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Qinglong Zhidong Decoction (QLZDD), a traditional Chinese medicine (TCM) prescription, has been effectively used to alleviate Tourette syndrome (TS) in children. However, the therapeutic mechanism of QLZDD on TS has not been evaluated. The present study aims to elucidate the therapeutic effect and the possible therapeutic mechanism of QLZDD on TS in mouse model. A 3,3-iminodipropionitrile (IDPN, 350 mg/kg)-induced-TS mouse model was established. The mice were randomly divided into the control group, the model group, the haloperidol group (14 mg/kg), the low-, middle-, or high-QLZDD-dose groups (6.83 g/kg, 13.65 g/kg, 27.3 g/kg). QLZDD was administrated orally once a day for 4 weeks. The tic-like behavior was recorded weekly. Then, neurotransmitters and neurotransmitter receptors were analyzed by ELISA, immunohistochemistry (IHC), and quantitative reverse transcription PCR in striatum. Further, the alteration to intestinal flora was monitored by 16s rRNA sequencing, and the role of gut microbiota in the alleviation of TS by QLZDD was investigated. QLZDD ameliorated the tic-like behavior, and decreased the level of excitatory neurotransmitters such as Glu and DA and increased the level of the inhibitory neurotransmitter GABA significantly. Moreover, QLZDD significantly blocked the mRNA expression and the protein expression of D1R and D2R in the striatum, while activated the levels of DAT and GABAR. Interestingly, QLZDD mediated the composition of gut microbiota by increasing the abundance of Lactobacillus and Bacteroides but decreasing the abundance of Alloprevotella and Akkermansia. Taken together, QLZDD ameliorated the tic-like behavior in TS mouse, its mechanism of action may be associated with restoring the balance of gut microbiota and neurotransmitters. The study indicated a promising role of QLZDD in alleviating TS and a therapeutic strategy for fighting TS in clinical settings.
Keywords: Tourette syndrome, Qinglong Zhidong decoction, gut microbiota, neurotransmitter, DA
INTRODUCTION
Tourette syndrome (TS) is a neurobehavioral and neuropsychiatric disorder that occurs in childhood and is characterized by repeated involuntary movements and vocal convulsions (Efron and Dale, 2018; Singer, 2019; Fernández de la Cruz and Mataix-Cols, 2020). It is estimated that the prevalence rate of TS in children and adolescents is about 1% (Robertson et al., 2017). And tic is a typical symptom of TS, which is often accompanied by other behavioral changes and mental disorders, such as attention deficit hyperactivity disorder (ADHD), obsessive-compulsive disorder (OCD), autism spectrum disorder (ASD), anxiety, depression and other neuropsychiatric disorders (Muth, 2017). Tic often impairs the quality of life of the children with TS and is accompanied by the different degree of learning disabilities (Burd et al., 2005). The etiology and the pathogenesis of TS are complex and are not yet clear.
Previous studies have shown that neuroanatomy and neurochemistry are closely related to TS. A large amount of research has found morphological and functional changes in the cortex-striatum-thalamus-cortex (CSTC) circuit and the dysfunction in the dopaminergic system of the children with TS (Singer et al., 1993; Peterson et al., 1998; Bronfeld et al., 2013). The dysfunction in the dopaminergic system is considered as the main cause of the neuropathology of TS (Singer et al., 2002). Studies have demonstrated that the abnormal activity of neurons in the striatum of the children with TS, the reduction in the volume of the caudate nucleus, and the activation of dopamine D1 (D1R) and dopamine D2 (D2R) receptors in the striatal output pathway resulting in excessive dopaminergic activity, which can enhance the motor activity of the thalamus-cortex (Wong et al., 2008). Dopamine transporter (DAT) is an important channel for regulating the concentration of dopamine (DA) in the striatum. The glycoprotein that locates in the presynaptic membrane of dopamine neurons regulates extra-synaptic DA concentration by re-ingesting DA into the neurons.
Moreover, the metabolic imbalance between the inhibitory neurotransmitter γ-aminobutyric acid (GABA) and the excitatory neurotransmitter glutamate (Glu) performs a critical function in the pathogenesis of TS. For example, by magnetic resonance spectroscopy and positron emission tomography, researchers have confirmed the decrease in GABA for the children with TS (Puts et al., 2015) and the significant increase in Glu for the patients with TS (Puts et al., 2015).
The modification of the composition of gut microbiota is associated with a variety of neuropsychiatric diseases, and microflora can regulate brain development, function, and behavior by regulating a variety of systems such as the immune system, the endocrine system, and the nervous system (Martino et al., 2018). Gut microbiota has been implicated in different mental disorders, including depression, ASD, and Parkinson’s disease (PD) (Hulme et al., 2020). It is reported that microorganisms secrete neurotransmitters (e.g., GABA), serotonin, and metabolites (e.g., short-chain fatty acids). With the stimulation of the secretions, the vagus nerve is enabled and the signal molecules that control brain activity are bound (Cenit et al., 2017). As shown, transplanting the severe TS children with the healthy children’s feces could significantly ameliorate the tic behavior (Davidson et al., 2018). These factors may relate to the progression of TS via the modulation of gut microbiota and neurotransmitters.
At present, the treatment agents of TS mainly include α-2 receptor agonists (clonidine and guanidine) and DA receptor antagonists (haloperidol, pimozide, and risperidone) (Zhao et al., 2017). These drugs alleviate the tic behavior; however, impose adverse reactions (Pringsheim et al., 2019b; Lewin et al., 2014). Therefore, finding suitable anti-TS drugs is still a major challenge (Zhang et al., 2016; Pringsheim et al., 2019a). The traditional Chinese medicine (TCM) can effectively improve the clinical symptoms of TS, and there is no obvious side effect (Yu et al., 2020; Zhao et al., 2020). Orally-administered TCM may balance intestinal flora and may regulate neurotransmitters for the treatment of neurological diseases such as depression, autism, and epilepsy (Mitchell et al., 2006).
Qinglong Zhidong decoction (QLZDD) (patent no. CN202010465129.5), is a prescribed Chinese herbal formula that is based on the TCM theory. The formula includes Cynanchum otophyllum C.K. Schneid, Gentiana scabra Bunge, Stellaria dichotoma L. var. lanceolata Bge., Paeonia lactiflora Pall, Gastrodia elata Bl., Uncaria rhynchophylla (Miq.) Jacks, Acorus gramineus Soland., Ampelopsis japonica (Thunb.) Makino, and Lycopodium clavatum L. In clinical, QLZDD has been widely used in treating TS for many years and has shown remarkable outcomes. In our previous study, the results of network pharmacology and molecular docking revealed that otophylloside B, quercetin, yohimbin and otophylloside A may be the material basis of QLZDD, which play an anti-TS role by regulating inflammatory factors, neuroimmunity and neurotransmitters. However, the lack of modern scientific support hinders the application and the promotion of QLZDD. In the present study, we aimed to evaluate the effect and to explain the underlying mechanism of the effect of QLZDD on neurotransmitters and intestinal flora using a TS mouse model.
MATERIAL AND METHODS
Main Materials
3,3-Iminodipropionitrile (IDPN, batch no. 317306) was purchased from Sigma-Aldrich Co., Ltd. (United States). Haloperidol was obtained from Shanghai Xinyi Pharmaceutical Co., Ltd. (lot no. H31021234, Shanghai, China) and was used as the positive control drug. ELISA kits were purchased from Shanghai Jining Industrial Co., Ltd. (code no. A05102 for DA; code no. N03931 for GABA; and code no. A06258 for Glu, Shanghai, China). The primary antibodies were GABA-AR alpha 4 (code no. NBP2-59326), dopamine D1R/DRD1 (SG2-D1a, code no. NB110-6007), D2DR (B10, code no. sc-5303), and DAT (code no. 22524-1-AP) antibodies.
Animals
