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Context: Tourette syndrome (TS) is a common chronic neuropsychiatric disorder with a prevalence of approximately 1% in children
and adolescents. TS is characterized by sudden involuntary motor tics along with vocal tics. A pathological study on postmortem
patients has reported a 50-60% reduction in striatal gamma-aminobutyric acidergic (GABAergic) interneurons, suggesting a role for
GABAergic system imbalances in tic disorder development. However, the effect of exogenous GABA administration on tic alleviation
remains unreported.

Obijective: In this study, we aim to investigate the therapeutic effects of exogenous GABA on TS-like behaviors in Sprague-Dawley
rats and explore its potential mechanisms, including gut microbiota regulation, oxidative stress mitigation, and restoration of GABA-
glutamate balance, to provide insights into TS pathogenesis and alternative treatment strategies.

Materials and Methods: A TS model rat was established through intraperitoneal administration of 3,3-Iminodipropionitrile (150 mg/
kg/day), followed by GABA (20 mg/kg/day) administration by gavage. 15 minutes of behavioral testing (stereotypical behavior and
head twitching behavior) was then conducted. 16S rRNA sequencing identified microbiome changes, and LC-MS assessed striatal
metabolite changes.

Results: The results showed that a 4-week GABA treatment alleviated TS-like behavior in rats. GABA treatment led to an increase in
Acinetobacter and other beneficial bacteria. GABA also significantly upregulated 15 striatal metabolites compared with TS group. By
correlation analysis of striatal metabolites and intestinal bacteria, statistical analysis showed that Clostridium_sensu_stricto 1 was
negatively correlated with metabolites on the top 20 differential gut microbiota and metabolites. Moreover, changes in gut microbiota
correlated with alterations in striatal metabolites, suggesting a gut-brain axis involvement.

Conclusion: Exogenous GABA alleviated TS-like behavior in rats by reducing harmful gut flora and modulating striatal GABA-
glutamate metabolism. Despite challenges like low blood-brain barrier permeability and dose safety in humans, GABA’s therapeutic
potential may be realized through prodrug development and optimized dosing. These findings are preliminary and require further
clinical validation.
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Introduction

Tourette syndrome (TS) is a common neurobehavioral and neuropsychiatric disorder typically occurring in childhood," with an
estimated prevalence of approximately 1% in children and adolescents of the world.” TS is characterized by sudden, involuntary
motor tics, such as blinking, head shaking, and twitching of the trunk, limbs, and other skeletal muscles, alongside vocal
twitching. TS co-occurs with Attention Deficit Hyperactivity Disorder, Obsessive Compulsive Disorder, and other psychological
and behavioral disorders.>* TS symptoms are recurrent and difficult to manage and significantly impair learning, physical
growth, and mental development in children and adolescents.’ The etiology and pathogenesis of TS are comprehensive and
unclear, potentially involving a combination of genetic factors, structural abnormalities in the central nervous system, neuro-
transmitter and immune imbalances, as well as psychological and environmental influences.® Treatment remains challenging as
commonly used medications in children, such as sulpiride and haloperidol, are limited in clinical application owing to adverse
extrapyramidal side effects, alongside dizziness and somnolence.” Therefore, given the significant side effects of current
treatments, exploring alternative therapeutic strategies is essential. Gamma-aminobutyric acid (GABA)—a primary inhibitory
neurotransmitter—is a nutrient known to play a role in neurological disorders.® Study shows that its administration reduced
depressive phenotype in mice.””' GABA exhibits various biological activities, including antioxidant, anti-inflammatory,
antimicrobial, and anti-allergic properties. Additionally, reports show that GABA protects the liver, kidney, and intestines against
toxin-induced damage."" The pathophysiologic mechanisms in TS include disruption of GABA conduction, leading to impaired
inhibition within the cortical-basal ganglia loop.'? A study shows the reduced GABA concentrations in the SM1 brain region in
children with TS, with these levels correlating to the convulsion severity.'* Pathological studies from postmortem examinations
of patients with TS reveal a 50-60% reduction in striatal GABAergic and cholinergic interneurons.'* In contrast, studies report
that administering GABA-A receptor antagonists to rodents in the striatum and intra-cortex induces twitching symptoms, which
can be alleviated by the administration of GABA-A receptor agonists.'> The above suggests that GABAergic system dysregula-
tion plays a significant role in TS pathogenesis and may provide insights into its underlying mechanisms. However, the specific
role of GABA in TS and its related mechanisms remains unreported.

