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Abstract

:

Methotrexate (MTX) is an essential part of therapy in the treatment of acute lymphoblastic leukemia (ALL) in children, and inferior intellectual outcomes have been reported in children who are leukemia survivors. Although several studies have demonstrated that the interaction between gut microbiota changes and the brain plays a vital role in the pathogenesis of chemotherapy-induced brain injury, preexisting studies on the effect of MTX on gut microbiota changes focused on gastrointestinal toxicity only. Based on our previous studies, which revealed that MTX treatment resulted in inferior neurocognitive function in developing young rats, we built a young rat model mimicking MTX treatment in a child ALL protocol, trying to investigate the interactions between the gut and brain in response to MTX treatment. We found an association between gut microbiota changes and neurogenesis/repair processes in response to MTX treatment, which suggest that MTX treatment results in gut dysbiosis, which is considered to be related to MTX neurotoxicity through an alteration in gut–brain axis communication.
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1. Introduction


With improvements in diagnostic and therapeutic strategies, the long-term survival rate of childhood acute lymphoblastic leukemia (ALL) has reached approximately 90% [1,2,3]. However, follow-up studies on childhood leukemia survivors have revealed impaired intellectual and cognitive functions compared with age-matched children [4,5,6,7,8], which has sparked research interest about the neurologic impact of chemotherapy medications on ALL survivors. Among the medications commonly reported to be related to late cognitive sequelae in childhood ALL survivors, methotrexate (MTX) has been widely reported to be related to cognitive impairment in children, and it is either administered by intravenous (IV) or intrathecal (IT) routes [9]. Clinical studies have shown that MTX chemotherapy, especially combined IT and IV treatment, is responsible for both functional and morphological changes in the brain and can result in serious late neurologic sequelae, notably cognitive impairment [10,11]. Recently, Wen et al. used combined IP and IT MTX protocols and found impaired memory, neuroinflammation, and neurogenesis in developing rats [12]. While most preclinical studies have focused on MTX treatment in adult rodents, studies focused on developmental young rats are lacking. We found that combined IP and IT MTX treatment caused spatial memory deficits in developing rats, using an animal model mimicking the treatment protocol for children with ALL, and using young rats treated with IP, IT, or combined IT and IP MTX [13]. In addition, we demonstrated that the loss of adaptive myelination contributes to MTX neurotoxicity [14]. In this study, we plan to further explore the impact of MTX on gut microbiota changes, based on our previous work, in order to understand the interactions between the gut and brain following MTX treatment in developing young rats.



Although gut microbiota changes following MTX treatment have been reported in the literature [15,16], most studies have focused on microbiota alterations and gastrointestinal (GI) toxicity following MTX treatment [17,18]. The impact of gut microbiota changes following MTX treatment on neurocognitive function has not yet been reported. Moreover, the effect of MTX on the developing subjects, with regard to the interaction between the gut and brain, has not been mentioned in the literature. Since increasing studies have documented the close relationship between gut microbiota change and various neurologic disorders [19,20,21,22], and growing studies indicate a close relationship between gut microbiota changes and chemobrain [23], our present study was designed to evaluate the impact of MTX on gut microbiota changes and its relationship to MTX-induced neurocognitive impairment, specifically focusing on the developing young rats. Also, this study, as an extension of our previous work with an emphasis on the elucidation of the role of gut microbiota change in the pathogenesis of MTX neurotoxicity, serves a model to evaluate the gut–brain interaction in MTX-treated young rats. To our knowledge, this is the first study to comprehensively evaluate the alteration in gut microbiota and metabolite changes following MTX treatment, with an emphasis on the impact of MTX on the central nervous system in developing rats.




2. Materials and Methods


2.1. Experimental Model and Subject Details


The experiments in this study were performed in accordance with the Guidelines for Animal Experiments of the Chang Gung Memorial Hospital and Chang Gung University. The experiments were approved by the Institutional Animal Care and Use Committee, Taiwan (approval number: 2020032404; approval date: 23 April 2020). The day of delivery was defined as Day 0. Male Sprague-Dawley rats (PND 21 ± 1) weighing ~50 g were used, and attempts were made to minimize the number of animals included. All animals were housed in a room maintained at 24 °C with 12 h light/dark cycles. All animals had free access to standard food.



All surgical procedures were performed under Zoletil50 (25 mg/kg) and xylazine (23 mg/kg) anesthesia using clean surgical techniques, as previously described [24] (Huang et al., 2010). Each group of rats received an IT injection via a transcutaneous cisternal magna puncture. Briefly, the rats were anesthetized and placed in the lateral decubitus position. A 27-gauge needle was inserted into the cisterna magna. The correct position was verified by the outflow of cerebral spinal fluid (CSF), and polyethylene catheters were inserted through a small incision in the atlanto-occipital membrane and passed 1.5 cm caudally to the level of the lumbar enlargement of the catheters [25,26]. To confirm the correct placement of the catheters, 10 μL of 0.9% saline was flushed the day after the surgery. Since this is an extension of our previous work based on the finding that MTX treatment results in spatial memory changes in young rats [13,14] and focuses on the gut microbiota change following combined IT and IP MTX treatment, the study animals were divided into two groups, as illustrated in the following, to minimize animal numbers:




	
CTP: rats that underwent catheter implantation surgery and received an equal volume of normal saline to the MTX treatment group via IT and intraperitoneal injection (IP).



	
XTP: rats that underwent catheter implantation surgery and received 0.5 mg/kg of methotrexate diluted with 0.9% normal saline in 5~10 μL as the final volume via IT once per week for two weeks. Then, 24 h after IT injection, rats received 100 mg/kg of methotrexate via IP injection once per week for two weeks.








The detail of the experimental protocol was illustrated as Figure 1.




2.2. 16S Metagenomics Studies Using 16S rDNA Next Generation Sequencing (NGS) for Gut-Microbiota Measurements


Fecal samples were collected from rats that received either normal saline (CTP, n = 10) or MTX (XTP, n = 12). And the fecal genomic DNA was extracted by Quick-DNA Fecal/Soil Microbe Miniprep Kit (ZYMO Research, Irvine, CA, USA). A total of 12.5 ng of gDNA was used for PCR amplification, with universe primers of 16S rRNA for V3eV4 regions (341F: 5′-CCTACGGGNGGCWGCAG-3′, 806R: 5′-GACTACHVGGGTAT CTAATCC-3′), and then sequenced as per the following procedures. Sequence analysis was performed with the Illumina MiSeq (Illumina, San Diego, CA, USA) paired-end sequencing platform. Briefly, 300 bp paired-end reads were assembled by FLASH v1.2.11 from the 16S PCR raw reads [27]. QIIME v1.9.1 pipeline [28] was used to discard low-quality raw reads (Q < 20) [29] and chimera-checked sequences, via UCHIME [30,31] examination, were used to acquire effective tags and were removed from the dataset before the operational taxonomic unit (OTU) clustering at 97% sequence identity using the UPARSE [32] function in the USEARCH v7.0.1090 pipeline [33]. To annotate taxonomy classification in each OTU, the RDP classifier (v2.2) algorithm [34] was used in the process and the following taxonomic assignments were accomplished by comparing them to the Silva Database v132 [35,36] based on an 80% minimum confidence threshold. To maintain the accuracy of the analysis, sequences that were singletons (one-time occurrence) or recognized in only one sample were excluded. Sequence similarity analysis among different OTUs was performed by PyNAST v.1.2 [28] software against the core-set dataset in the SILVA database and a phylogenetic tree was constructed with a set of sequences representative of the OTUs via FastTree [37,38].



