacetylation inhibition prevents the development and persistence of temporal lobe epilepsy. J Pharmacol Exp Ther. (2018) 364:97–109. doi: 10.1124/jpet.117.244939

 63. Citraro R, Leo A, De Caro C, Nesci V, Gallo Cantafio ME, Amodio N, et al. Effects of histone deacetylase inhibitors on the development of epilepsy and psychiatric comorbidity in WAG/Rij rats. Mol Neurobiol. (2020) 57:408–21. doi: 10.1007/s12035-019-01712-8

 64. Boesmans L, Valles-Colomer M, Wang J, Eeckhaut V, Falony G, Ducatelle R, et al. Butyrate producers as potential next-generation probiotics: safety assessment of the administration of butyricicoccus pullicaecorum to healthy volunteers. mSystems. (2018) 3:e00094-18. doi: 10.1128/mSystems.00094-18

 65. Ruhal R, Kataria R, Choudhury B. Trends in bacterial trehalose metabolism and significant nodes of metabolic pathway in the direction of trehalose accumulation. Microb Biotechnol. (2013) 6:493–502. doi: 10.1111/1751-7915.12029

 66. Miyamoto T, Amrein H. Gluconeogenesis: an ancient biochemical pathway with a new twist. Fly (Austin). (2017) 11:218–23. doi: 10.1080/19336934.2017.1283081

 67. Sun Y, O'Riordan MX. Regulation of bacterial pathogenesis by intestinal short-chain fatty acids. Adv Appl Microbiol. (2013) 85:93–118. doi: 10.1016/B978-0-12-407672-3.00003-4

 68. Vanaporn M, Titball RW. Trehalose and bacterial virulence. Virulence. (2020) 11:1192–202. doi: 10.1080/21505594.2020.1809326

 69. Zhu M, Dai X. Bacterial stress defense: the crucial role of ribosome speed. Cell Mol Life Sci. (2020) 77:853–8. doi: 10.1007/s00018-019-03304-0

 70. Laursen BS, Sorensen HP, Mortensen KK, Sperling-Petersen HU. Initiation of protein synthesis in bacteria. Microbiol Mol Biol Rev. (2005) 69:101–23. doi: 10.1128/MMBR.69.1.101-123.2005

 71. Yin L, Ma H, Nakayasu ES, Payne SH, Morris DR, Harwood CS. Bacterial longevity requires protein synthesis and a stringent response. mBio. (2019) 10:e02189–19. doi: 10.1128/mBio.02189-19

 72. Brissac T, Ziveri J, Ramond E, Tros F, Kock S, Dupuis M, et al. Gluconeogenesis, an essential metabolic pathway for pathogenic Francisella. Mol Microbiol. (2015) 98:518–34. doi: 10.1111/mmi.13139

 73. Ren Q, Paulsen IT. Transport, solute. In: Schaechter M, editor. Encyclopedia of Microbiology, 3rd Edition. Oxford: Academic Press (2009). p. 529–44. doi: 10.1016/B978-012373944-5.00107-3 

 74. Reddy KE, Kim HR, Jeong JY, So KM, Lee S, Ji SY, et al. Impact of Breed on the Fecal Microbiome of Dogs under the Same Dietary Condition. J Microbiol Biotechnol. (2019) 29:1947–56. doi: 10.4014/jmb.1906.06048

 75. Yasiry Z, Shorvon SD. How phenobarbital revolutionized epilepsy therapy: the story of phenobarbital therapy in epilepsy in the last 100 years. Epilepsia. (2012) 53 (Suppl 8):26–39. doi: 10.1111/epi.12026

 76. Lopez-Gomez M, Espinola M, Ramirez-Bermudez J, Martinez-Juarez IE, Sosa AL. Clinical presentation of anxiety among patients with epilepsy. Neuropsychiatr Dis Treat. (2008) 4:1235–9. doi: 10.2147/NDT.S3990

 77. Charalambous M, Shivapour SK, Brodbelt DC, Volk HA. Antiepileptic drugs' tolerability and safety–a systematic review and meta-analysis of adverse effects in dogs. BMC Vet Res. (2016) 12:79. doi: 10.1186/s12917-016-0703-y

 78. Watson F, Packer RMA, Rusbridge C, Volk HA. Behavioral changes in dogs with idiopathic epilepsy. Vet Rec. (2020) 186:93. doi: 10.1136/vr.105222