For many years, GABA was thought to be synthesized exclusively in the brain. However, recent studies show that
GABA is also produced in the gastrointestinal tract, where it plays a crucial role in maintaining gastrointestinal health by
regulating the intestinal microbiota, which may alter GABA levels.'®'® With the introduction of the “brain-gut axis”
concept, the potential role of microbiome in neuropsychiatric disorders such as depression and autism has been
recognized.” In this study, we investigated the potential therapeutic effects of exogenous GABA on TS-like behavior
in Sprague-Dawley (SD) rats. We hypothesize that GABA exerts its effects by modulating gut microbiota, reducing
oxidative stress in the striatum, and restoring the GABA-glutamate metabolic balance.

Materials and Methods

Animals

Overall, 24 male SD rats, aged 4 weeks, were obtained from Beijing Hua fu kang Biotechnology Co., Ltd. The rats were
housed in a controlled environment with a temperature of 22 + 2°C, humidity of 50% + 5%, and a 12-h light/dark cycle
(Lights on from 8:00 PM to 8:00 AM), with ad libitum access to food and water. All animal experiments were approved
by the Local Committee on Animal Care and Use and Protection at Hebei Medical University and adhered to the
National Institutes of Health Guide for the Care and Use of Laboratory Animals guidelines. The animals were divided
into three groups—the CON, TS, and GABA groups (each with n = 8). 3,3'-Iminodipropionitrile (IDPN) is a neurotoxic
compound commonly used to induce TS models in rats. IDPN-induced rats exhibit spontaneous tics similar to those of
human TS, mainly manifested by involuntary movements of the head and stereotyped behavior. 3,3-Iminodipropionitrile
(IDPN) was purchased from TCI Co., Ltd. and administered to the TS and GABA groups via intraperitoneal injection at a
dosage of 150 mg/kg/day. The CON group received an equivalent volume of 0.9% saline (5 mL/kg/day) for 7 days.
Behavior tests were conducted on Day 7 following injection completion. Two observers, unaware of the animal group,
recorded stereotypical behaviors and head twitching (HTR) in rats for 15 min. Experiments were conducted in a box
(35 cm length x 25 cm width x 25 cm height), with the box wiped clean with alcohol after each observation to remove
feces and urine. Upon successful model establishment, GABA (20mg/kg/day) was administered by gavage to the
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treatment group, and the TS group received the same volume of normal saline for 4 weeks. The rat dose (20 mg/kg) was
calculated using the human-equivalent dose conversion formula, resulting in a dosage approximately 6.3 times the human
dose, but not exceeding 500 mg per day. The initial weight of animals and weekly weight changes were recorded. At the
end of the experiment, striatal and ileal specimens were collected under pentobarbital anesthesia.

Humane euthanasia methods of laboratory animals were employed at the end of the experiments, following institu-
tional, national, and international guidelines to minimize pain and suffering. This study was conducted according to the
Guide for the Care and Use of Laboratory Animals and approved by the Research Ethics Committee of the Second
Hospital of Hebei Medical University (2023-AE-195). This experiment also complied with ARRIVE guidelines.

Gut Microbiota Analyses

DNA Extraction and Amplification

Total genomic DNA was extracted using MagPure Soil DNA LQ Kit (Magan) following the manufacturer’s instructions
(China). DNA concentration and integrity were assessed with a NanoDrop 2000 (Thermo Fisher Scientific, USA) and agarose
gel electrophoresis. Extracted DNA was stored at —20°C until further analysis. The extracted DNA served as a template for
polymerase chain reaction (PCR) amplification of bacterial 16S rRNA genes using barcoded primers and Takara Ex Taq
(Takara). For bacterial diversity analysis, the V3—V4 (or V4-V5) variable regions of the 16S rRNA genes were amplified with
universal primers 343F (5'-TACGGRAGGCAGCAG-3') and 798R (5'-AGGGTATCTAATCCT-3") 1 for the V3—V4 regions,
or 515F (5'-GTGCCAGCMGCCGCGG-3') and 907R (5'-CCGTCAATTCMTTTRAGTTT-3’) 2 for V4-V5 regions].