The normalization of variations in sequence depth across samples was accomplished using the QIIME script (single_rarefaction.py) to minimize sequence depth in that OTU abundance information was rarefied and then used to evaluate species complexity within individual samples (alpha diversity) and the differences among samples (beta diversity). For alpha diversity, Chao 1 estimator and Shannon index [39], performed by QIIME pipeline, were used in this study; for beta diversity, unweighted UniFrac performed by QIIME pipeline and principal coordinate analysis (PCoA) visualized the sophisticated and multidimensional data by calculating the distance matrix to acquire principal coordinates, which were employed here [40]. Bioinformatics analysis for functional gene profiles was accomplished by enriching the metabolic pathway at level 2 and 3 categories by PICRUSt (v1.1.1) [41] to reveal the influence of MTX in the overall metabolic pathway and by mapping Tax4Fun [42] level 4 genes in KEGG pathways to annotate potential genes in response to MTX.




2.3. Brain Tissue Collection


We examined two regions that are involved in spatial performance in rats: the prefrontal cortex and the hippocampus [43]. The prefrontal cortex and hippocampus were removed immediately after the rats were sacrificed, and the tissues were homogenized.




2.4. Quantitative Real-Time Polymerase Chain Reaction (PCR) Analysis


PCR analysis was performed as previously reported [24] (Huang et al., 2010). SCFA pathway genes and neurotransmitter-related genes were verified. The gene sequences are shown in the Supplementary Materials.




2.5. Short-Chain Fatty Acid Analysis


Gas chromatography–mass spectrometry (GCMS-QP2010; Shimadzu, Kyoto, Japan) with a flame ionization detector (FID) was used to detect the concentrations of acetate, butyrate, and propionate in the plasma. According to Hsu et al., in brief, internal standards in analytical standard grades for acetate, propionate (Sigma-Aldrich, St. Louis, MO, USA), and butyrate (Chem Service, West Chester, PA, USA) were used [44]. All solutions, including the internal and external standards, were prepared at a concentration of 10 mM and stored at −20 °C until use. Dry air, nitrogen, and hydrogen were supplied to the FID at 300, 20, and 30 mL/min, respectively. A 2 µL aliquot of the sample was injected into the column. The inlet and FID temperatures were set to 200 and 240 °C, respectively. The total running time was 17.5 min.




2.6. Hippocampus Metabolite Analysis


Hippocampus tissues were weighed and extracted for the neurotransmitter metabolite analysis. Briefly, 80 μL of extract solvent (precooled at −20 °C, acetonitrile, within 0.1% FA) and 20 μL of H2O were added into each sample and then vortexed for 30 s, homogenized at 45 Hz for 4 min, and sonicated for 5 min in an ice-water bath multiple times, followed by storage at −40 °C overnight and centrifuging at 12,000 rpm and 4 °C for 15 min. Then, 80 μL of the supernatants was incubated for 30 min after the addition of 40 μL 100 mmol/L sodium carbonate solution and 40 μL 2% benzoyl chloride acetonitrile solution. Next, 10 μL internal standard was added and centrifuged at 12,000 rpm for 15 min at 4 °C. The 40 μL sample of the supernatants was added to 20 μL H2O and then transferred to an auto-sampler vial for UHPLC-MS/MS analysis [45].



The separation condition of UHPLC was performed by the ExionLC System (SCIEX ExionLC; SCIEX, Framingham, MA, USA), equipped with a Waters ACQUITY UPLC HSS T3 (100 × 2.1 mm, 1.8 μm). Mobile phase A was 0.1% formic acid and 1mM/L ammonium acetate in water, and mobile phase B was acetonitrile. The column temperature was set at 40 °C. The auto-sampler temperature was set at 4 °C and the injection volume was 1 μL. Mass spectrometric detection was carried out using the AB Sciex QTrap 6500+ mass spectrometer (SCIEX, Framingham, MA, USA), which was applied for assay development. Ion source parameters are listed as follows: IonSpray Voltage: +5000 V; Curtain Gas: 35 psi; Temperature: 400 °C; Ion Source Gas 1: 60 psi; Ion Source Gas 2: 60 psi. The multiple reaction monitoring (MRM) data were analyzed by Skyline Software (v. 1.5.2) [46,47].




2.7. Prediction of Metabolic Pathway and Metabolite Changes Following MTX Treatment


PICRUSt v.1.0.0 was performed to predict the alteration of metabolic pathways induced by MTX treatment, and subsequent KEGG orthology (KO) enrichment was merged into hierarchical categories (level 1, level 2, and level 3). In addition, to predict the possible metabolites altered by MTX treatment, Tax4Fun (an open-source R package applicable to output as obtained from the SILVAngs web server or the application of QIIME with a SILVA database) level 4 annotation genes were used and mapped with the KEGG pathway mapper website (https://www.genome.jp/kegg/mapper/search.html, accessed on 22 July 2022), using a search tool and sorting data according to their hierarchy.




2.8. Statistical Analysis


Biochemical parameters, ELISA, Western blots, PCR, and neurotransmitter metabolites were analyzed by an independent t-test. All analyses were performed using SPSS (Version 20) on a PC-compatible computer. Values were expressed as mean ± SEM and significances were defined as p < 0.05 for all tests.



For 16S rDNA sequence data, a zero-inflated Gaussian (ZIG) log-normal model, as implemented in the “fitFeatureModel” function of the Bioconductor metagenomeSeq package [48], was used to examine the significant differential abundance of species at various taxonomic levels. Using STAMP v.2.1.3 [49] software, an unequal variances t-test (Welch’s t-test) was performed. Linear discriminant analysis effect size (LEfSe, run on R studio (version 3.1.3) with microeco packages) analysis was used for discriminating significant biomarkers using the Mann–Whitney U test to identify significant changes in bacterial taxa between groups and the threshold of LDA score (log10) > 3.0 was considered significant.





3. Results


3.1. MTX Treatment Induced Gut Microbiota Dysbiosis


Feces collected from rats receiving combined IT and IP MTX treatment (XTP group) and those treated with normal saline (CTP group) were analyzed for bacterial 16S rRNA sequencing. The Chao1 value and Shannon’s biodiversity index were not significantly changed, indicating that the richness of the microbiota was not affected by MTX treatment (Figure 2A). However, the beta diversity index calculated by unweighted unifraction distance was significantly decreased in response to MTX treatment (Figure 2B), and PCoA demonstrated that bacterial composition changed following MTX treatment (Figure 2C). In addition, the Firmicutes/Bacteroidetes ratio decreased in the XTP group, suggesting a propensity for inflammatory bowel diseases (Figure 2D). Moreover, the relative abundance of the top 10 clusters of bacteria at the phylum and family levels revealed an alteration in bacterial composition in response to MTX (Figure 2E,F). Linear discriminant analysis (LDA) effect size (LEfSe), which was analyzed at the genus level, showed that bacteria related to butyric acid and propionic acid production were decreased (Roseburia, Blautia, Clostridium_sensu_stricto_1, and Lachnospira), while acetic acid-producing bacteria were increased (Acetatifactor) (Figure 2G). Furthermore, MTX treatment stimulated the up-regulation of Mucispirillum, Alistipes, and Ruminiclostridium at the genus level compared to that of the CTP group (Figure 3).




3.2. Metabolic Pathway Alterations Following MTX Treatment


We found that most level 2 KEGG pathways were enriched in amino acids (Figure 4A). At level 3, KEGG pathway analysis revealed the up-regulation of phenylalanine, tyrosine, tryptophan, alanine, aspartate, glutamate, arginine, and proline metabolism. An analysis of the energy metabolism pathway at level 3 showed that up-regulated oxidative phosphorylation and nitrogen metabolism were found in the XTP group. In contrast, carbohydrate metabolism in the level 3 analysis showed a decrease in glycolysis/gluconeogenesis and butanoate metabolism pathways after MTX treatment. Furthermore, most lipid metabolism under level 3 KEGG pathways was decreased in response to MTX, except for steroid hormone biosynthesis and sphingolipid metabolism.