A total of 90 male Kunming (KM) mice (SPF, 18–22 g) that were used in this study were purchased from the Animal Experimental Center of Kunming Medical University (license no. SCXK (Yunnan) K2015-002). The animals were housed in the Laboratory Animal Center of Yunnan University of Chinese Medicine under standard laboratory condition (22 ± 2°C, 50 ± 10% relative humidity, 12-h-light/12-h-dark cycle) and were given ad libitum access to water. Before experiments, all mice were accustomed to adaptive feeding for one week. The experiments were conducted under the full authorization from the Ethics Committee of Yunnan University of Chinese Medicine (ethical code no. R-06202044).
Preparation of QLZDD
The formula of QLZDD consists of 9 herbs (Table 1) that were purchased from the Department of Pharmacy of the First Clinical Medical College of Yunnan University of Traditional Medicine. Firstly, the herbs were extracted with 10 times the amount of water for 2 h, and the herb extracts were filtered for the preparation of QLZDD granules. After identification, the herbs were decocted twice with water (2 h each time), then centrifuged, filtered, and concentrated under low temperature and concentration. By adding the appropriate amount of spray-dried lactose, we made 60 g of QLZDD granules containing 1.75 g of raw drug per gram of the granule. Then, the components and the active components of QLZDD were detected by LC-MS.
TABLE 1 | The composition and the relevant information on the components of QLZDD.
[image: Table 1]The Identification of the Compounds in QLZDD by UHPLC-MS/MS
Vanquish™ ultra—high-performance liquid chromatography (UHPLC) system (Thermo Scientific, United States) was used to analyze the compounds in QLZDD. The chromatographic column was Hyperil Gold column (C18, 2.1 mm × 100 mm, 1.9 μm), mobile phase A was 0.1% aqueous formic acid solution, and mobile phase B was methanol. The gradient elution condition was shown in Table 2. The column temperature was 40°C, the flow rate was 0.2 ml/min, and the total time was 17 min. The UHPLC system was coupled with a benchtop Q Exactive hybrid quadrupole-Orbitrap mass spectrometer (Thermo Scientific). The positive and the negative ion modes of electrospray ionization source (ESI) were used to collect the mass spectrometric information of QLZDD.
TABLE 2 | The gradient elution condition.
[image: Table 2]Experimental Design and Treatment
The mice were randomly divided into six groups including control, model, haloperidol (14 mg/kg), QLZDD low-, middle-, and high-dose groups (6.83, 13.65, and 27.3 g/kg, respectively), and each group had 15 mice. Mice in the control group were intraperitoneally injected with 0.9% saline (3 ml/kg, i.p.); and the others were injected with IDPN (350 mg/kg, i.p.) once a day for 7 consecutive days. After the successful modeling, treatment groups were administered respectively once a day with QLZDD or haloperidol for 4 consecutive weeks, and the control and model group were administered with 0.9% saline (10 ml/kg). The administered dose of QLZDD was calculated by referring to the conventional clinical dosage of children. The time flow chart of the experiment was shown in Figure 2A.
Behavioral Tests
The stereotyped behavior of the mice was recorded according to the scoring criteria reported previously (Santangelo et al., 2018). Through a transparent box (35 cm length × 25 cm width × 25 cm height), spontaneous motor behavior and the number of Head-Body Twitch (the HBT number) (Chen et al., 2019) were used to evaluate the tic-like behavior of the mice. After the injection of IDPN, a behavioral video of the mice was recorded once a week. The video recording was analyzed by three observers who underwent training and were familiar with the behavioral score, without knowing the grouping of the mice. Each mouse was observed for 30 min, and the HBT number was recorded every 6 min for a total of 5 min.
Sample Collection and Preparation
Metabolic cages were used to collect fecal samples to assess the effect of QLZDD on gut microbiota. The mice were anesthetized with 1% sodium pentobarbital (50 mg/kg). Blood samples were collected from the abdominal aorta and centrifuged at 1,000×g for 10 min. Then, the superstratum serum was separated and gathered. Finally, the mice were sacrificed, the brains were taken, and the striatum was quickly separated on ice. All specimens were immediately stored at –80 °C until they were used for analysis.
The Determination of the Content of Neurotransmitters (DA, GABA, and Glu)
The serum and the striatum of the mice were collected, and the level of neurotransmitters (DA, GABA, Glu) in the serum and the striatum were tested by enzyme-linked immunosorbent assay (ELISA). The specific ELISA kit (Shanghai Jining Industrial Co., Ltd., Shanghai, China) was used according to the manufacturer’s instructions.
Immunohistochemistry
The brain tissue was removed and perfused with 4% formaldehyde and phosphate buffered saline (PBS) (Sigma-Aldrich Corporation). Up to 4% formaldehyde (EM grade) was fixed, dehydrated, and embedded in paraffin. The embedded tissue was cut by a slicer into the pieces with the thickness of 4 μm for immunohistochemical examination. The sections were dewaxed with water and repaired with antigen to block endogenous peroxidase and serum. The sections were sealed with the primary antibody (1:100 D1R, 1:200 D2R, 1:100 GABAR, or 1:200 DAT). Then, the secondary antibody was added. The DAB coloration, the re-staining of the nucleus, and the dehydration of sealing film. The change in the protein expression of DAT, D1R, D2R, and GABAR in the brain striatum was observed, and the morphological images were taken by a slide scanning image analysis system (TEKSQRAY).
16s RNA Sequencing and Analysis
After 4 weeks of the drug treatment, the fresh feces of the mice of each group were collected. MO BIO PowerSoil® DNA Isolation Kit was used to extract the DNA from the fecal samples. The amplification primers of the V3 and the V4 regions of the 16s rRNA were (5′-ACT​CCT​ACG​GGA​GGC​AGC​A-3′) and (5′-GGACTACHVGGGTWTCTAAT-3′), respectively. On the basis of Illumina HiSeq sequencing platform, we used the method of double terminal sequencing (paired-end). All the sequences were divided into OTUs by Uparse (version 7.1, http://drive5.com/uparse/). The bioinformatics of the OTUs was analyzed at 97% similarity level, and the representative sequence of the OTUs was compared with the microbial reference database Silva (http://www.ARB-Silva).
On the basis of the clustering results of the OUTs, we conducted beta diversity analysis by using QIIME2 software. Alpha diversity were assessed by the Chao1 and Shannon diversity index. Beta diversity was calculated by the weighted and the unweighted uniform distance, and principal coordinate analysis was carried out. On the basis of the taxonomic information, we carried out species structure analysis and species difference analysis and detected the characteristic of the significant abundance difference to find the groups with the significant abundance difference. By selecting the OTUs or the corresponding sequence of the taxonomic information at a certain level, we constructed an evolutionary tree on the basis of maximum likelihood estimation (MLE) and neighbor joining (NJ) and presented the phylogenetic relationship of the species in a circular graph. The correlation between the species and environmental factors was analyzed by Spearman’s correlation and the significance of the correlation was tested. Selected environmental factors were analyzed by canonical correspondence analysis (CCA) and redundancy analysis (RDA). By calculating the correlation between species, we constructed a species correlation network. The knowledge of graph theory was used to analyze the species correlation network to obtain the relevant intragroup and intergroup information about the species and the samples.
Statistical Analysis
The data were processed and analyzed by using SPSS 25.0 software, and the results were expressed as mean ± standard deviation ([image: image] ± s). Repeated measurements were analyzed by repeated measures ANOVA. The remaining data were analyzed by one-way ANOVA. The least significant difference method was used for the post-hoc analysis. When the data were not normally distributed, nonparametric tests were used for the item-by-item statistical analysis. For the analysis of gut microbiota, the correlation between factors was calculated by Spearman’s rank sum correlation test, and RDA was performed to analyze the correlation between environmental factors and the microbial community. The alpha level was set to p = 0.05, and all p-values were generated by two-sided tests.