Library Construction and Sequencing

Amplicon quality was visualized using agarose gel electrophoresis. PCR products were purified using AMPure XP beads
(Agencourt) and amplified for another round of PCR. After a second purification with AMPure XP beads, the final
amplicon was quantified using the Qubit dsDNA Assay Kit (Thermo Fisher Scientific, USA), and the concentrations
were then adjusted for sequencing. Sequencing was conducted on an Illumina NovaSeq 6000 with 250 bp paired-end
reads. (Illumina Inc., San Diego, CA; OE Biotech Company, Shanghai, China).

Liquid Chromatography-Mass Spectrometry Sample Preparation
A 20 mg sample was weighed into a 1.5 mL EP tube, followed by the addition of two small steel beads and 400 puL
methanol-water (V:V = 4:1, containing L-2-chlorophenylalanine, 4 pg/mL). The mixture was pre-cooled in the refrig-
erator at —40 °C for 2 min and ground at 60 Hz for 2 min. Ultrasonic extraction was conducted in an ice-water bath for 10
min and left to stand at —40 °C for 30 min. The sample was centrifuged at 12,000 rpm and 4°C for 10 min. A 300 puL
aliquot of the supernatant was transferred to an LC-MS injection vial and evaporated to dryness. The extract was then
redissolved in 300 pL of methanol-water (V:V = 1:4), vortexed for 30s, and sonicated for 3 min in an ice-water bath. The
solution was allowed to stand at —40°C for 2 h, followed by centrifugation at 12,000 rpm and 4°C for 10 min. A 150-pL
aliquot of the supernatant was drawn using a syringe and filtered through a 0.22 uM membrane filter (0.5 pm). The
supernatant was filtered using a 0.22 um organic-phase pinhole filter, transferred to an LC injection vial, and stored at
—80°C until LC-MS analysis. Quality control samples were prepared by combining equal volumes of extracts from all
samples. Note: All extraction reagents were pre-cooled at —20°C before use. The analytical instrument used in this
experiment was a liquid-mass spectrometry system consisting of an ACQUITY UPLC I-Class plus ultra-high-perfor-
mance liquid chromatography coupled with a QE high-resolution mass spectrometer.

The chromatographic column used was an ACQUITY UPLC HSS T3 (100 mm x 2.1 mm, 1.8 um) with a temperature
of 45°C. The mobile phases were A-water (containing 0.1% formic acid) and B-acetonitrile, with a flow rate of 0.35 mL/
min and an injection volume of 3 pL. The ion source was ESI, and the signal acquisition of the sample mass spectra was
conducted in the positive-negative mode.

Data Reprocessing and Statistical Analysis

Two-way ANOVA was used to record body weight changes during the experiment. 7-test and One-way ANOVA were
used for behavior test analysis. The statistical analysis results were presented as mean + SEM. Statistical analyses were
conducted using GraphPad Prism 8 (GraphPad Software, San Diego, USA), except for the sequencing data. For
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sequencing results, Kruskal-Wallis tests were followed by Dunn’s multiple comparison confinement. Based on Bray—
Curtis distances, principal coordinates analysis (PCoA) was conducted to compare microbiota community changes
between samples. A p-value of < 0.05 was considered statistically significant. Correlations were computed using
Spearman correlations with Benjamini—Hochberg correction for multiple comparisons.

Representative sequences for each ASV were selected using the QIIME 2 software package and compared against the
Silva (version138) database. Species comparison annotations were generated using the default parameters of the q2-
feature-classifier software. The unweighted Unifrac distance matrix was calculated and analyzed using R and unweighted
Unifrac PCoA was conducted to assess the beta diversity of the samples. Based on the R package, differences were
analyzed using the Kruskal-Wallis and Wilcoxon statistical algorithm.