As for the genetic information process category, MTX treatment repressed most nucleic acid processing pathways, including replication, repair, and translation/transcription. Notably, MTX treatment significantly enhanced the folding, sorting, and degradation pathways, especially protein export and protein processing in the endoplasmic reticulum (Figure 4B). Furthermore, the organismal system analysis at level 2 revealed that most enriched pathways were closely related to the nervous system, which implies a high susceptibility of the CNS in response to MTX treatment (Figure 4C).




3.3. SCFA and NT Metabolism Were Affected in Response to MTX Treatment


The data showed that the mapped genes were highly associated with short-chain fatty acid (SCFA) and neurotransmitter (NT) metabolism pathways (Figure 5 and Figure 6).



Acads (K00248; butyryl-CoA dehydrogenase [EC:1.3.8.1]), Acat 1/2 (K00626; acetyl-CoA C-acetyltransferase [EC:2.3.1.9]), Acss 1/2 (K01895; acetyl-CoA synthetase [EC:6.2.1.1]), and Acss 3 (K01908; propionyl-CoA synthetase [EC:6.2.1.17]) were mapped to butanoate and propionate metabolism pathways (Figure 5). Moreover, level 3 KEGG analysis of carbohydrate metabolism revealed the down-regulation of butanoate metabolism in the XTP group. These results indicate that SCFA production may be affected by MTX treatment.



The short-chain fatty acid metabolism pathway was affected by MTX; hence, the production of short-chain fatty acids may be reduced following MTX treatment. Genes highlighted in red were verified by real-time PCR. The up arrow indicated that the gene expression level was up-regulated compared to the CTP group via a t-test statistical analysis and p < 0.05; the down arrow was down-regulated compared to the CTP group via t-test statistical analysis and p < 0.05. CTP: sham groups; XTP: MTX-treated groups. N = 10 in CTP.



According to the level 3 KEGG pathway prediction of the extent of the impact of MTX treatment on the nervous system, glutamatergic synapses, GABAergic synapses, dopamine synapses, and serotonergic synapses were highly affected (Figure 4C). In addition, level 4 Tax4Fun gene enrichment showed that pld 1/2 (K01115; phospholipase D [EC:3.1.4.4]), gls (K01425; glutaminase [EC:3.5.1.2]), and glul (K01915; glutamine synthetase [EC:6.3.1.2]) are involved in the neuronal synapses mentioned above (Figure 6). MTX resulted in the significant down-regulation of pld 1/2 expression level at the postsynapse, while glul was up-regulated in glial cells. Glutaminase (gls) was able to transfer glutamine into glutamate at the presynapse, although it was not significantly changed by MTX. The above results indicate that the hemostasis of neuronal communication was disrupted by MTX. Moreover, the Ddc (K01593; aromatic-l-amino-acid decarboxylase [EC:4.1.1.28]) gene, which plays an important role in dopamine (3,4-dihydroxyphenethylamine, DA) and serotonin (5-hydroxytryptamine, 5-HT) synthesis pathways, was down-regulated in response to MTX treatment, which may result in a decrease in DA and 5-HT. In contrast, gad 1/2 (K01580; glutamate decarboxylase [EC:4.1.1.15]) genes that utilize glutamate to synthesize GABA were up-regulated by MTX, while the glul expression level was also increased by MTX, which resulted in the elevation of glutamine (Gln) levels since it plays an essential role in the synthesis of glutamine from glutamate (Glu). Taken together, MTX treatment results in an alteration in NTs and the dysregulation of neuron crosstalk, and therefore it has a detrimental impact on CNS function (Figure 6).




3.4. MTX Results in NT Alteration in Brain Tissue and Dysregulated SCFA Concentration Levels in the Circulating System


Genes selected from the KEGG pathway via Tax4Fun at level 4 analysis were generalized into three categories: SCFAs, glutamatergic and GABAergic synapse, and neurotransmitter-related genes. From the PICRUSt prediction, there were three genes that corresponded to the regulation of SCFA production: Acads corresponds to K00248, Acat2 corresponds to K00626, and Acot12 corresponds to K01067. We examined the mRNA expression levels of these three genes in the prefrontal cortex and dorsal hippocampus to verify the effect of MTX on their regulation. As shown in Table 1, most of the mRNA expression patterns were similar in the prefrontal cortex and hippocampus, whereas discordant changes in mRNA expression were noted in Acads, Acat1, Ldha, and Pkm. Moreover, significant changes in Acat 1, Acot12, Acss1, and Pkm mRNA expression in both the prefrontal cortex and hippocampus and a significant decrease in the mRNA expression of hippocampal Acat2 and cortex Acss 3 RNA were noted (Table 1).



Genes associated with glutamatergic synapses and GABAergic synapses selected from PICRUSt predictions were verified in brain tissue, and a significant decrease in Pld1 mRNA expression was found in the cortex, with a significant increase in Gls and Gls 2 mRNA expression in the cortex. Notably, a significant increase in Glu1 mRNA expression was noted in both the prefrontal cortex and hippocampus. Furthermore, we verified the genes that were closely related to NT regulation and found significant increases in Ggt6, Tyr, Gad1, and Gad2 mRNA expression in the brain cortex and decreased Ggt6, Gad1, and Maoa mRNA expression in the hippocampus following MTX treatment. In addition, decreased Comt mRNA expression was observed in the cortex of rats in the XTP group (Table 1).




3.5. A Strong Relationship between Gut Microbiota Changes and MTX Neurotoxicity


To further evaluate the effect of MTX on plasma SCFA regulation, we used GC-MS to determine the plasma levels of SCFAs. As shown in Figure 7A, plasma levels of SCFAs decreased after MTX treatment. In addition, the levels of acetic acid (F = 5.452, p < 0.05) and butyric acid (F = 14.192, p < 0.01) were mostly affected by MTX treatment, which is consistent with the dysbiosis of microbiomes at the family level of bacteria belonging to Clostridia clusters IV (Ruminococcaceae) and XIVa (Lachnospiraceae). Moreover, a significant decrease in butyric acid levels was consistent with the results showing that butyric acid-producing bacteria were depleted from the fecal 16S NGS analysis (Figure 7C).



The metabolite analysis of the metabolome revealed a significant decrease in serotonin, dopamine, and acetylcholine (Ach) in the hippocampus following MTX treatment. MTX reduced the levels of norepinephrine (NE), but the differences were not significant. In contrast, epinephrine (E) significantly increased in response to MTX, and similar patterns were observed for l-glutamic acid (Glu) and 4-aminobutyric acid (GABA). However, histamine (Hist) levels were not significantly altered by MTX (Figure 7B). These results were consistent with previous predictions based on KEGG pathway enrichment.



As mentioned above, MTX treatment significantly changed the levels of plasma SCFAs (Figure 7A) and hippocampal NT metabolites (Figure 7B). Correlations between the alterations in microbiota at the genus level and metabolites in the plasma and hippocampus were analyzed. Seventeen bacteria at the genus level were selected from the metagenomeSeq data. As shown in Figure 7C, we found a strong relationship between gut microbiota changes and alterations in metabolites, which implies that MTX treatment alters the gut microbiota and provides clues about the pathogenesis of MTX neurotoxicity.