 79. Levitin H, Hague DW, Ballantyne KC, Selmic LE. Behavioral changes in dogs with idiopathic epilepsy compared to other medical populations. Front Vet Sci. (2019) 6:396. doi: 10.3389/fvets.2019.00396

 80. Erath JR, Nessler JN, Riese F, Hunerfauth E, Rohn K, Tipold A. Behavioral changes under levetiracetam treatment in dogs. Front Vet Sci. (2020) 7:169. doi: 10.3389/fvets.2020.00169

 81. Kanazono S, Ukai M, Hiramoto A. Abnormal behavior episodes associated with zonisamide in three dogs: a case report. Front Vet Sci. (2021) 8:763822. doi: 10.3389/fvets.2021.763822

 82. Davies MR, Buckman JEJ, Adey BN, Armor C, Bradley JR, Curzons SCB, et al. Comparison of symptom-based vs. self-reported diagnostic measures of anxiety and depression disorders in the GLAD and COPING cohorts. J Anxiety Disord. (2022) 85:102491. doi: 10.1016/j.janxdis.2021.102491

 83. Paterson TSE, Sivajohan B, Gardner S, Binns MA, Stokes KA, Freedman M, et al. Accuracy of a self-administered online cognitive assessment in detecting amnestic mild cognitive impairment. J Gerontol B Psychol Sci Soc Sci. (2022) 77:341–50. doi: 10.1093/geronb/gbab097

 84. Storengen L, Boge S, Strøm S, Løberg G, Lingaas F. A descriptive study of 215 dogs diagnosed with separation anxiety. Appl Anim Behav Sci. (2014) 159:82–9. doi: 10.1016/j.applanim.2014.07.006 

 85. Wormald D, Lawrence AJ, Carter G, Fisher AD. Validation of modified open field behavior as a measure of trait anxiety in the dog. Appl Anim Behav Sci. (2016) 179:95–102. doi: 10.1016/j.applanim.2016.03.004 

 86. Khan NA, Raine LB, Drollette ES, Scudder MR, Kramer AF, Hillman CH. Dietary fiber is positively associated with cognitive control among prepubertal children. J Nutr. (2015) 145:143–9. doi: 10.3945/jn.114.198457

 87. Silveira ALM, Ferreira AVM, de Oliveira MC, Rachid MA, da Cunha Sousa LF, Dos Santos Martins F, et al. Preventive rather than therapeutic treatment with high fiber diet attenuates clinical and inflammatory markers of acute and chronic DSS-induced colitis in mice. Eur J Nutr. (2017) 56:179–91. doi: 10.1007/s00394-015-1068-x

 88. Wang C, Zheng D, Weng F, Jin Y, He L. Sodium butyrate ameliorates the cognitive impairment of Alzheimer's disease by regulating the metabolism of astrocytes. Psychopharmacology. (2022) 239:215–27. doi: 10.1007/s00213-021-06025-0

 89. Vinarskaya AK, Balaban PM, Roshchin MV, Zuzina AB. Sodium butyrate as a selective cognitive enhancer for weak or impaired memory. Neurobiol Learn Mem. (2021) 180:107414. doi: 10.1016/j.nlm.2021.107414

 90. Rane P, Shields J, Heffernan M, Guo Y, Akbarian S, King JA. The histone deacetylase inhibitor, sodium butyrate, alleviates cognitive deficits in pre-motor stage PD. Neuropharmacology. (2012) 62:2409–12. doi: 10.1016/j.neuropharm.2012.01.026

 91. Schroeder FA, Lin CL, Crusio WE, Akbarian S. Antidepressant-like effects of the histone deacetylase inhibitor, sodium butyrate, in the mouse. Biol Psychiatry. (2007) 62:55–64. doi: 10.1016/j.biopsych.2006.06.036

 92. Borgo F, Riva A, Benetti A, Casiraghi MC, Bertelli S, Garbossa S, et al. Microbiota in anorexia nervosa: the triangle between bacterial species, metabolites and psychological tests. PLoS ONE. (2017) 12:e0179739. doi: 10.1371/journal.pone.0179739

 93. Serpell JA, Hsu YA. Effects of breed, sex, and neuter status on trainability in dogs. Anthrozoös. (2005) 18:196–207. doi: 10.2752/089279305785594135 