The original LC-MS data were processed using the software Progenesis QI V2.3 (Nonlinear, Dynamics, Newcastle,
UK) for baseline filtering, peak identification, integration, retention time correction, peak alignment, and normalization.
The main parameters applied included a S5-ppm precursor tolerance, 10-ppm product tolerance, and a 5% production
threshold. Compound identification was based on the precise mass-to-charge ratio, secondary fragments, and isotopic
distribution, using databases such as the Human Metabolome Database (HMDB), Lipidmaps (V2.3), Metlin, EMDB,
PMDB, and self-built databases for qualitative analysis. The extracted data were then processed by removing peaks with
missing values (ion intensity = 0) in > 50% of groups. Zero values were replaced with half of the minimum value and
screened based on the qualitative results of the compound. Compounds with scores below 36 (out of 60) points were
considered inaccurate and excluded. A combined data matrix from the positive and negative ion data was imported into R
for principal component analysis (PCA) to observe the overall distribution of the samples and the stability of the whole
analysis process. Orthogonal partial least-squares-discriminant analysis (OPLS-DA) and partial least-squares-discrimi-
nant analysis were utilized to distinguish the metabolites that differed between groups. To prevent overfitting, 7-fold
cross-validation, and 200 response permutation testing were applied to evaluate model quality. Variable importance of
projection (VIP) values obtained from the OPLS-DA model was used to rank the overall contribution of each variable to
group discrimination. A two-tailed Student’s 7-test was further used to verify the significance of metabolite differences

between groups. Differential metabolites were selected based on VIP values > 1.0 and p-values < 0.05.

Results
Exogenous GABA Alleviates Tourette Syndrome-Like Behavior and Growth

Impairment in SD Rats

Exogenous GABA alleviates TS-induced growth impairment and TS-like behavior by modulating neurotransmitter
balance, reducing neuronal hyperexcitability, and promoting inhibitory signaling in the central nervous system.
Figure 1A shows the experimental timeline. In this study, after 7 days of intraperitoneal injection with IDPN and saline,
behavioral testing showed that administration of IDPN induced significant TS-like and stereotypical behavior compared
to that of the CON group (Figure 1B). Intragastric administration of GABA to the treatment group showed no significant
effect on HTR behavior or stereotypical behavior during the first two weeks (Figure 1C and D). After the third week of
treatment, the HTR behavior began to improve with statistical differences observed (P < 0.05), though stereotypical
behavior remained unchanged (Figure 1E). By the fourth week of treatment, the HTR and stereotypical behavior were
alleviated, with statistically significant differences (P < 0.05, Figure 1F). Monitoring body weight revealed that, after a
week of IDPN intraperitoneal injection modeling, the TS group showed significant differences in body weight after
modeling compared to that of the CON group, despite no differences in initial body weight (P < 0.05). This effect
manifested as slow weight growth and significant final weight loss. After 4 weeks of GABA treatment, the treated group
gained weight compared to that of the TS group, with a statistically significant difference (P < 0.05), indicating partial
restoration of growth and development (Figure 1G). These findings suggest that exogenous GABA treatment alleviates
TS-like behavior in SD rats.
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Exogenous GABA Alleviates Tourette Syndrome-Induced Intestinal Flora Imbalance in
SD Rats

Exogenous GABA may positively influence TS-like behavior by regulating gut microbes. To explore this potential
mechanism, we conducted 16S rRNA gene sequencing analysis on rat fecal samples. Beta diversity analysis, including
PCoA and non-metric multidimensional scaling (NMDS) analysis, was conducted. PCoA revealed the relative differ-
ences in sequence similarity among strains. NMDS, which is based on evolutionary relationships or quantitative distance
matrices, was used to compare differences between samples or groups (Figure 2A). Analysis revealed no difference
between the CON and TS groups at the phylum level. At the class level, Bacilli was increased, while at the genus level,
Clostridium_sensu_stricto 1 showed a significant increase in the TS group (Figure 2B). Exogenous GABA treatment led
to an increase in Acinetobacter at the genus level (Figure 2C). Combining the changes in the three groups, at the genus
level, Clostridium_sensu_stricto 1 was increased in the TS group compared to the CON group, and GABA treatment
alleviated the Clostridium_sensu_stricto 1 abnormality, suggesting a potential mechanism (Figure 2D). These findings
suggest that, while TS and GABA treatment alters gut microbiota, GABA treatment may alleviate aberrant alterations in
the TS-induced gut microbiota. This modulation of the gut microbiota by GABA could contribute to its therapeutic
effects on TS, possibly through the gut-brain axis, by reducing inflammation, restoring microbial balance, and improving
gut barrier function. Further studies are needed to elucidate the specific pathways through which GABA influences gut
microbiota and how these changes translate into improvements in TS symptoms.