4. Discussion


The main findings of this study are summarized as follows. First, MTX treatment resulted in gut microbiota changes, as evidenced by alterations in the relative abundance of the microbiome at the phylum, class, order, family, and genus levels compared to that of the control group. Second, Tax4Fun level 4 annotation genes used to map with the KEGG pathway mapper website found that the mapped genes were highly associated with SCFA and NT metabolism pathways. Third, glutamatergic and GABAergic synapse-related gene expression in the prefrontal cortex and hippocampus changed and NT-regulation gene expression in the hippocampus was altered after MTX treatment. Fourth, levels of plasma SCFAs and hippocampus NT metabolites were significantly affected by MTX treatment. Fifth, we found a strong relationship between gut microbiota changes and alterations in gut and brain metabolites (Figure 7C), which implies that MTX treatment alters the gut microbiota and provides clues about the pathogenesis of MTX neurotoxicity.



In this first part of the study, we found that the bacteria associated with SCFA-producing bacteria (especially butyric acid and propionic acid), such as Roseburia, Blautia, lostridium_sensu_stricto_1, and Lachnospira, were decreased at the genus level, while Acetatifactor, bacteria that produce acetic acid, were increased following MTX treatment. In addition, bacteria such as Mucispirillum and Alistipes, which were reported to be related to various human neurologic disorders such as Alzheimer’s disease and major depressive disorder, increased markedly after MTX treatment [50,51]. To clarify the impact of gut microbiota changes on the nervous system following MTX treatment, we used the KEGG pathway enrichments analyzed by PICRUSt and found that butanoate and most of the lipid metabolism pathways were down-regulated in response to MTX, which was consistent with the reduced plasma levels of SCFAs found in our study. In addition, we examined the SCFA-related genes in the prefrontal cortex and hippocampus and found altered Acat 1, Acot 12, Acss1, and Pkm expression in both the prefrontal cortex and hippocampus, and changes in Acss 3 in the prefrontal cortex and Acat2 in the hippocampus. Since the hippocampus plays an essential role in learning and memory function, and owing to limited brain specimens, we performed neurotransmitter metabolite analysis via GC/MS detection only in the hippocampus and found that the neurotransmitters that changed after MTX treatment were associated with learning and memory processes. Taken together, these findings suggested that combined IT and IP MTX treatment resulted in gut microbiota changes, which might be a contributing factor resulting in neurologic dysfunction following MTX treatment.



To ascertain the effect of MTX on gut microbiota changes and its interaction with neurogenesis, we examined glutamatergic and GABAergic synapse-related gene expression in the prefrontal cortex and hippocampus via real-time PCR, mainly focusing on the four genes selected from PICRUSt predictions for their roles in neuron repair and neurogenesis, and we found that MTX resulted in significant changes in pld 1/2, glul, and Ddc mRNA expression. Phospholipase D (pld), one kind of phosphatidic acid, has been implicated in neurotransmission and mainly implicated in pre- and postsynapse neuron function [52,53]. Similarly, glutaminase (gls) plays an important role through its ability to transfer glutamine into glutamate at the presynapse [54]. In addition, the gls gene plays an important role in the maturation of neuron progenitor cells [55]. Moreover, the Ddc gene, which plays an important role in the DA and 5-HT synthesis pathways and is crucial for normal brain development [56,57], was found to be down-regulated in response to MTX treatment, which may result in a decrease in DA and 5-HT. In contrast, gad 1/2 (K01580; glutamate decarboxylase [EC:4.1.1.15]) genes that utilize glutamate to synthesize GABA [58,59] were up-regulated by MTX, while glul expression level was also increased by MTX, which may elevate the glutamine (Gln) levels because it plays a role in the synthesis of glutamine from glutamate (Glu). The above results indicate that the hemostasis of neuronal communication was disrupted by MTX treatment. Therefore, we assumed that the development of MTX neurotoxicity may have resulted from the dysregulation of the NT transmission process.



SCFAs are metabolites produced in the colon by the bacterial fermentation of dietary fibers and resistant starch [60,61]. Growing evidence supports the idea that SCFAs exert crucial physiological effects on the brain, which is supported by studies in animals and humans showing that gut microbiota changes have been implicated in behavioral and neurological pathologies, such as depression, Alzheimer’s disease (AD), Parkinson’s disease (PD), and autism spectrum disorder (ASD) [62,63,64,65]. Manipulation of the gut microbiota and SCFAs have been proposed as treatment targets for various neurological disorders [66]. Furthermore, increasing evidence suggests that the composition of the gut microbiota is related to MTX neurotoxicity, and microbial function is closely linked to MTX neurotoxicity. In this study, it is worth noting that circulating levels of SCFAs and NTs were related to a microbial signature (Figure 7C), which suggests that MTX neurotoxicity is closely associated with the gut microbiota change induced by MTX treatment.



Recent studies have indicated that the modulation of gut microbiota is a way to reduce MTX GI toxicity [17,18,67,68], with an emphasis on the impact of MTX on gut microbiota homeostasis. However, prior studies on MTX toxicity have mostly focused on MTX intestinal toxicity and gut environment changes, emphasizing taxonomic composition based on 16S rRNA sequencing [17,69]. Despite analysis beyond taxonomic composition to analyze microbial functionality, metabolomics, and shotgun metagenomics, sequencing is vital to accurately capture host and microbiome interplay, and a comprehensive study on MTX toxicity beyond taxonomic composition is lacking. Our previous study revealed that combined IT and IP MTX treatment resulted in spatial memory changes in developing rats; therefore, we tried to explore gut microbiota changes and to determine if the interruption of normal gut–brain axis communication is elicited by MTX in this study. This may present a candidate for a preventive and therapeutic strategy for MTX neurotoxicity by manipulating the gut microbiota.



Unlike previous studies dealing with MTX toxicities, our study discusses MTX neurotoxicity, not only by exploring the gut microbiota composition but also by discussing metabolome changes following MTX treatment, focusing on the interaction between NTs and SCFA alteration and gut microbiota change. Furthermore, this is the first study utilizing a young rat model to explore the impact of MTX on the gut and brain, which provides a model of chemobrain in developing rats. Truely, the impact of this study in relevance to clinical application lies in its role in providing insight into personalized medical treatment designation. Notably, our study is the first one to comprehensively evaluate gut microbiota changes following MTX treatment and to further evaluate SCFA and NT alterations to determine the role of the gut–brain axis in the pathogenesis of MTX neurotoxicity. In clinical settings, the findings of this study suggest a method for personalized medical care that is based on gut microbiota changes in order to adjust therapeutic medications in the future.



Our study had several limitations. First, we did not measure fecal SCFA concentrations but used plasma SCFAs owing to the limited fecal specimens, and we found unparallel changes in the gut microbiota and plasma SCFAs. Since unparallel changes in plasma and fecal SCFA concentrations have been reported in various neurological disorders and medical interventions [70,71], it is mandatory to check fecal SCFA concentrations in further studies to create a more comprehensive view of gut–brain crosstalk following MTX treatment. Second, only the hippocampal and prefrontal cortex mRNA expression levels of SCFA-related and neuron-repair genes were measured. Since the study highlights the interaction between gut microbiota change and SCFA/neurotransmitter expression following MTX treatment, which can be explained by the correlation between the alterations in microbiota at the genus level and metabolites in the plasma and hippocampus (Figure 7C), we did not directly measure the protein expression of the individual genes examined in the study because of limited specimens. For a better explanation of the gut–brain communication in the MTX-treated young rat model, a specific examination of the individual genes involved in SCFA and neuron repairment is crucial in following studies. Third, since this is an extension study of our previous work, based on the findings that combined IT and IP treatment result in cognition impairment, we only focus on gut microbiota change in young rats receiving combined IT and IP treatment. To better understand the impact of MTX treatment on gut microbiota under different routes of MTX administration, further studies to specifically group animals into IP, IT, and combined IT and IP groups are required.