RESULTS
Chemical Analysis of QLZDD
The compounds in QLZDD were identified by the UHPLC-MS method, and a total of 291 compounds were characterized in QLZDD by the positive ESI± mode (Figure 1A) or the negative ESI− mode (Figure 1B). The main 10 substances of QLZDD are shown in Table 3. Structural isomers were identified and differentiated on the basis of polarity.
[image: Figure 1]FIGURE 1 | The total ion chromatograms (TIC) of QLZDD that were obtained in (A) the positive (ESI±) ionization mode and (B) the negative (ESI−) ionization mode.
TABLE 3 | Top 10 substances in QLZDD by a LC-MS method.
[image: Table 3]Effect of QLZDD on Tic-like Behaviors
During the experiment, the stereotyped behavior score (Figure 2B, F = 354.121, p = 5.716 × 10–40, ηp2 = 0.970), the autonomic activity behavior score (Figure 2C, F = 177.374, p = 3.199 × 10–32, ηp2 = 0.943), and the HBT number (Figure 2D, F = 184.418, p = 1.190 × 10–32, ηp2 = 0.945) changed significantly over time. After 1 week of the IDPN injection, the stereotyped behavior score, the autonomic activity behavior score, and the HBT number of the IDPN-injected group were significantly higher (p-values < 0.05) than those of the control group.
[image: Figure 2]FIGURE 2 | The effect of QLZDD on the tic-like behavior. (A) Time flow chart. (B) The stereotyped behavior score of the QLZDD groups and the stereotyped behavior score of the haloperidol group were significantly lower than that of the model group. (C) The autonomic activity behavior score of the QLZDD groups and the autonomic activity behavior score of the haloperidol group were significantly lower than that of the model group. (D) The HBT number of the QLZDD groups and the HBT number of the haloperidol group were significantly lower than that of the model group. All data were expressed as mean ± SD (n = 15 mice). The data of the QLZDD groups and the haloperidol group were analyzed by repeated measures ANOVA and were compared to the data of the control group.
After 2 weeks of the drug administration, in comparison with the stereotyped behavior score, the autonomic activity behavior score, and the HBT number of the model group, the stereotyped behavior score (p = 2.019 × 10–4 for the low-QLZDD-dose group, p = 0.012 for the middle-QLZDD-dose group, p = 0.035 for the high-QLZDD-dose group, and p = 0.006 for the haloperidol group), the autonomic activity behavior score (p = 0.070 for the low-QLZDD-dose group, p = 0.061 for the middle-QLZDD-dose group, p = 0.035 for the high-QLZDD-dose group, and p = 0.049 for the haloperidol group), and the HBT number (p = 0.013 for the low-QLZDD-dose group, p = 0.006 for the middle-QLZDD-dose group, p = 7.253 × 10–5 for the high-QLZDD-dose group, and p = 0.001 for the haloperidol group) of the QLZDD groups and the haloperidol group were significantly lower.
After 4 weeks of the drug administration, in comparison with the stereotyped behavior score, the autonomic activity behavior score, and the HBT number of the model group, the stereotyped behavior score (p = 2.137 × 10–4 for the low-QLZDD-dose group, p = 6.181 × 10–5 for the middle-QLZDD-dose group, p = 8.120 × 10–6 for the high-QLZDD-dose group, and p = 1.172 × 10–4 for the haloperidol group), the autonomic activity behavior score (p = 7.364 × 10–4 for the low-QLZDD-dose group, p = 6.412 × 10–5 for the middle-QLZDD-dose group, p = 9.189 × 10–5 for the high-QLZDD-dose group, and p = 1.384 × 10–4 for the haloperidol group), and the HBT number (p = 1.868 × 10–6 for the low-QLZDD-dose group, p = 1.980 × 10–7 for the middle-QLZDD-dose group, p = 2.119 × 10–8 for the high-QLZDD-dose group, and p = 2.599 × 10–6 for the haloperidol group) of the QLZDD groups and the haloperidol group were significantly lower.
Effects of QLZDD on DA, Glu and GABA
IDPN significantly increased DA (Figure 3A, p = 1.004 × 10–14), Glu (Figure 3B, p = 2.291 × 10–11), while significantly decreased GABA (Figure 3C, p = 8.417 × 10–15). After 4 weeks of the drug administration, in comparison with the DA and the Glu of the model group, the DA (p = 3.937 × 10–9 for the low-QLZDD-dose group, p = 2.270 × 10–9 for the middle-QLZDD-dose group, p = 1.418 × 10–8 for the high-QLZDD-dose group, and p = 1.214 × 10–10 for the haloperidol group) and the Glu (p = 1.914 × 10–4 for the low-QLZDD-dose group, p = 1.620 × 10–4 for the middle-QLZDD-dose group, p = 1.129 × 10–5 for the high-QLZDD-dose group, and p = 4.072 × 10–4 for the haloperidol group) of drug-treated groups were significantly lower. On the other hand, the GABA of drug-treated groups was higher than that of the model group (p = 4.699 × 10–5 for the low-QLZDD-dose group, p = 4.945 × 10–10 for the middle-QLZDD-dose group, p = 7.059 × 10–12 for the high-QLZDD-dose group, and p = 8.102 × 10–10 for the haloperidol group).
[image: Figure 3]FIGURE 3 | The effect of QLZDD on DA, Glu, and GABA. (A) The level of the DA expression in serum, (B) the level of the Glu expression in serum, (C) the level of the GABA expression in serum, (D) the level of the DA expression in the striatum, (E) the level of the Glu expression in the striatum, and (F) the level of the GABA expression in the striatum. All data were expressed as mean ± SD (n = 8 mice). One-way ANOVA was used to compare the data of the QLZDD groups to the data of the control group. ###p < 0.001 in comparison with the model group. *p < 0.05, ***p < 0.01, and ***p < 0.001.
IDPN significantly increased DA (Figure 3D, p = 4.700 × 10–7), Glu (Figure 3E, p = 0.809), while significantly decreased GABA (Figure 3F, p = 1.236 × 10–10). After 4 weeks of the drug administration, in comparison with the DA, the Glu, and the GABA of the model group, the DA (p = 2.385 × 10–3 for the low-QLZDD-dose group, p = 1.487 × 10–3 for the middle-QLZDD-dose group, p = 7.479 × 10–5 for the high-QLZDD-dose group, and p = 3.713 × 10–4 for the haloperidol group) of drug-treated groups were significantly lower, the Glu of the QLZDD-treated groups was not significantly lower (p = 0.966 for the low-QLZDD-dose group, p = 0.989 for the middle-QLZDD-dose group, p = 0.219 for the high-QLZDD-dose group, and p = 0.043 for the haloperidol group), and the GABA of drug-treated groups were significantly higher (p = 1.132 × 10–6 for the low-QLZDD-dose group, p = 2.423 × 10–8 for the middle-QLZDD-dose group, p = 1.391 × 10–8 for the high-QLZDD-dose group, and p = 1.085 × 10–7 for the haloperidol group).
Effects on the mRNA Expression of D1R, D2R, DAT, and GABAR
IDPN significantly increased the level of D1R (Figure 4A, p = 0.018), D2R (Figure 4B, p = 9.273 × 10–6), while significantly decreased the level of DAT (Figure 4C, p = 0.002), and GABAR (Figure 4D, p = 0.013) in the striatum.
[image: Figure 4]FIGURE 4 | The effect of QLZDD on the mRNA expression of D1R, D2R, DAT, and GABAR. (A) The level of the D1R mRNA expression in serum, (B) the level of the D2R mRNA expression in serum, (C) the level of the DAT mRNA expression in serum, and (D) the level of the GABAR mRNA expression in serum. All data were expressed as mean ± SD (n = 3 mice). One-way ANOVA was used to compare the data of the QLZDD groups with the data of the control group. ###p < 0.001 in comparison with the model group. *p < 0.05, ***p < 0.01, and ***p < 0.001.
After 4 weeks of the drug administration, in comparison with the D1R, the D2R, the DAT, and the GABAR of the model group, the D1R (p = 0.001 for the low-QLZDD-dose group, p = 0.007 for the middle-QLZDD-dose group, p = 0.007 for the high-QLZDD-dose group, and p = 0.003 for the haloperidol group) and the D2R (p = 4.233 × 10–5 for the low-QLZDD-dose group, p = 2.382 × 10–5 for the middle-QLZDD-dose group, p = 1.215 × 10–5 for the high-QLZDD-dose group, and p = 1.577 × 10−5for the haloperidol group) of drug-treated groups were significantly lower, while the DAT (p = 0.007 for the low-QLZDD-dose group, p = 0.008 for the middle-QLZDD-dose group, p = 0.008 for the high-QLZDD-dose group, and p = 0.007 for the haloperidol group) and the GABAR (p = 0.012 for the low-QLZDD-dose group, p = 0.005 for the middle-QLZDD-dose group, p = 0.001 for the high-QLZDD-dose group, and p = 0.009 for the haloperidol group) of drug-treated groups were significantly higher.
Effects on the Protein Expression of D1R, D2R, DAT, and GABAR
IDPN significantly increased the level of D1R (Figure 5A, p = 4.44 × 10–7), D2R (Figure 5B, p = p=1.91 × 10–6), while significantly decreased the level of DAT (Figure 5C, p = 7.33 × 10–12), and GABAR (Figure 5D, p = 5.96 × 10–7) in the striatum.