Exogenous GABA Alleviates Tourette Syndrome-Like Behavior in SD Rats by

Maintaining Striatal Metabolic Homeostasis

The gut-brain axis is important in maintaining homeostasis,”° particularly as striatal metabolic alterations may contribute to
TS progression. To further investigate the role of GABA, we conducted LC-MS analysis to determine changes in striatal
metabolites in rats. First, PCA and OPLS-DA showed significant differences between the TS and control groups
(Figure 3A). Based on the overall distribution of metabolic differences, the volcano plot analysis showed that TS
significantly (p <0.05) downregulated 71 metabolites (blue color) compared to that of the CON group. This downregulation
included L-Glutamine, Glutaconic acid, Glutathione, y-Glutamylacetamide, y-Glutamylcysteine, L-Proline, L-Glutamic
acid, Ammonia aspartate, and y-Glutamylcysteinylserine, among others. In addition to abnormal amino acid metabolism,
TS induced abnormal lipid metabolism. The altered lipids were primarily glycerophospholipid. These included phospha-
tidylethanolamine, phosphoserine (PS), phosphatidylcholine, and phosphatidylinositol. Additionally, 54 metabolites were
upregulated (shown red, P < 0.05), including Gluten exorphin C and others, whereas no significant change in metabolites is
indicated as gray (Figure 3B). Following exogenous GABA administration, a Venn diagram showed that some of the
metabolic abnormalities caused by TS were alleviated (Figure 3C). We cross-referenced the downregulated metabolite
induced by TS compared to that of the CON group and the upregulated metabolite induced by GABA treatment compared
to that of the TS group and observed that 15 metabolites were significantly upregulated after GABA treatment. The
upregulated metabolites included Bhos#36, armillaripin, y-Glutamylcysteine, 19-oxodesacetylcinobuf-agin, chlorophyll,
WithaferinA, JP83, L-proline, trans-cinnamic acid (TCA), indoleacrylic acid, ammonia aspartate,[(2s,4R,5R,6R,14S,16R)-
14-hydroxy-7,11-dimethyl-6-(2-OXOPYRAN-4-Y-L)-3-oxapentacyclo[8.8.0.02,4.02,7.011,16] octadecan-5-yl] acetate,
PGP (22:6(5Z, 8E, 1-0Z, 13Z, 15E, 19Z) —20H (7s, 17S)/20:4(8Z, 11Z, 14Z, 17Z), PS (21:0/18:0), 3-(4-Met-hyl-3-
pentenyl)thiophene (Table 1). These findings suggest that exogenous GABA may ameliorate the striatal metabolic
abnormality induced by TS.

After confirming the changes in striatal metabolites, we conducted a Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis on the differential metabolites and observed that TS induced 36 metabolic pathways to be
downregulated and statistically different compared to that of the control (p < 0.05). Abnormalities in glutamate and
GABA metabolic pathways—including glutamatergic synapse, glutathione metabolism, GABAergic synapse, D-amino
acid metabolism, arginine biosynthesis, alanine, aspartate, and glutamate metabolism—were observed in the top 20
(Figure 3C). However, following exogenous GABA administration, 10 metabolic pathways were upregulated and
statistically different (p < 0.05) compared to that of the TS group. Most of these upregulated pathways were
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downregulated by TS, including arginine biosynthesis, aminoacyl-tRNA biosynthesis, GABAergic synapse, D-amino
acid metabolism, central carbon metabolism in cancer, and protein digestion and absorption, among others (Figure 3D).
These findings suggest that GABA can mitigate abnormal metabolism in the striatum via pathways such as arginine
biosynthesis, aminoacyl-tRNA biosynthesis, GABAergic synapse, D-amino acid metabolism, central carbon metabolism
in cancer, and protein digestion and absorption (Figure 3E). Our results suggest that TS rats may have an imbalance
between GABA and glutamate, the main excitatory neurotransmitter. GABA may restore the balance of excitatory-
inhibitory neurotransmitters and alleviate tic symptoms by inhibiting the release or action of glutamate.