In our previous study, we found a direct effect of MTX on the nervous system in developing young rats, particularly regarding cognitive function [13,14]. In this work, we found gut microbiota changes with relevant alterations in SCFA/NT gene regulation, which suggest that the gut–brain axis plays an essential role in MTX neurotoxicity. To our knowledge, this is the first study to explore the interaction between gut microbiota changes and neurotransmitter alterations in developing rats following MTX treatment. These findings shed light on the prevention and intervention of MTX neurotoxicity, mainly through the manipulation of gut microbiota.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/biomedicines12040908/s1, Table S1. Sequences of the genes examined in this study; Figure S1. Verification of SCFA-related gene expression levels in the hippocampus and cortex; Figure S2. Verification of glutamatergic synapse and GABAergic synapse correlation with gene expression levels in the hippocampus and cortex; Figure S3. Verification of neurotransmitter (NT) correlation gene expression levels in the hippocampus and cortex.





Author Contributions


Y.-C.C. conceived the idea, performed a literature review, and wrote the first draft. C.-Y.H. conducted the statistical analysis and provided information on the metabolome and microbiome analysis. M.-H.H. and C.-C.H. prepared the figures and graphs. L.-T.H. and J.-M.S. reviewed and edited the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by grants CMRPG8K0991 and CMRPG8K0992 from the Kaohsiung Chang Gung Memorial Hospital, Taiwan, and MOST 111-2314-B-182A-096 from the National Science and Technology Council, Taiwan.




Institutional Review Board Statement


The animal study protocol was approved by the Institutional Animal Care and Use Committee (IACUC) in Chang Gung Memorial Hospital on 23 April 2020. (IACUC approved number: 2020032404l).




Informed Consent Statement


Not applicable.




Data Availability Statement


We appreciate C.-Y.H. for the contribution in analysis of the metabolome and microbiome. The data that support the findings of this study are available from the corresponding author upon reasonable request.




Acknowledgments


We appreciate C.-Y.H. for the contribution in analysis of the metabolome and microbiome.




Conflicts of Interest


The authors declare that they have no known competing financial interests or personal relationships that could have appeared to influence the work reported in this paper.




References


	



Pui, C.-H.; Campana, D.; Pei, D.; Bowman, W.P.; Sandlund, J.T.; Kaste, S.C.; Ribeiro, R.C.; Rubnitz, J.E.; Raimondi, S.C.; Onciu, M.; et al. Treating childhood acute lymphoblastic leukemia without cranial irradiation. N. Engl. J. Med. 2009, 360, 2730–2741. [Google Scholar] [CrossRef] [PubMed]

	



Pui, C.H.; Mullighan, C.G.; Evans, W.E.; Relling, M.V. Pediatric acute lymphoblastic leukemia: Where are we going and how do we get there? Blood 2012, 120, 1165–1174. [Google Scholar] [CrossRef] [PubMed]

	



Pui, C.-H.; Yang, J.J.; Hunger, S.P.; Pieters, R.; Schrappe, M.; Biondi, A.; Vora, A.; Baruchel, A.; Silverman, L.B.; Schmiegelow, K.; et al. Childhood Acute Lymphoblastic Leukemia: Progress Through Collaboration. J. Clin. Oncol. 2015, 33, 2938–2948. [Google Scholar] [CrossRef] [PubMed]

	



Cascella, M.; Di Napoli, R.; Carbone, D.; Cuomo, G.F.; Bimonte, S.; Muzio, M.R. Chemotherapy-related cognitive impairment: Mechanisms, clinical features and research perspectives. Recenti. Prog. Med. 2018, 109, 523–530. [Google Scholar]

	



Torrente, N.C.; Pastor, J.-B.N.; Chaparro, N.d.l.O. Systematic review of cognitive sequelae of non-central nervous system cancer and cancer therapy. J. Cancer Surviv. 2020, 14, 464–482. [Google Scholar] [CrossRef] [PubMed]

	



Iyer, N.S.; Balsamo, L.M.; Bracken, M.B.; Kadan-Lottick, N.S. Chemotherapy-only treatment effects on long-term neurocognitive functioning in childhood ALL survivors: A review and meta-analysis. Blood 2015, 126, 346–353. [Google Scholar] [CrossRef] [PubMed]

	



Cheung, Y.T.; Krull, K.R. Neurocognitive outcomes in long-term survivors of childhood acute lymphoblastic leukemia treated on contemporary treatment protocols: A systematic review. Neurosci. Biobehav. Rev. 2015, 53, 108–120. [Google Scholar] [CrossRef] [PubMed]

	



Millan, N.C.; Pastrana, A.; Guitter, M.R.; Zubizarreta, P.A.; Monges, M.S.; Felice, M.S. Acute and sub-acute neurological toxicity in children treated for acute lymphoblastic leukemia. Leuk. Res. 2018, 65, 86–93. [Google Scholar] [CrossRef] [PubMed]

	



Moe, P.J.; Holen, A. High-dose methotrexate in childhood all. Pediatr. Hematol. Oncol. 2000, 17, 615–622. [Google Scholar] [CrossRef]

	



Vezmar, S.; Schüsseler, P.; Becker, A.; Bode, U.; Jaehde, U. Methotrexate-associated alterations of the folate and methyl-transfer pathway in the CSF of ALL patients with and without symptoms of neurotoxicity. Pediatr. Blood Cancer 2009, 52, 26–32. [Google Scholar] [CrossRef]

	



Cohen, I.J. Neurotoxicity after high-dose methotrexate (MTX) is adequately explained by insufficient folinic acid rescue. Cancer Chemother. Pharmacol. 2017, 79, 1057–1065. [Google Scholar] [CrossRef] [PubMed]

	



Wen, J.; Maxwell, R.R.; Wolf, A.J.; Spira, M.; Gulinello, M.E.; Cole, P.D. Methotrexate causes persistent deficits in memory and executive function in a juvenile animal model. Neuropharmacology 2018, 139, 76–84. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.-C.; Sheen, J.-M.; Hsu, M.-H.; Hsiao, C.-C.; Wang, S.-C.; Huang, L.-T. Melatonin rescued methotrexate-induced spatial deficit and hyperhomocysteinemia and increased asymmetric dimethylarginine in plasma and dorsal hippocampus in developing rats. Life Sci. 2020, 242, 116931. [Google Scholar] [CrossRef]

	



Chen, Y.-C.; Sheen, J.-M.; Wang, S.-C.; Hsu, M.-H.; Hsiao, C.-C.; Chang, K.-A.; Huang, L.-T. Methotrexate Neurotoxicity Is Related to Epigenetic Modification of the Myelination Process. Int. J. Mol. Sci. 2021, 22, 6718. [Google Scholar] [CrossRef]

	



Zhou, B.; Xia, X.; Wang, P.; Chen, S.; Yu, C.; Huang, R.; Zhang, R.; Wang, Y.; Lu, L.; Yuan, F.; et al. Induction and Amelioration of Methotrexate-Induced Gastrointestinal Toxicity Are Related to Immune Response and Gut Microbiota. eBioMedicine 2018, 33, 122–133. [Google Scholar] [CrossRef] [PubMed]

	



Letertre, M.P.M.; Munjoma, N.; Wolfer, K.; Pechlivanis, A.; McDonald, J.A.K.; Hardwick, R.N.; Cherrington, N.J.; Coen, M.; Nicholson, J.K.; Hoyles, L.; et al. A Two-Way Interaction between Methotrexate and the Gut Microbiota of Male Sprague–Dawley Rats. J. Proteome Res. 2020, 19, 3326–3339. [Google Scholar] [CrossRef]

	