[image: Figure 5]FIGURE 5 | The effect of QLZDD on the protein expression of D1R, D2R, DAT, and GABAR. (A) The level of the D1R protein expression in serum, (B) the level of the D2R protein expression in serum, (C) the level of the DAT protein expression in serum, and (D) the level of the GABAR protein expression in serum. All data were expressed as mean ± SD (n = 3 mice). One-way ANOVA was used to compare the data of the QLZDD groups with the data of the control group. ###p < 0.001 in comparison with the model group. *p < 0.05, ***p < 0.01, and ***p < 0.001.
After 4 weeks of the drug administration, in comparison with the D1R, the D2R, the DAT, and the GABAR of the model group, the D1R (p = 0.563 for the low-QLZDD-dose group, p = p=0.258 for the middle-QLZDD-dose group, p = 0.001 for the high-QLZDD-dose group, and p = 0.001 for the haloperidol group) and the D2R (p = p=0.16 for the low-QLZDD-dose group, p = p=0.01 for the middle-QLZDD-dose group, p = p=2.34 × 10–7 for the high-QLZDD-dose group, and p = 1.22 × 10–6 for the haloperidol group) of drug-treated groups were significantly lower, while the DAT (p = 1.55 × 10−9for the low-QLZDD-dose group, p = 3.55 × 10–9 for the middle-QLZDD-dose group, p = 1.71 × 10–10 for the high-QLZDD-dose group, and p = 4.74 × 10–9 for the haloperidol group) and the GABAR (p = 0.035 for the low-QLZDD-dose group, p = 2.35 × 10–4 for the middle-QLZDD-dose group, p = 5.21 × 10–6 for the high-QLZDD-dose group, and p = 5.21 × 10–6 for the haloperidol group) of drug-treated groups were significantly higher.
Effect of QLZDD on D1R, D2R, DAT and GABAR
IDPN significantly increased the expression of D1R (p = 1.229 × 10–10 for the model group versus the control group) and D2R (p = 1.924 × 10–13 for the model group versus the control group) in the striatum (Figures 6A,B) and significantly decreased the expression of DAT (p = 1.927 × 10–5 for the model group versus the control group) and GABAR (p = 9.369 × 10–14 for the model group versus the control group) in the striatum (Figures 6C–F). After 4 weeks of the drug administration, in comparison with the expression of D1R in the striatum, the expression of D2R in the striatum, the expression of DAT in the striatum, and the expression of GABAR in the striatum of the model group, the expression of D1R in the striatum of the QLZDD groups (p = 6.752 × 10–5 for the low-QLZDD-dose group, p = 2.898 × 10–9 for the middle-QLZDD-dose group, and p = 1.563 × 10–8 for the high-QLZDD-dose group) and the haloperidol group (p = 2.914 × 10–8) were significantly lower, the expression of D2R in the striatum of the QLZDD-treated groups (p = 0.005 for the low-QLZDD-dose group, p = 2.882 × 10–6 for the middle-QLZDD-dose group, and p = 1.385 × 10–10 for the high-QLZDD-dose group) and the haloperidol group (p = 5.613 × 10–8) were significantly lower, the expression of DAT in the striatum of the QLZDD groups (p = 0.012 for the low-QLZDD-dose group, p = 0.068 for the middle-QLZDD-dose group, and p = 0.991 for the high-QLZDD-dose group) and the haloperidol group (p = 0.148) were significantly higher, and the expression of GABAR in the striatum of the QLZDD groups (p = 0.002 for the low-QLZDD-dose group, p = 9.250 × 10–6 for the middle-QLZDD-dose group, and p = 7.159 × 10–9 for the high-QLZDD-dose group) and the haloperidol group (p = 5.020 × 10–11) were significantly higher.
[image: Figure 6]FIGURE 6 | The immunohistochemistry of D1R, D2R, DAT, and GABAR. (A) The control group, (B) the model group, (C) the haloperidol group, (D) the low-QLZDD-dose group, (E) the middle-QLZDD-dose group, (F) the high-QLZDD-dose group, and (G) the histogram of the immunohistochemistry. All data were expressed as mean ± SD (n = 5 mice). One-way ANOVA was used to compare the data of the model group, the haloperidol group, and the QLZDD groups with the data of the control group. ###: p < 0.001 in comparison with the model group. ***: p < 0.001. Photos were taken with ×40 and ×10 magnification.
Effects of QLZDD on the Composition of Gut Microbiota
The Alpha diversity can reflect the species abundance (Chao1 index) and the species diversity (Shannon index) within the samples. The Chao1 index showed a significant increase in the QLZDD group (p = 0.034), suggesting an increase in the total number of OUTs in the high-dose QLZDD group. The Shannon index results showed a significant decrease in the high-dose QLZDD group compared with the model group (p = 0.013).
Beta diversity analysis included principal coordinate analysis (PCoA) and non-metric multidimensional scaling (NMDS) analysis. PCoA revealed the relative difference in the sequence similarity between strains. NMDS, which is based on evolutionary relationships or quantitative distance matrices, was used to compare the differences between samples or groups. Except for individual samples, there are significant differences among the four groups (Figures 7A,B).
[image: Figure 7]FIGURE 7 | The effect of QLZDD on the composition of gut microbiota. (A) The PCoA of samples at the OTU level, (B) the NMDS ordination of samples at the OTU level, (C) the relative abundance of the 10 main phyla, (D) the relative abundance of the 20 main genera, (E, F) the changes in different microflora at the phylum level, and (G–J) the changes in different microflora at the genus level. All data were expressed as mean ± SD (n = 8 mice). One-way ANOVA was used to compare the data of the QLZDD groups with the data of the control group. ##p < 0.001 in comparison with the model group. *p < 0.001.
Multi-Sample Species Classification
The microbial diversity analysis indicated that the intestine microbiota included the following 10 major phylum (Figure 7C): Firmicutes, Bacteroidota, Desulfobacterota, Verrucomicrobiota, Campilobacterota, Actinobacteriota, Proteobacteria, Spirochaetota, Patescibacteria, Cyanobacteria. Bacteroidetes, Firmicutes, Verrucomicrobia, Proteobacteria were the dominant bacteria at the phylum level (>90%).
IDPN increases the abundance of Firmicutes (p = 0.723) and significantly decreases the abundance of Bacteroidetes (p = 1.990 × 10–4) (Figure 7E) and Actinobacteria (p = 0.001) (Figure 7F). After 4 weeks of the drug administration, in comparison with the abundance of Firmicutes, Bacteroidetes, and Actinobacteria of the model group, the abundance of Firmicutes of drug-treated groups is lower (p = 0.847 for the high-QLZDD-dose group and p = 0.841 for the haloperidol group), and the abundance of Bacteroidetes (p = 0.004 for the high-QLZDD-dose group and p = 0.067 for the haloperidol group) and Actinobacteria (p = 0.006 for the high-QLZDD-dose group and p = 0.001 for the haloperidol group) of drug-treated groups is higher (Figure 7C).
At the genus level, 30 dominant genera are diagnosed in the four groups (Figure 7D), including Lactobacillus, Alloprevotella, Akkermansia, Alistipes, Blautia, Odoribacter, Turicibacter, Bacteroides, Roseburia, and Mucispirillum. IDPN increases the abundance of Alloprevotella (p = 0.022, Figure 7G) and Akkermansia (p = 0.004, Figure 7J) and decreases the abundance of Bacteroides (p = 0.001, Figure 7E), Lactobacillus (p = 0.002, Figure 7H), and Lachnospiraceae (p = 0.007, Figure 7I).
After 4 weeks of the drug administration, in comparison with the abundance of Lactobacillus, Bacteroides, and Lachnospiraceae of the model group, the abundance of Lactobacillus (p = 0.001 for the high-QLZDD-dose group and p = 0.003 for the haloperidol group), Bacteroides (p = 0.002 for the high-QLZDD-dose group and p = 0.055 for the haloperidol group), and Lachnospiraceae (p = 0.001 for the high-QLZDD-dose group and p = 0.230 for the haloperidol group) of the drug-treated groups is higher. The abundance of Akkermansia (p = 0.007 for the high-QLZDD-dose group and p = 0.002 for the haloperidol group) and Alloprevotella (p = 0.016 for the high-QLZDD-dose group and p = 0.004 for the haloperidol group) of the drug-treated groups is lower than that of the model group (Figure 7F).
LEfSe Analysis Revealed the Specific Gut Microbiota