OPS/images/fvets-09-933905-g005.gif
A R S A" <

b Fron e peocs ::
N
5 1 i=
fu i o i
N i, .
i = J B L
ERr P P
. sute .
(e
- - -






OPS/images/fvets-09-933905-t001.jpg
Case Breed Gender Age  AgeofIE Diets Treats CS/SE  PB conc. (mg/L) PB SF DI

number (year) onset before PB response
(year)

D30 D90 DO D90

1 American Bully male 22 22 CDE from d Fish and chicken treats, - 148 25.1 PB-NR 3 -22 -32
EV,M
2 Labrador Retriever  male 47 45 CDF+CCF from duck ~ Sausages from poultry 185 2.1 PB-R 0 -15 —50
3 Peruvian Hairless  male 07 07 CDF from chicken  Pork, chicken, and rabbit - 193 147 PB-R 0 [ -46
Dog treats, EV, M
4 Poodle male 69 62 CDF from beef EV SE 2 u PB-NR 033 28 48
5 Rhodesian female 36 36 CDF from duck, lamb, and  Pork, beef, and horse cs 331 176 PB-R 0 52 -22
Ridgeback horse treats
6 Australian male 28 28 CDE from ostrich v - 168 17 PB-R 0 —09 -55
Shepherd
7 Labrador Retriever  male 49 4 CDF from chicken, pork,  Beefand chicken treats, - u5 166 PB-R 0 —69 —48
lamb, and fish eggs BV
8 Crossbreed male 78 07 CDF from fish Beef and duck treats, cs 21 173 PB-NR 033 —03 -57
EM

9 Rottweiler male 35 35 CDF from duck - cs 18 154 PB-R 0 —43 -31
10 Crossbreed male 12 12 CDF from lamb - - 173 172 PB-NR 1 —49 -5
1 French Bulldog male 33 13 CDF from chicken - - 192 13 PB-NR 033 —54 47
12 Dachshund female 07 05 CDF+CCF from duck Beef treats, M cs 109 175 PB-R 0 -38 -35

CDE commercial dry food; CCE, commercial canned food; F, fruits; V, vegetables; M, milk products such as cheese and yogurt;

B-R, PB-Responder; PB-NR, PB-Non-Responder.





OPS/images/fvets-09-933905-g003.gif
Do D90

nql:s4ssv|y|on|z

[]] BEREE= | | III‘
o_propionibacteriaies
o_Pseudomonadales
o Pseudonocardiales
o_Rnizobiales
o_Selenomonadales

o_sueptomycetales
o_Streptosporangiates

Pri34serson

Relative Abundance

o_acidaminococcales

o _Actinomycetales
o_aeromonadales.

m—o_gaciloles.

= o_pacteroicales
o_ifidobacteriales

- o_surkhoideriales

o_Corynebacteriaies.
o_Desulfovibrionales
o_eggerthelales
o_Enterabacterales
o_Erysipelotrichales.
o_Fusobacteriales
o_Lactabaciloes
o_Micrococcales. o_Tisserelioles
. o_Micromonosporales mmm o_Veilloneliales

= o_Coriobacteriales. o_Other o Verrucomicrobiales

T






OPS/images/fvets-09-933905-g004.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The effect of phenobarbital treatment on behavioral comorbidities and on the composition and function of the fecal microbiome in dogs with idiopathic epilepsy



		Introduction



		Materials and methods



		Dogs



		Phenobarbital treatment



		Fecal samples



		Shallow DNA shotgun sequencing (metagenomics)



		Fecal dysbiosis index and quantitative real-time PCR



		SCFAs analysis



		Questionnaires



		Statistics and data analysis







		Results



		Dogs



		Alpha diversity



		Beta diversity



		Taxonomic difference



		Functional genes analysis



		Dysbiosis index



		Short-chain fatty acids



		Behavioral analysis







		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Veterinary Science

The effect of phenobarbital
treatment on behavioral
comorbidities and on the

composition and function of the
fecal microbiome in dogs with
idiopathic epilepsy





OPS/images/fvets-09-933905-g001.gif
3

o

o

S S——r SSARATAIE MRS AR,
peom 2 peas
20
H
15
1o
% o ) o
Pllou's Evenness
peos
E 200
3
£
S

2000 oo 6aaD G000 T
‘Sequences por samplo






OPS/images/fvets-09-933905-g002.gif









OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Veterinary Science