Huang, X.; Fang, Q.; Rao, T.; Zhou, L.; Zeng, X.; Tan, Z.; Chen, L.; Ouyang, D. Leucovorin Ameliorated Methotrexate Induced Intestinal Toxicity via Modulation of the Gut Microbiota. Toxicol. Appl. Pharmacol. 2020, 391, 114900. [Google Scholar] [CrossRef]

	



Tang, D.; Zeng, T.; Wang, Y.; Cui, H.; Wu, J.; Zou, B.; Tao, Z.; Zhang, L.; Garside, G.B.; Tao, S. Dietary restriction increases protective gut bacteria to rescue lethal methotrexate-induced intestinal toxicity. Gut Microbes 2020, 12, 1714401. [Google Scholar] [CrossRef]

	



Luo, Y.; Zhou, T. Connecting the dots: Targeting the microbiome in drug toxicity. Med. Res. Rev. 2022, 42, 83–111. [Google Scholar] [CrossRef]

	



Sherwin, E.; Dinan, T.G.; Cryan, J.F. Recent developments in understanding the role of the gut microbiota in brain health and disease. Ann. N. Y. Acad. Sci. 2018, 1420, 5–25. [Google Scholar] [CrossRef]

	



Mayneris-Perxachs, J.; Castells-Nobau, A.; Arnoriaga-Rodríguez, M.; Martin, M.; de la Vega-Correa, L.; Zapata, C.; Burokas, A.; Blasco, G.; Coll, C.; Escrichs, A.; et al. Microbiota alterations in proline metabolism impact depression. Cell Metab. 2022, 34, 681–701.e10. [Google Scholar] [CrossRef]

	



Zhang, Y.; Fan, Q.; Hou, Y.; Zhang, X.; Yin, Z.; Cai, X.; Wei, W.; Wang, J.; He, D.; Wang, G.; et al. Bacteroides species differentially modulate depression-like behavior via gut-brain metabolic signaling. Brain Behav. Immun. 2022, 102, 11–22. [Google Scholar] [CrossRef] [PubMed]

	



Subramaniam, C.B.; Bowen, J.M.; Gladman, M.A.; Lustberg, M.B.; Mayo, S.J.; Wardill, H.R. The microbiota-gut-brain axis: An emerging therapeutic target in chemotherapy-induced cognitive impairment. Neurosci. Biobehav. Rev. 2020, 116, 470–479. [Google Scholar] [CrossRef] [PubMed]

	



Huang, L.T.; Chen, C.C.; Sheen, J.M.; Chen, Y.J.; Hsieh, C.S.; Tain, Y.L. The interaction between high ammonia diet and bileduct ligation in developing rats: Assessment by spatial memory and asymmetric dimethylarginine. Int. J. Dev. Neurosci. 2010, 28, 169–174. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Vijayanathan, V.; Gulinello, M.; Cole, P.D. Intrathecal methotrexate induces focal cognitive deficits and increases cerebrospinal fluid homocysteine. Pharmacol. Biochem. Behav. 2010, 95, 428–433. [Google Scholar] [CrossRef] [PubMed]

	



Cole, P.D.; Vijayanathan, V.; Ali, N.F.; Wagshul, M.E.; Tanenbaum, E.J.; Price, J.; Dalal, V.; Gulinello, M.E. Memantine protects rats treated with intrathecal methotrexate from developing spatial memory deficits. Clin. Cancer Res. 2013, 19, 4446–4454. [Google Scholar] [CrossRef] [PubMed]

	



Magoč, T.; Salzberg, S.L. FLASH: Fast length adjustment of short reads to improve genome assemblies. Bioinformatics 2011, 27, 2957–2963. [Google Scholar] [CrossRef]

	



Caporaso, J.G.; Kuczynski, J.; Stombaugh, J.; Bittinger, K.; Bushman, F.D.; Costello, E.K.; Fierer, N.; Gonzalez Peña, A.; Goodrich, J.K.; Gordon, J.I.; et al. QIIME allows analysis of high-throughput community sequencing data. Nat. Methods 2010, 7, 335–336. [Google Scholar] [CrossRef] [PubMed]

	



Bokulich, N.A.; Subramanian, S.; Faith, J.J.; Gevers, D.; Gordon, J.I.; Knight, R.; Mills, D.A.; Caporaso, J.G. Quality-filtering vastly improves diversity estimates from Illumina amplicon sequencing. Nat. Methods 2013, 10, 57–59. [Google Scholar] [CrossRef]

	



Edgar, R.C.; Haas, B.J.; Clemente, J.C.; Quince, C.; Knight, R. UCHIME improves sensitivity and speed of chimera detection. Bioinformatics 2011, 27, 2194–2200. [Google Scholar] [CrossRef]

	



Haas, B.J.; Gevers, D.; Earl, A.M.; Feldgarden, M.; Ward, D.V.; Giannoukos, G.; Ciulla, D.; Tabbaa, D.; Highlander, S.K.; Sodergren, E.; et al. Chimeric 16S rRNA sequence formation and detection in Sanger and 454-pyrosequenced PCR amplicons. Genome Res. 2011, 21, 494–504. [Google Scholar] [CrossRef]

	



Edgar, R.C. UPARSE: Highly accurate OTU sequences from microbial amplicon reads. Nat. Methods 2013, 10, 996–998. [Google Scholar] [CrossRef]

	



Edgar, R.C. Search and clustering orders of magnitude faster than BLAST. Bioinformatics 2010, 26, 2460–2461. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Q.; Garrity, G.M.; Tiedje, J.M.; Cole, J.R. Naive Bayesian classifier for rapid assignment of rRNA sequences into the new bacterial taxonomy. Appl. Environ. Microbiol. 2007, 73, 5261–5267. [Google Scholar] [CrossRef]

	



Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, J.; Schweer, T.; Yarza, P.; Peplies, J.; Glöckner, F.O. The SILVA ribosomal RNA gene database project: Improved data processing and web-based tools. Nucleic Acids Res. 2013, 41, D590–D596. [Google Scholar] [CrossRef]

	



Yilmaz, P.; Parfrey, L.W.; Yarza, P.; Gerken, J.; Pruesse, E.; Quast, C.; Schweer, T.; Peplies, J.; Ludwig, W.; Glöckner, F.O. The SILVA and “All-species Living Tree Project (LTP)” taxonomic frameworks. Nucleic Acids Res. 2014, 42, D643–D648. [Google Scholar] [CrossRef] [PubMed]

	



Price, M.N.; Dehal, P.S.; Arkin, A.P. FastTree: Computing large minimum evolution trees with profiles instead of a distance matrix. Mol. Biol. Evol. 2009, 26, 1641–1650. [Google Scholar] [CrossRef] [PubMed]

	



Price, M.N.; Dehal, P.S.; Arkin, A.P. FastTree 2—Approximately maximum-likelihood trees for large alignments. PLoS ONE 2010, 5, e9490. [Google Scholar] [CrossRef]

	



Whittaker, R.H. Evolution and measurement of species diversity. Taxon 1972, 21, 213–251. [Google Scholar] [CrossRef]

	



Jiang, X.-T.; Peng, X.; Deng, G.-H.; Sheng, H.-F.; Wang, Y.; Zhou, H.-W.; Tam, N.F.-Y. Illumina sequencing of 16S rRNA tag revealed spatial variations of bacterial communities in a mangrove wetland. Microb. Ecol. 2013, 66, 96–104. [Google Scholar] [CrossRef]

	



Langille, M.G.I.; Zaneveld, J.; Caporaso, J.G.; McDonald, D.; Knights, D.; Reyes, J.A.; Clemente, J.C.; Burkepile, D.E.; Vega Thurber, R.L.; Knight, R.; et al. Predictive functional profiling of microbial communities using 16S rRNA marker gene sequences. Nat. Biotechnol. 2013, 31, 814–821. [Google Scholar] [CrossRef] [PubMed]