LefSe analysis was applied to estimate the effect of species richness in each group on diversity, and to identify communities or species that were significantly different in sample allocation. There were 60 LDA scores> 3 in the control group, model group, haloperidol group, and QLZDD high-dose group. It found 6 bacterias in the model group, Tenericutes, Mollicutes, Anaeroplasmatales, and Anaeroplasmataceae. A total of 33 consortia of Bacteroidetes, Bacteroidia, Bacteroidales, Muribaculaceae, Prevotellaceae, and Tannerellaceae were identified in the QLZDD high-dose group. Alloprevotella, Actinobacteria, Bifidobacteriaceae, Bifidobacterium, and Bifidobacteriales were identified in the haloperidol group (Figures 8A,B).
[image: Figure 8]FIGURE 8 | LEfSe analysis revealed the specific gut microbiota. (A) LEfSe analysis of evolutionary branching graphs. The circle of evolutionary branching maps from internal to external radiation represents the classification level from the phyla to the species. A significant value of less than 0.05 was used as a threshold for the LEfSe analysis. (B)The LDA score obtained from LEfSe analysis of gut microbiota in different groups. A LDA effect size of more than 3 was used as a threshold for the LEfSe analysis.
Correlation Analysis Between Gut Microbiota and Environmental Factors (DA, Glu, GABA)
Spearman’s correlation was used to rank the two variables and to perform linear correlation analysis to study the relationship and to obtain the correlation coefficient between the environmental factors and the abundance of microbial species. CCA and RDA were used to reflect the relationship between the microflora and the environmental factors (Figures 9B,C). QLZDD significantly changed the composition of intestinal microflora and improved the level of neurotransmitters in the peripheral and the central nervous system of the TS-induced mice. We used Spearman’s correlation to further analyze the correlation between the composition of intestinal microflora and the level of neurotransmitters (Figure 9A). There was a negative correlation between DA and Akkermansia and a negative correlation between DA and Desulfovibrio (p-values < 0.05). There was a negative correlation between Glu and Bifidobacterium, a negative correlation between Glu and Psychrobacter, and a negative correlation between Glu and Enterorhabdus (p-values < 0.05). There was a positive correlation between GABA and Bifidobacterium, a positive correlation between GABA and Psychrobacter, and a positive correlation between GABA and Enterorhabdus (p-values < 0.05). There was a positive correlation between Glu and Mucispirillum and a positive correlation between DA and Lachnoclostridium (p-values < 0.05). It can be seen that DA, GABA and Glu neurotransmitters are closely related to gut microbiota (Figures 9A–C).
[image: Figure 9]FIGURE 9 | Correlation analysis between gut microbiota and environmental factors (DA, Glu, GABA). (A) The correlation analysis map of the striatum biochemical index and the intestinal flora level of the mice. Each row of the correlation analysis map represents a neurotransmitter factor. The color-coded temperature is the Spearman’s correlation coefficient of n = 8 mice. *p < 0.05, **p < 0.01, and ***p < 0.001. (B, C) The RDA) and the CCA of intracellular bacterial OTUs.
DISCUSSION
Our previous clinical study had found that there were differences in the composition of gut microbiota between TS children and healthy children. Our results showed that the beta diversity of bacteria is mainly manifested by the decrease of beneficial bacteria and increased harmful bacteria in the TS group, such as Bacteroide, Lactobacillus, Blautia, and Roseburia, and the relatively increased abundance of Alistipes and Akkermansia. In the current study, an IDPN-induced-TS mouse model was used to evaluate the potential of QLZDD to alleviate the tic-like behavior by regulating the composition of gut microbiota and the level of neurotransmitters. Our TS-induction procedure could mediate the stereotyped behavior and autonomic activity behavior in the mice. Based on previous research, the manipulation via injecting IDPN would simulate the neurological syndromes caused by irregular neurotransmission (Long et al., 2017). Therefore, the TS model could serve as a feasible way to explore the potential of QLZDD on the neurological syndromes.
The results showed that QLZDD ameliorated the tic-like behavior and regulated intestinal flora, increased the level of DA and Glu in serum and the striatum and decreased the level of GABA significantly. Furthermore, QLZDD increased the mRNA and protein expression of D1R and D2R, while decreased the mRNA and protein expression of DAT and GABAR in the striatum. The present study showed that QLZDD alleviated TS through modulating the neurotransmitters.
Previous research has indicated the association between intestinal flora and behavior (Barrett et al., 2012). Clinical studies have found that TS patients have the symptoms of intestinal flora disorders such as constipation and dyspepsia, which are related to intestinal flora imbalance. In our previous study, it was found that there were significant differences in the alpha diversity of the intestinal microflora between the TS patient group and the healthy children group. The intestinal microflora diversity of the TS patients increases and manifests by an increase in the number of harmful bacteria (Alloprevotella, Alistipes, and Akkermansia) and a decrease in the number of beneficial bacteria (Lactobacillus and Bacteroides). In this study, after the intraperitoneal injection of IDPN, the intestinal flora of the mice changed significantly. In comparison with the abundance of Alistipes, Paraprevotella, Bacteroides, Alloprevotella, and Akkermansia of the control group, the abundance of Alistipes, Paraprevotella, and Bacteroides of the model group were lower and the abundance of Alloprevotella and Akkermansia of the model group were higher. The abundance of Actinobacteria, Lactobacillus, and Bacteroides of the haloperidol group and the QLZDD groups was higher than that of the model group, and the abundance of Alloprevotella and Akkermansia of the haloperidol group and the QLZDD groups was lower than that of the model group. Researchers reported that Lactobacillus and Bifidobacterium can produce GABA (Dinan et al., 2013), and Escherichia, Bacillus, and Saccharomyces can produce norepinephrine. Other researchers reported that Bacillus can produce dopamine and Lactobacillus can produce acetylcholine (Bercik et al., 2011). In animal studies, numerous bacterial strains can mediate the behavioral effect by affecting the vagus nerve (Penzol et al., 2019).
Moreover, the regulation of neurotransmitter production is a possible mechanism by which intestinal microbiota affects the brain, which is related to the occurrence of TS. A large number of studies have shown that the gut and brain form the gut-brain axis through two-way neural, hormonal, and immune regulation (Petra et al., 2015). Intestinal microbes affect neurotransmitter-related metabolites and cross the blood-brain barrier and affect the function of the central nervous system (Briguglio et al., 2018). For example, intestinal microbes affect GABA (Thomas et al., 2012; Lyte et al., 2018) and DA, which are important neurotransmitters or neurotransmitter precursors in the brain (Wall et al., 2014). On the basis of our results, we found a negative correlation between DA and Akkermansia, a negative correlation between Glu and Bifidobacterium, and a positive correlation between GABA and Bifidobacterium. It revealed that neurotransmitters DA, GABA, and Glu may be closely related to gut microbiota. The intestinal flora in the body plays a vital role in the effects of traditional Chinese medicine entering the body, and its corresponding effective components to maintain the balance of gut microbiota in the body. Exploring the role and mechanism of traditional Chinese medicine through the gut microflora has become a research hotspot in the treatment of disease, included neurological disorders (Du et al., 2020; Li et al., 2020). Based on above results, we speculated that QLZDD protected the brain function and behavior by regulating the composition of intestinal flora.