Correlation Between Gut Flora and Striatal Metabolism in the Relief of Tourette
Syndrome-Like Behavior by Exogenous GABA

To study the relationship and obtain the correlation coefficient between the striatal metabolites as well as the microbial
species abundance, Spearman correlation was employed to rank the two variables and conduct a linear correlation
analysis. Spearman correlation was chosen over other statistical methods, such as Pearson’s correlation, because it is non-

parametric and does not assume a normal distribution of the data. This makes it more suitable for analyzing potentially
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metabolites upregulated after GABA administration compared with the TS Group, the cross-over part is the number of cross-over metabolites (P<0.05). (D) Top20
downregulated pathways after IDPN injection (P<0.05). (E) Upregulated pathways after GABA gavage (P<0.05).

non-linear relationships or datasets with outliers, which are common in biological and metabolomic studies. We focused
on the top 20 differential gut microbiota and metabolites. We observed that Clostridium_sensu_stricto 1 was negatively
correlated with metabolites including WithaferinA, JP83, bhos#36, 19-oxodesacetylcinobufagin, (2s,4R,5R,6R,14S,16R)-
14-Hydroxy-7,11-dimethyl-6-(2-OXOPYRAN-4-YL)-3-oxapentacyclo[8.8.0.02,4.02,7.011,16] octadecan-5-yl] acetate.
Additionally, bacillus was negatively correlated with dopamine, pyrinuron, and bhos#36, whereas it exhibited a positive
correlation with gluten exorphin C. This indicates that changes in striatal metabolites are closely related to gut microbiota
(Figures 4A, B and 5).
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Table | Relief of TS After Administration of GABA Caused Abnormal Metabolites

Metabolites Class
19-oxodesacetylcinobufagin Steroids and steroid derivatives
[(2S,4R,5R,6R, 14S,16R)-14-Hydroxy-7,1 | -dimethyl-6-(2-oxopyran-4-yl)-3-oxapentacyclo Steroids and steroid derivatives
[8.8.0.02,4.02,7.01 I, 6]octadecan-5-yl] acetate
Chlorophyll Tetrapyrroles and derivatives
Trans-Cinnamic acid Cinnamic acids and derivatives
PGP(22:6(5Z,8E,10Z,13Z,15E,19Z)-20H(7S, 175)/20:4(8Z,11Z,14Z,17Z)) Unclassified
Indoleacrylic acid Indoles and derivatives
Withaferin A Steroids and steroid derivatives
PS(21:0/18:0) Glycerophospholipids
Ammonia aspartate Carboxylic acids and derivatives
P83 Unclassified
L-Proline Carboxylic acids and derivatives
Armillaripin Prenol lipids
bhos#36 Fatty Acyls
3-(4-Methyl-3-pentenyl)thiophene Heteroaromatic compounds
gamma-Glutamylcysteine Carboxylic acids and derivatives
Discussion

In this study, we employed an IDPN-induced mouse model to simulate tic disorder, targeting TS-like and stereotypic
behaviors, a model consistent with that of previous studies.”’ GABA alleviates tic-like behaviors through multiple
mechanisms, including restoring neurotransmitter balance, modulating the CSTC (cortico-striatal-thalamic-cortical)
circuit, reducing neuronal hyperexcitability, interacting with the gut-brain axis, exerting anti-inflammatory effects, and
mitigating stress and anxiety. These combined actions help normalize neural activity and reduce the frequency and
severity of tics.**** Our results show that exogenous administration of GABA alleviates TS-like behavior in SD rats,
potentially through a mechanism that may involve reducing harmful flora and mitigating the GABA-Glu homeostasis in
the striatum. Previous studies show a link between gut microbiota and behavior.?**> Given such a basis, we explored the
potential mechanisms by which exogenous GABA mitigates tic-like behaviors via 16s rRNA gene sequencing.