	



Aßhauer, K.P.; Wemheuer, B.; Daniel, R.; Meinicke, P. Tax4Fun: Predicting functional profiles from metagenomic 16S rRNA data. Bioinformatics 2015, 31, 2882–2884. [Google Scholar] [CrossRef]

	



Sloan, H.L.; Good, M.; Dunnett, S.B. Double dissociation between hippocampal and prefrontal lesions on an operant delayed matching task and a water maze reference memory task. Behav. Brain Res. 2006, 171, 116–126. [Google Scholar] [CrossRef]

	



Hsu, C.-N.; Hou, C.-Y.; Chan, J.Y.H.; Lee, C.-T.; Tain, Y.-L. Hypertension Programmed by Perinatal High-Fat Diet: Effect of Maternal Gut Microbiota-Targeted Therapy. Nutrients 2019, 11, 2908. [Google Scholar] [CrossRef] [PubMed]

	



Wong, J.-M.T.; Malec, P.A.; Mabrouk, O.S.; Ro, J.; Dus, M.; Kennedy, R.T. Benzoyl chloride derivatization with liquid chromatography–mass spectrometry for targeted metabolomics of neurochemicals in biological samples. J. Chromatogr. A 2016, 1446, 78–90. [Google Scholar] [CrossRef] [PubMed]

	



Addona, T.A.; Abbatiello, S.E.; Schilling, B.; Skates, S.J.; Mani, D.R.; Bunk, D.M.; Spiegelman, C.H.; Zimmerman, L.J.; Ham, A.-J.L.; Keshishian, H.; et al. Multi-site assessment of the precision and reproducibility of multiple reaction monitoring–based measurements of proteins in plasma. Nat. Biotechnol. 2009, 27, 633–641. [Google Scholar] [CrossRef]

	



Mani, D.R.; Abbatiello, S.E.; Carr, S.A. Statistical characterization of multiple-reaction monitoring mass spectrometry (MRM-MS) assays for quantitative proteomics. BMC Bioinform. 2012, 13 (Suppl. 16), S9. [Google Scholar] [CrossRef]

	



Paulson, J.N.; Stine, O.C.; Bravo, H.C.; Pop, M. Differential abundance analysis for microbial marker-gene surveys. Nat. Methods 2013, 10, 1200–1202. [Google Scholar] [CrossRef]

	



Parks, D.H.; Tyson, G.W.; Hugenholtz, P.; Beiko, R.G. STAMP: Statistical analysis of taxonomic and functional profiles. Bioinformatics 2014, 30, 3123–3124. [Google Scholar] [CrossRef]

	



Angelucci, F.; Cechova, K.; Amlerova, J.; Hort, J. Antibiotics, gut microbiota, and Alzheimer’s disease. J. Neuroinflamm. 2019, 16, 108. [Google Scholar] [CrossRef]

	



Megur, A.; Baltriukienė, D.; Bukelskienė, V.; Burokas, A. The Microbiota-Gut-Brain Axis and Alzheimer’s Disease: Neuroinflammation Is to Blame? Nutrients 2020, 13, 37. [Google Scholar] [CrossRef] [PubMed]

	



Raben, D.M.; Barber, C.N. Phosphatidic acid and neurotransmission. Adv. Biol. Regul. 2017, 63, 15–21. [Google Scholar] [CrossRef] [PubMed]

	



Barber, C.N.; Goldschmidt, H.L.; Lilley, B.; Bygrave, A.M.; Johnson, R.C.; Huganir, R.L.; Zack, D.J.; Raben, D.M. Differential expression patterns of phospholipase D isoforms 1 and 2 in the mammalian brain and retina. J. Lipid Res. 2022, 63, 100247. [Google Scholar] [CrossRef] [PubMed]

	



Roza, C.; Campos-Sandoval, J.A.; Gómez-García, M.C.; Peñalver, A.; Márquez, J. Lysophosphatidic Acid and Glutamatergic Transmission. Front. Mol. Neurosci. 2019, 12, 138. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Huang, Y.; Zhao, L.; Li, Y.; Zheng, J. Glutaminase 1 is essential for the differentiation, proliferation, and survival of human neural progenitor cells. Stem Cells Dev. 2014, 23, 2782–2790. [Google Scholar] [CrossRef] [PubMed]

	



Lee, N.-C.; Shieh, Y.-D.; Chien, Y.-H.; Tzen, K.-Y.; Yu, I.-S.; Chen, P.-W.; Hu, M.-H.; Hu, M.-K.; Muramatsu, S.-I.; Ichinose, H.; et al. Regulation of the dopaminergic system in a murine model of aromatic L-amino acid decarboxylase deficiency. Neurobiol. Dis. 2013, 52, 177–190. [Google Scholar] [CrossRef] [PubMed]

	



Shih, D.-F.; Hsiao, C.-D.; Min, M.-Y.; Lai, W.-S.; Yang, C.-W.; Lee, W.-T.; Lee, S.-J. Aromatic L-amino acid decarboxylase (AADC) is crucial for brain development and motor functions. PLoS ONE 2013, 8, e71741. [Google Scholar] [CrossRef]

	



Trifonov, S.; Yamashita, Y.; Kase, M.; Maruyama, M.; Sugimoto, T. Glutamic acid decarboxylase 1 alternative splicing isoforms: Characterization, expression and quantification in the mouse brain. BMC Neurosci. 2014, 15, 114. [Google Scholar] [CrossRef] [PubMed]

	



Tao, R.; Davis, K.N.; Li, C.; Shin, J.H.; Gao, Y.; Jaffe, A.E.; Gondré-Lewis, M.C.; Weinberger, D.R.; Kleinman, J.E.; Hyde, T.M. GAD1 alternative transcripts and DNA methylation in human prefrontal cortex and hippocampus in brain development, schizophrenia. Mol. Psychiatry 2018, 23, 1496–1505. [Google Scholar] [CrossRef] [PubMed]

	



O’Riordan, K.J.; Collins, M.K.; Moloney, G.M.; Knox, E.G.; Aburto, M.R.; Fülling, C.; Morley, S.J.; Clarke, G.; Schellekens, H.; Cryan, J.F. Short chain fatty acids: Microbial metabolites for gut-brain axis signalling. Mol. Cell. Endocrinol. 2022, 546, 111572. [Google Scholar] [CrossRef]

	



Rekha, K.; Venkidasamy, B.; Samynathan, R.; Nagella, P.; Rebezov, M.; Khayrullin, M.; Ponomarev, E.; Bouyahya, A.; Sarkar, T.; Shariati, M.A.; et al. Short-chain fatty acid: An updated review on signaling, metabolism, and therapeutic effects. Crit. Rev. Food Sci. Nutr. 2022, 64, 2461–2489. [Google Scholar] [CrossRef] [PubMed]

	



Borre, Y.E.; O’keeffe, G.W.; Clarke, G.; Stanton, C.; Dinan, T.G.; Cryan, J.F. Microbiota and neurodevelopmental windows: Implications for brain disorders. Trends Mol. Med. 2014, 20, 509–518. [Google Scholar] [CrossRef]

	



O’Mahony, S.M.; Clarke, G.; Borre, Y.E.; Dinan, T.G.; Cryan, J.F. Serotonin, tryptophan metabolism and the brain-gut-microbiome axis. Behav. Brain Res. 2015, 277, 32–48. [Google Scholar] [CrossRef] [PubMed]

	



Fung, T.C.; Olson, C.A.; Hsiao, E.Y. Interactions between the microbiota, immune and nervous systems in health and disease. Nat. Neurosci. 2017, 20, 145–155. [Google Scholar] [CrossRef] [PubMed]