As is known to all DA is a neurotransmitter released by the nerve ending of midbrain neurons, and it holds the aspects of neural function (exercise, mood, sleep, etc.) (Zawilska, 2003). DA participates in the activation of the dorsolateral prefrontal cortex, the striatum, and the thalamus and the regulation of the cortical connection to the basal ganglia (Plessen et al., 2007). The use of dopamine receptor antagonists can effectively relieve the clinical symptoms of the patients with TS (Pringsheim et al., 2019a). D1R is a highly sensitive and expressive indicator of direct pathway striatal neurons. It promotes the DA and D1R binding, which can induce the stereotyped behavior (e.g., sniffing, biting, gnawing, and licking) in mice (Fabricius et al., 2017). D2R is widely discovered in medium spiny neurons (MSN) and DA neurons in the basal ganglia and is an essential target for the treatment of the disorders exhibiting aberrant DA functions such as TS and schizophrenia. The increase in the D2R sensitivity and the DA stimulates the excitatory behavior of mice and aggravates TS symptoms. DAT can regulate the level of extracellular dopamine (Gainetdinov et al., 1998). The expression of DAT can directly have an effect on the DA synaptic level. Therefore, DAT performs a key role in the regulation of the DA transmission. After uptaken by DAT, DA is transformed into HVA in neurons and is released into blood, which reduces the DA content in brain tissue or promotes the metabolism of DA, inhibits the activity of the DA receptor, and controls the TS behavior. As reported, DAT will lead to a significant decrease in the striatum of TS patients. And the decrease of DAT will decrease the content of intracellular DA while increase the extracellular DA. DAT knockout mice show excessive DA energy syndromes and the stereotyped behavior (Berridge et al., 2005). The content and the activity of DAT in the striatum and the density and the sensitivity of D2R and D1R are closely related to the pathogenesis of TS (Segura and Strafella, 2013). Our results showed that QLZDD decreased the mRNA expression and the protein expression of D1R and D2R and increased the mRNA expression and the protein expression of DAT in the striatum of the IDPN-induced-TS mice.
GABA and Glu are highly expressed in brain tissue and are regularly associated with nervous system abnormalities (Butler et al., 2018). The deficiency in the GABA inhibitory transmission is related to the pathogenesis and the symptom severity of TS (Tian et al., 2016). Glu is an excitatory neurotransmitter and GABA is an inhibitory neurotransmitter (O'Neill et al., 2019). Glu and GABA participate in the neurophysiological response of neurons to tactile stimuli. The insufficient inhibition of GABA leads to the loss of cerebral cortical function and neuronal excitotoxicity. In clinical settings, the scanning of TS patients by 11C-flumazenil positron emission showed that the GABAR binding potential decreases in TS patients (Lerner et al., 2012). We speculated that QLZDD improved the stereotyped behavior of mice by reducing the mRNA expression and the protein expression of D1R and D2R, reducing the content of DA and Glu, increasing the mRNA expression and the protein expression of DAT and GABAR, and increasing the content of GABA. Our results showed that in comparison with the level of GABA and the level of Glu of the control group, the level of GABA of the QLZDD groups was higher and the level of Glu of the QLZDD groups was lower. In addition, QLZDD increased the mRNA expression and the protein expression of GABAR in the striatum of the IDPN-induced-TS mice. These results indicated that QLZDD improved the flexibility and adaptability, and attenuated the damage in IDPN-induced-TS model.
Collectively, QLZDD could be an effective and promising agent for the treatment of the IDPN-induced TS, which might exert its action by regulating the composition of gut microbiota and the level of neurotransmitters. In addition, there was a limitation of the experiment involving the small striatum in the brain tissue of the mice which was difficult to be located accurately. Our study provides new insights into the role of QLZDD in improving intestinal microbiota and discovers potential targets for the development of TS drugs. However, further studies are required to confirm the hypothesis.
DATA AVAILABILITY STATEMENT
Accession to cite for these SRA data: PRJNA803670 Temporary Submission ID: SUB11037622 Release date: 2023-03-01 “Our SRA records will be accessible with the following link after the indicated release date: https://www.ncbi.nlm.nih.gov/sra/PRJNA803670”.
ETHICS STATEMENT
The animal study was reviewed and approved by The experiments were conducted under the full authorization from the Ethics Committee of Yunnan University of Chinese Medicine (ethical code no. R-06202044).
AUTHOR CONTRIBUTIONS
All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.
FUNDING
This study was supported by National Natural Science Foundation of China (82160923, 31960178, 82074421), BK-Funds for the transformation and popularization of scientific and technological achievements of traditional Chinese medicine (ID: 2019386), Yunnan Provincial Natural Science Foundation of China (2018FB053, 2019FA007), Key-Area Research and Development Program of Guangdong Province (2019B030335001), China Postdoctoral Science Foundation (2018M631105), the Yunnan Provincial Academician and Expert Workstation (202005AF150017, 2019IC051) and Post-doctoral Training Program in Yunnan Province.
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.
ACKNOWLEDGMENTS
We would like to thank Shanghai Biotree Biomedical Biotechnology Co., Ltd., for assistance in 16s RNA sequencing and analysis.
REFERENCES
 Barrett, E., Ross, R. P., O'Toole, P. W., Fitzgerald, G. F., and Stanton, C. (2012). γ-Aminobutyric Acid Production by Culturable Bacteria from the Human Intestine. J. Appl. Microbiol. 113 (2), 411–417. doi:10.1111/j.1365-2672.2012.05344.x
 Bercik, P., Denou, E., Collins, J., Jackson, W., Lu, J., Jury, J., et al. (2011). The Intestinal Microbiota Affect central Levels of Brain-Derived Neurotropic Factor and Behavior in Mice. Gastroenterology 141 (2), 599609e1. doi:10.1053/j.gastro.2011.04.052
 Berridge, K. C., Aldridge, J. W., Houchard, K. R., and Zhuang, X. (2005). Sequential Super-stereotypy of an Instinctive Fixed Action Pattern in Hyper-Dopaminergic Mutant Mice: a Model of Obsessive Compulsive Disorder and Tourette's. BMC Biol. 3, 4. doi:10.1186/1741-7007-3-4
 Briguglio, M., Dell'Osso, B., Panzica, G., Malgaroli, A., Banfi, G., Zanaboni Dina, C., et al. (2018). Dietary Neurotransmitters: A Narrative Review on Current Knowledge. Nutrients 10 (5), 591. doi:10.3390/nu10050591
 Bronfeld, M., Yael, D., Belelovsky, K., and Bar-Gad, I. (2013). Motor Tics Evoked by Striatal Disinhibition in the Rat. Front. Syst. Neurosci. 7, 50. doi:10.3389/fnsys.2013.00050
 Burd, L., Freeman, R. D., Klug, M. G., and Kerbeshian, J. (2005). Tourette Syndrome and Learning Disabilities. BMC Pediatr. 5, 34. doi:10.1186/1471-2431-5-34
 Butler, K. M., Moody, O. A., Schuler, E., Coryell, J., Alexander, J. J., Jenkins, A., et al. (2018). De Novo variants in GABRA2 and GABRA5 Alter Receptor Function and Contribute to Early-Onset Epilepsy. Brain 141 (8), 2392–2405. doi:10.1093/brain/awy171
 Cenit, M. C., Sanz, Y., and Codoñer-Franch, P. (2017). Influence of Gut Microbiota on Neuropsychiatric Disorders. World J. Gastroenterol. 23 (30), 5486–5498. doi:10.3748/wjg.v23.i30.5486
 Chen, J., Leong, P. K., Leung, H. Y., Chan, W. M., Li, Z., Qiu, J., et al. (2019). A Chinese Herbal Formulation, Xiao-Er-An-Shen Decoction, Attenuates Tourette Syndrome, Possibly by Reversing Abnormal Changes in Neurotransmitter Levels and Enhancing Antioxidant Status in Mouse Brain. Front. Pharmacol. 10, 812. doi:10.3389/fphar.2019.00812
 Davidson, G. L., Cooke, A. C., Johnson, C. N., and Quinn, J. L. (2018). The Gut Microbiome as a Driver of Individual Variation in Cognition and Functional Behaviour. Philos. Trans. R. Soc. Lond. B Biol. Sci. 373, 20170286. doi:10.1098/rstb.2017.0286
 Dinan, T. G., Stanton, C., and Cryan, J. F. (2013). Psychobiotics: a Novel Class of Psychotropic. Biol. Psychiatry 74 (10), 720–726. doi:10.1016/j.biopsych.2013.05.001
 Du, H., Zhang, G., Yang, G., Tian, W., Wang, W., Wang, P., et al. (2020). Study on the Effect of Huanglian Jiedu Decoction on the Composition of Gut Microflora in SD Rats Based on 16S rRNA Sequencing. Evid. Based Complement. Alternat Med. 2020, 8872439. doi:10.1155/2020/8872439
 Efron, D., and Dale, R. C. (2018). Tics and Tourette Syndrome. J. Paediatr. Child. Health 54 (10), 1148–1153. doi:10.1111/jpc.14165