Our results showed that Clostridium_sensu_stricto 1 was elevated in the intestines of rats in the TS model, which was
subsequently alleviated by exogenous GABA. This finding is consistent with previous study findings, which show that
Clostridium_sensu_stricto_1 expression is elevated in mouse models of colitis and is directly associated with acute
pancreatitis and necrotizing colitis in rats.?®*” Furthermore, the large amount of Clostridium_sensu_stricto 1 may be the
reason for visceral allergy in irritable bowel syndrome.”®>° We hypothesize that TS induces a decrease in intestinal
barrier capacity, which allows harmful substances toward the center, and that GABA administration may alleviate this.
Additionally, another study demonstrates that prenatal lead exposure and stress impair learning memory involving
elevated gut flora Bacilli.>' This also suggests that alterations in Clostridium_sensu_stricto 1 and Bacilli in the gut
can modulate intestinal barrier capacity and regulate central alterations. Following GABA administration, we observed
an increase in Acinetobacter compared to that of the TS group. A study shows that milk improves sleep in insomniac
mice by enhancing intestinal Acinetobacter.®”> GABA supplementation’s effects are multifaceted, involving both direct
neurotransmission modulation and gut microbiota-mediated pathways, with the dominant mechanism depending on
dosage, route of administration, and individual physiological conditions. These findings suggest that exogenous GABA
may act centrally through the gut flora. However, how did the center change? Studies show that the gut and brain can
influence central nervous function through a bidirectional regulation of nerves, hormones, and immunity.>* Our study
shares high similarity with previous studies in reduced microbiota diversity, gut-brain axis action and elevated inflam-
matory markers, but differ in changes in specific strains and the focus of metabolic pathways.** The findings on gut
microbiota and TS are largely consistent in highlighting the role of dysbiosis, gut-brain axis dysfunction, and neuroin-
flammation in the pathophysiology of TS. Several studies show that the composition of the gut flora of individuals with
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Figure 4 Correlation analysis of intestinal microflora and striatum metabolites in three groups. Correlations between the different bacteria taxa quantified in rats cecum or
between bacteria levels and Striatal metabolites (heatmaps of Spearman correlation coefficients; only significant correlations are displayed; adjusted P-value<0.05). The red
color indicates a positive correlation and the blue color a negative correlation. Color intensity is proportional to the correlation coefficients. Taxonomy-based analyses were
restricted to bacterial class (A) and genus (B). (The red underlining indicates the selection of two representative bacterial species. *, P < 0.05; **, P<0.01).
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Figure 5 Mechanisms associated with the alleviation of TS-like behaviour in SD rats by exogenous GABA.

TS differs from that of the normal population, particularly in the number and species of certain bacterial strains. Further
studies show that the gut flora influences the onset and development of tic disorders via interactions with the
striatum.>>¢

Following the identification of microbiome changes, we conducted a striatal metabolomics analysis and observed TS-
induced abnormalities in striatal metabolism in rats. This imbalance of glutamate and GABA metabolism is obvious,
which is consistent with that of previous studies.”*® Previous studies share many similarities with our study regarding
the effects of GABA on gut microbiota and glutamate metabolism, particularly in promoting the growth of GABA-
producing bacteria and regulating glutamate-GABA balance.* Our finding indicates that GABA-glutamate metabolism
is indeed in a state of imbalance in the striatum of SD rats in the TS model. This imbalance may be attributed to a
decrease in L-Glutamine, Glutaconic acid, L-Glutamic acid, Glutathione, y-Glutamylacetamide, y-Glutamylcysteine,
L-proline, and y-Glutamylcysteinylserine. L-proline and y-Glutamylcysteine—that are part of GABA-glutamate meta-
bolism—can be elevated in the striatum following GABA administration. We observed that L-proline—an analog of
GABA—was reduced in the striatum of TS rats. We hypothesize that it may play a role in GABA function that is
depleted following exogenous GABA administration but not after GABA administration. This improves the metabolic
balance of Glu and GABA, whose effect is replaced by an increase in accumulation. Nevertheless, y-Glutamylcysteine—
a precursor of glutathione—exhibits anti-inflammatory properties.*” Additionally, KEGG enrichment analysis showed
that they act via upregulating arginine biosynthesis, aminoacyl-tRNA biosynthesis, GABAergic synapse, and D-amino
acid metabolism, all of which were pathways downregulated by TS. We observed that TS induced elevated gluten
exorphin C. A study shows elevated gluten exorphin C in urine samples from children with neurodevelopmental
disorders, and its elevation is associated with a plethora of CNS symptoms such as autism syndromes, which include
social indifference, maladaptive, stereotypical, and repetitive behaviors, increased incidence of epilepsy, and language
problems. Conversely, the elevated circulating peptides may be attributed to decreased peptide catabolism in the
intestinal mucosa and increased uptake of specific peptides.*' This finding also suggests an effect of striatal metabolites
on behavior.