 Fabricius, K., Barkholt, P., Jelsing, J., and Hansen, H. H. (2017). Application of the Physical Disector Principle for Quantification of Dopaminergic Neuronal Loss in a Rat 6-Hydroxydopamine Nigral Lesion Model of Parkinson's Disease. Front. Neuroanat. 11, 109. doi:10.3389/fnana.2017.00109
 Fernández de la Cruz, L., and Mataix-Cols, D. (2020). General Health and Mortality in Tourette Syndrome and Chronic Tic Disorder: A Mini-Review. Neurosci. Biobehav. Rev. 119, 514–520. doi:10.1016/j.neubiorev.2020.11.005
 Gainetdinov, R. R., Jones, S. R., Fumagalli, F., Wightman, R. M., and Caron, M. G. (1998). Re-evaluation of the Role of the Dopamine Transporter in Dopamine System Homeostasis. Brain Res. Brain Res. Rev. 26 (2-3), 148–153. doi:10.1016/s0165-0173(97)00063-5
 Hulme, H., Meikle, L. M., Strittmatter, N., van der Hooft, J. J. J., Swales, J., Bragg, R. A., et al. (2020). Microbiome-derived Carnitine Mimics as Previously Unknown Mediators of Gut-Brain axis Communication. Sci. Adv. 6 (11), eaax6328. doi:10.1126/sciadv.aax6328
 Lerner, A., Bagic, A., Simmons, J. M., Mari, Z., Bonne, O., Xu, B., et al. (2012). Widespread Abnormality of the γ-aminobutyric Acid-Ergic System in Tourette Syndrome. Brain 135 (Pt 6), 1926–1936. doi:10.1093/brain/aws104
 Lewin, A. B., Wu, M. S., Mcguire, J. F., and Storch, E. A. (2014). Cognitive Behavior Therapy for Obsessive-Compulsive and Related Disorders. Psychiatr. Clin. North. Am. 37 (3), 415–445. doi:10.1016/j.psc.2014.05.002
 Li, S., He, Y., Zhang, H., Zheng, R., Xu, R., Liu, Q., et al. (2020). Formulation of Traditional Chinese Medicine and its Application on Intestinal flora of Constipated Rats. Microb. Cel Fact. 19 (1), 212. doi:10.1186/s12934-020-01473-3
 Long, M., Zhan, M., Xu, S., Yang, R., Chen, W., Zhang, S., et al. (2017). miR-92b-3p Acts as a Tumor Suppressor by Targeting Gabra3 in Pancreatic Cancer. Mol. Cancer 16 (1), 167. doi:10.1186/s12943-017-0723-7
 Lyte, M., Villageliú, D. N., Crooker, B. A., and Brown, D. R. (2018). Symposium Review: Microbial Endocrinology-Why the Integration of Microbes, Epithelial Cells, and Neurochemical Signals in the Digestive Tract Matters to Ruminant Health. J. Dairy Sci. 101 (6), 5619–5628. doi:10.3168/jds.2017-13589
 Martino, D., Ganos, C., and Worbe, Y. (2018). Neuroimaging Applications in Tourette's Syndrome. Int. Rev. Neurobiol. 143, 65–108. doi:10.1016/bs.irn.2018.09.008
 Mitchell, H. A., Ahern, T. H., Liles, L. C., Javors, M. A., and Weinshenker, D. (2006). The Effects of Norepinephrine Transporter Inactivation on Locomotor Activity in Mice. Biol. Psychiatry 60 (10), 1046–1052. doi:10.1016/j.biopsych.2006.03.057
 Muth, C. C. (2017). Tics and Tourette Syndrome. JAMA 317 (15), 1592. doi:10.1001/jama.2017.0547
 O'Neill, J., Piacentini, J. C., and Peterson, B. S. (2019). Cingulate Role in Tourette Syndrome. Handb Clin. Neurol. 166, 165–221. doi:10.1016/B978-0-444-64196-0.00011-X
 Penzol, M. J., Salazar de Pablo, G., Llorente, C., Moreno, C., Hernández, P., Dorado, M. L., et al. (2019). Functional Gastrointestinal Disease in Autism Spectrum Disorder: A Retrospective Descriptive Study in a Clinical Sample. Front. Psychiatry 10, 179. doi:10.3389/fpsyt.2019.00179
 Peterson, B. S., Skudlarski, P., Anderson, A. W., Zhang, H., Gatenby, J. C., Lacadie, C. M., et al. (1998). A Functional Magnetic Resonance Imaging Study of Tic Suppression in Tourette Syndrome. Arch. Gen. Psychiatry 55 (4), 326–333. doi:10.1001/archpsyc.55.4.326
 Petra, A. I., Panagiotidou, S., Hatziagelaki, E., Stewart, J. M., Conti, P., and Theoharides, T. C. (2015). Gut-Microbiota-Brain Axis and its Effect on Neuropsychiatric Disorders with Suspected Immune Dysregulation. Clin. Ther. 37 (5), 984–995. doi:10.1016/j.clinthera.2015.04.002
 Plessen, K. J., Royal, J. M., and Peterson, B. S. (2007). Neuroimaging of Tic Disorders with Co-existing Attention-Deficit/hyperactivity Disorder. Eur. Child. Adolesc. Psychiatry 16 (Suppl. 1), 60–70. doi:10.1007/s00787-007-1008-2
 Pringsheim, T., Holler-Managan, Y., Okun, M. S., Jankovic, J., Piacentini, J., Cavanna, A. E., et al. (2019a). Comprehensive Systematic Review Summary: Treatment of Tics in People with Tourette Syndrome and Chronic Tic Disorders. Neurology 92 (19), 907–915. doi:10.1212/WNL.0000000000007467
 Pringsheim, T., Okun, M. S., Müller-Vahl, K., Martino, D., Jankovic, J., Cavanna, A. E., et al. (2019b). Practice Guideline Recommendations Summary: Treatment of Tics in People with Tourette Syndrome and Chronic Tic Disorders. Neurology 92 (19), 896–906. doi:10.1212/WNL.0000000000007466
 Puts, N. A., Harris, A. D., Crocetti, D., Nettles, C., Singer, H. S., Tommerdahl, M., et al. (2015). Reduced GABAergic Inhibition and Abnormal Sensory Symptoms in Children with Tourette Syndrome. J. Neurophysiol. 114 (2), 808–817. doi:10.1152/jn.00060.2015
 Robertson, M. M., Eapen, V., Singer, H. S., Martino, D., Scharf, J. M., Paschou, P., et al. (2017). Gilles de la Tourette syndrome. Nat. Rev. Dis. Primers 3, 16097. doi:10.1038/nrdp.2016.97
 Santangelo, A., Bortolato, M., Mosher, L. J., Crescimanno, G., Di Giovanni, G., Cassioli, E., et al. (2018). Behavioral Fragmentation in the D1CT-7 Mouse Model of Tourette's Syndrome. CNS Neurosci. Ther. 24 (8), 703–711. doi:10.1111/cns.12789
 Segura, B., and Strafella, A. P. (2013). Functional Imaging of Dopaminergic Neurotransmission in Tourette Syndrome. Int. Rev. Neurobiol. 112, 73–93. doi:10.1016/B978-0-12-411546-0.00003-2
 Singer, H. S., Reiss, A. L., Brown, J. E., Aylward, E. H., Shih, B., Chee, E., et al. (1993). Volumetric MRI Changes in Basal Ganglia of Children with Tourette's Syndrome. Neurology 43 (5), 950–956. doi:10.1212/wnl.43.5.950
 Singer, H. S., Szymanski, S., Giuliano, J., Yokoi, F., Dogan, A. S., Brasic, J. R., et al. (2002). Elevated Intrasynaptic Dopamine Release in Tourette's Syndrome Measured by PET. Am. J. Psychiatry 159 (8), 1329–1336. doi:10.1176/appi.ajp.159.8.1329
 Singer, H. S. (2019). Tics and Tourette Syndrome. Continuum (Minneap Minn) 25 (4), 936–958. doi:10.1212/CON.0000000000000752
 Thomas, C. M., Hong, T., van Pijkeren, J. P., Hemarajata, P., Trinh, D. V., Hu, W., et al. (2012). Histamine Derived from Probiotic Lactobacillus Reuteri Suppresses TNF via Modulation of PKA and ERK Signaling. PLoS One 7 (2), e31951. doi:10.1371/journal.pone.0031951
 Tian, M., Li, Z., Wang, G., Pan, W., and Li, K. (2016). Effects of Docosahexaenoic Acid on Learning and Memory Impairment Induced by Repeated Propofol Anesthesia in Young Rats. Exp. Ther. Med. 11 (4), 1493–1498. doi:10.3892/etm.2016.3074
 Wall, R., Cryan, J. F., Ross, R. P., Fitzgerald, G. F., Dinan, T. G., and Stanton, C. (2014). Bacterial Neuroactive Compounds Produced by Psychobiotics. Adv. Exp. Med. Biol. 817, 221–239. doi:10.1007/978-1-4939-0897-4_10
 Wong, D. F., Brasić, J. R., Singer, H. S., Schretlen, D. J., Kuwabara, H., Zhou, Y., et al. (2008). Mechanisms of Dopaminergic and Serotonergic Neurotransmission in Tourette Syndrome: Clues from an In Vivo Neurochemistry Study with PET. Neuropsychopharmacology 33 (6), 1239–1251. doi:10.1038/sj.npp.1301528
 Yu, M., Jia, H. M., Zhang, T., Shang, H., Zhang, H. W., Ma, L. Y., et al. (2020). Gut Microbiota Is the Key to the Antidepressant Effect of Chaihu-Shu-Gan-San. Metabolites 10 (2), 63. doi:10.3390/metabo10020063
 Zawilska, J. B. (2003). Dopamine Receptors-Sstructure, Characterization and Function. Postepy Hig Med. Dosw. 57 (3), 293–322.
 Zhang, W., Wei, L., Yu, W., Cui, X., Liu, X., Wang, Q., et al. (2016). Effect of Jian-Pi-Zhi-Dong Decoction on Striatal Glutamate and γ-aminobutyric Acid Levels Detected Using Microdialysis in a Rat Model of Tourette Syndrome. Neuropsychiatr. Dis. Treat. 12, 1233–1242. doi:10.2147/NDT.S106330
 Zhao, H., Shi, Y., Luo, X., Peng, L., Yang, Y., and Zou, L. (2017). The Effect of Fecal Microbiota Transplantation on a Child with Tourette Syndrome. Case Rep. Med. 2017, 6165239. doi:10.1155/2017/6165239
 Zhao, L., Cheng, N., Sun, B., Wang, S., Li, A., Wang, Z., et al. (2020). Regulatory Effects of Ningdong Granule on Microglia-Mediated Neuroinflammation in a Rat Model of Tourette's Syndrome. Biosci. Trends. 14 (4), 271–278. doi:10.5582/bst.2020.03262
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Wang, Wu, Yang, Wang, Wu, Wei, Cui, Hong, Xiong and Qin. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/inline_1.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Qinglong Zhidong Decoction Alleviated Tourette Syndrome in Mice via Modulating the Level of Neurotransmitters and the Composition of Gut Microbiota		Introduction

		Material and Methods		Main Materials

		Animals

		Preparation of QLZDD

		The Identification of the Compounds in QLZDD by UHPLC-MS/MS

		Experimental Design and Treatment

		Behavioral Tests

		Sample Collection and Preparation

		The Determination of the Content of Neurotransmitters (DA, GABA, and Glu)

		Immunohistochemistry

		16s RNA Sequencing and Analysis

		Statistical Analysis





		Results		Chemical Analysis of QLZDD

		Effect of QLZDD on Tic-like Behaviors

		Effects of QLZDD on DA, Glu and GABA

		Effects on the mRNA Expression of D1R, D2R, DAT, and GABAR

		Effects on the Protein Expression of D1R, D2R, DAT, and GABAR

		Effect of QLZDD on D1R, D2R, DAT and GABAR

		Effects of QLZDD on the Composition of Gut Microbiota

		Multi-Sample Species Classification

		LEfSe Analysis Revealed the Specific Gut Microbiota

		Correlation Analysis Between Gut Microbiota and Environmental Factors (DA, Glu, GABA)





		Discussion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		References









OPS/images/fphar-13-819872-t003.jpg
Name

Hirsutine
isorhynchophyline

Citric acid

3-Hydroxy-5-isopropylidene-3,8-dimethyl-2,3,3a 4.5,8a-hexahydro-6(1H)-azulenone
Albiflorin

Parishin E

Hesperetin

Quinic acid

methyl (1S,5R,95, 13R}-5,9-cimethyl-14-methyidenetetracyclohexadecane-5-carboxylate
Pyroglutamic acid

Composite score

0.83
0.76
0.66
0.78
0.66
0.86
0.62
0.99
0.75
0.94

Formula

CaaHogNo05
C22H26N204
CoHgO7
CisH2202
CogHogO1y
CigHz4015
CieH1aOs
CrHi20s
Ca1Hg0,
CsH7NO;

Intensity

54203617924
37199017647
35026590908
28994570036
27804308371
25090194693
23570770912
20648810346
18518566098
16972686305





OPS/images/fphar-13-819872-t002.jpg
Time/min A%

0.0 98
1.5 98
12.0 0
14.0 0
141 98

17.0 98

B%





OPS/images/fphar-13-819872-t001.jpg
Herbs

Cynanchum otophylum C.K. Schneid
Gentiana scabra Bunge

Stellaria dichotoma L. var. lanceolata Bge
Pagonia lactifiora Pall

Gastrodia elata Bl

Uncaria rhynchophylla (Mig.) Jacks
Acorus gramineus Soland

Ampelopsis japonica (Thunb.) Makino
Lycopodium clavatum L

Voucher specimen number

130301
1911012
190901
20200202
1911007
190701501
20190901
190501
20191201

Part(s) used

roots
roots and root stems
roots

roots

rhizomes

stem branches with hooks
thizomes

oot tubers

whole grass with roots










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Pharmacology





OPS/images/fphar-13-819872-g005.gif
e e





OPS/images/fphar-13-819872-g006.gif





OPS/images/fphar-13-819872-g003.gif
Pl

e

L

e

et

§
H
HE
i,

I ﬁ"fﬁ ’

8.,
AL





OPS/images/fphar-13-819872-g004.gif
LI 3B 33
o UOTSSOLNO YN HZQ ONIION  UOISSKIXO YN HYEVD ONTION

<





OPS/images/fphar-13-819872-g009.gif





OPS/images/fphar-13-819872-g007.gif





OPS/images/fphar-13-819872-g008.gif
I

{
i





OPS/images/cover.jpg
* frontiers
in Pharmacology

Qinglong Zhidong Decoction
Alleviated Tourette Syndrome in
Mice via Modulating the Level of
Neurotransmitters and the
Composition of Gut Microbiota





OPS/images/fphar-13-819872-g001.gif
el E
[ N fr— 5
ERRRIOCOERER SRR RN |






OPS/images/fphar-13-819872-g002.gif