TS-induced abnormalities in other striatal metabolites can also be restored following exogenous GABA administra-
tion. This includes upregulation of armillaripin, TCA, lidoleacrylic acid, WithaferinA, Ammonia aspartate, and JP83,
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among others. Armillaripin, a proto-IRU-type sesquiterpenoid alcohol aromatic ester isolated from the mycelium of
Armillariella species, has demonstrated a broad spectrum of biological activities, such as antitumor, antibacterial, anti-
inflammatory, and antivirus, among others.***> TCA—that is known to be produced in the large intestine by microbial
metabolism of L-phenylalanine and polyphenol compounds in food—is involved in enhancing gut barrier function and
regulating the gut microbiota. Additionally, colon-targeted TCA ameliorates colitis in rats by activating GPR109A.** A
study also suggests that cinnamic acid restores striatal fibers and neurotransmitters, as well as improves behavioral
functions in MPTP-intoxicated mice. Indoleacrylic acid demonstrates beneficial effects on intestinal epithelial barrier
function and reduces the inflammatory response of immune cells.** These findings suggest that GABA may ameliorate
the central inflammatory state induced by TS. Additionally, WithaferinA has metabolites with direct neuroprotective
effects.*® These findings suggest that GABA administration can also exhibit a positive effect on central function by
increasing the exertion of neuroprotective metabolites. Finally, we conducted a correlation between the gut microbiota
and striatal metabolites. We observed a negative correlation between Clostridium sensu stricto 1 and WithaferinA,
JP83, bhos#36, 19-oxodesacetylcinobufagin, and (2s,4R,5R,6R,148S,16R)-14-Hydroxy-7,11-dimethyl-6-(2-
OXOPYRAN-4-YL)-3-oxapentacyclo[8.8.0.02,4.02,7.011,16]octadecan-5-yl] acetate. This correlation corroborates the
relationship between the gut microbial and striatal metabolism in our results. In human TS studies, metabolite correla-
tions similar in microbiome to our findings have been observed, particularly regarding reduced SCFAs levels, dysregula-
tion of tryptophan metabolism and abnormal glutamate-GABA balance.*”**

Our findings suggest that exogenous GABA can attenuate TS-like behavior, which can significantly reduce the side
effects associated with current pharmacological treatments. GABA administration may relieve TS symptoms by
regulating neurotransmitter balance, gut-brain axis, and anti-inflammatory effects, with multiple target advantages and
fewer side effects. GABA administration offers a potential novel therapeutic option compared to conventional therapies,
but its long-term safety and efficacy still need further investigation.?”** Moreover, our study has some limitations that
should be addressed. First, given the higher incidence of TS in men compared to that in women,”® we exclusively
established and explored TS models in male mice without exploring changes in females. However, the role of gender
differences in TS cannot be ignored. It has been suggested that sex hormones (such as testosterone and estrogen) may
affect the pathological process of TS by regulating the dopaminergic and GABAergic systems.’'>? The effect of gender
on the composition and function of the gut microbiota may also contribute to differences in TS symptoms and response to
treatment.”® Additionally, we did not evaluate the pathology of the gut nor test for blood markers. However, we
exclusively conducted animal studies, which have been confirmed in small clinical trials and our clinical trials. A
clinical treatment drug group was not set up as a control in our experiment because it is considered that GABA as a
nutrient plays a palliative role and not a therapeutic one.>® This may assist the treatment drug to better control TS-like
behaviors. We believe that the underlying mechanisms involved in mitigating TS-like behavior by GABA administration
are complex and that the interaction of indicators is not discussed well in our study. Future studies should further
investigate the specific role of GABA in TS.

Conclusions

In summary, this study demonstrates the first evidence that exogenous GABA mitigates TS-like behavior in TS model
rats by modulating harmful intestinal flora and striatal GABA-glutamate metabolism, central inflammatory state, and
directly enhancing neuroprotective metabolites. Furthermore, it offers novel ideas for the clinical management of TS.
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