	



Dalile, B.; Van Oudenhove, L.; Vervliet, B.; Verbeke, K. The role of short-chain fatty acids in microbiota–gut–brain communication. Nat. Rev. Gastroenterol. Hepatol. 2019, 16, 461–478. [Google Scholar] [CrossRef] [PubMed]

	



Dinan, T.G.; Cryan, J.F. Microbes, Immunity, and Behavior: Psychoneuroimmunology Meets the Microbiome. Neuropsychopharmacology 2017, 42, 178–192. [Google Scholar] [CrossRef]

	



Higuchi, T.; Yoshimura, M.; Oka, S.; Tanaka, K.; Naito, T.; Yuhara, S.; Warabi, E.; Mizuno, S.; Ono, M.; Takahashi, S.; et al. Modulation of methotrexate-induced intestinal mucosal injury by dietary factors. Hum. Exp. Toxicol. 2020, 39, 500–513. [Google Scholar] [CrossRef] [PubMed]

	



Wardill, H.R.; da Silva Ferreira, A.R.; Cloo, S.L.; Havinga, R.; Harmsen, H.J.M.; Vermeij, W.P.; Tissing, W.J.E. Pre-therapy fasting slows epithelial turnover and modulates the microbiota but fails to mitigate methotrexate-induced gastrointestinal mucositis. Gut Microbes 2020, 12, 1809332. [Google Scholar] [CrossRef] [PubMed]

	



Llorenç, V.; Nakamura, Y.; Metea, C.; Karstens, L.; Molins, B.; Lin, P. Antimetabolite Drugs Exhibit Distinctive Immunomodulatory Mechanisms and Effects on the Intestinal Microbiota in Experimental Autoimmune Uveitis. Investig. Opthalmol. Vis. Sci. 2022, 63, 30. [Google Scholar] [CrossRef]

	



Nomura, M.; Nagatomo, R.; Doi, K.; Shimizu, J.; Baba, K.; Saito, T.; Matsumoto, S.; Inoue, K.; Muto, M. Association of Short-Chain Fatty Acids in the Gut Microbiome With Clinical Response to Treatment With Nivolumab or Pembrolizumab in Patients With Solid Cancer Tumors. JAMA Netw. Open 2020, 3, e202895. [Google Scholar] [CrossRef]

	



Chen, S.-J.; Chen, C.-C.; Liao, H.-Y.; Lin, Y.-T.; Wu, Y.-W.; Liou, J.-M.; Wu, M.-S.; Kuo, C.-H.; Lin, C.-H. Association of Fecal and Plasma Levels of Short-Chain Fatty Acids With Gut Microbiota and Clinical Severity in Patients With Parkinson Disease. Neurology 2022, 98, e848–e858. [Google Scholar] [CrossRef] [PubMed]








[image: Biomedicines 12 00908 g001] 





Figure 1. Experimental paradigm. 
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Figure 2. (A) Alpha diversity index, measured by Chao1 richness estimator, and Shannon index were not significantly changed. (B) Beta diversity index measured by unweighted unifraction distance revealed that local species within groups were changed by MTX treatment. (C) PCoA coordinate matrix analysis demonstrated that local species within groups were changed by MTX treatment. (D) Firmicutes/Bacteroidetes ratio was decreased in the MTX-treated group. (E) Relative abundances of the top 10 clusters of bacteria at the phylum level were changed in the MTX-treated group. (F) Relative abundances of the top 10 clusters of bacteria at the family level were changed in the MTX-treated group (values were shown as percentage). (G) Linear discriminant analysis (LDA) effect size (LEfSe) analysis found change in bacteria at the genus level after MTX stimulation. (green bar: taxa found in greater relative abundance in the CTP group; red bars: taxa found in greater relative abundance in XTP). LDA scores higher than 3 were shown with significant changes. CTP: sham groups; XTP: MTX-treated groups. *: p < 0.05 vs. CTP; **: p < 0.01 vs. CTP. N = 10 in CTP; N = 12 in XTP. 
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Figure 3. Significant changes in relative abundance of bacteria at the genus level were examined via LEfSe analysis. The left panel represented bacteria down-regulated in responses to MTX treatment (A,C,E,G). The right panel represented bacteria up-regulated in responses to MTX treatment (B,D,F,H). LDA scores higher than 3 were shown with significant changes. Mann–Whitney U test was performed to examine the significant differences between CTP and XTP groups. CTP: sham groups; XTP: MTX-treated groups. N = 10 in CTP; N = 12 in XTP. 
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Figure 4. KEGG pathway under metabolism and enriched KEGG pathways in categories of metabolism (A), genetic information processing (B), and the organismal system (C), at classification levels 2 and 3. The bar plots show relative abundance (%). Statistical analysis was performed by independent t-test, p < 0.05. 
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Figure 5. Scheme of short-chain fatty acid metabolism pathway affected by MTX. Genes highlighted in red were verified by real-time PCR followed by t-test statistical analysis. Up arrow indicates up-regulated genes compared to the CTP group, p < 0.05; down arrow shows down-regulated genes compared to the CTP group, p < 0.05. CTP: sham groups; XTP: MTX-treated groups. N = 8 in each group. 
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Figure 6. Neurotransmitter dysregulation and alteration in neurosynaptic communication following MTX treatment. The genes labeled in green and italics were down-regulated following MTX by independent t-test compared to the CTP group, p < 0.05. The genes labeled in red and italics were up-regulated following MTX by an independent t-test compared to the CTP group, p < 0.05. The red arrows with a down direction represented a decreased production of the corresponding metabolites. The red arrows with an up direction represented an increased production of the corresponding metabolites. Glul: K01915 Glutamine synthetase; Comt: K00545 Catechol O-methyltransferase; Maoa: K00274 Monoamine oxidase; Pld1/2: K01115 Phospholipase D1/2; Ddc:K01593 Aromatic-l-amino-acid/l-tryptophan decarboxylase; Gad 1/2: K01580 Glutamate decarboxylase; Gls: K01425 Glutaminase; Tyr: K00505 Tyrosinase. 
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Figure 7. Levels of plasma SCFA and hippocampus NT metabolites were highly affected by MTX treatment. (A) Plasma levels of SCFAs including acetic acid, butyric acid, and propionic acid were significantly reduced in MTX groups. (B) Changes in 17 NT metabolites in the hippocampus after MTX treatment, analyzed by UHPLC-MS/MS, are shown in the heat map. Values were calculated as the z-score and an independent t-test analysis was performed. *: compared to CTP, p < 0.05; **: compared to CTP, p < 0.01. (C) Correlations between genus and metabolites in the plasma and hippocampus. The 17 bacteria, on the genus level, were selected in metagenomeSeq data. Spearman’s coefficients were indicated by a color gradient from blue (negative correlation) to red (positive correlation). *: p < 0.05; **: p < 0.01. Tyr: l-Tyrosine; LDOPA: 3,4-Dihydroxyphenylalanine; DA: dopamine; Trp: l-Tryptophan; 5HTP: 5-Hydroxytryptophan; TrpA: Tryptamine; 5HT: Serotonin; GSH: Glutathione; Asp: l-Aspartate; Asn: l-Asparagine; Glu: l-Glutamate; GABA: 4-Aminobutyric acid; Gln: l-Glutamine; Ach: Acetylcholine; E: Epinephrine; NE: Norepinephrine; Hist: Histamine. Metabolites shown in red were associated with learning and memory function in the brain. 
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Table 1. Verification of expression for genes responsible for SCFA and neurotransmitter production in cortex and hippocampus. mRNA levels were verified in cortex and hippocampus (Hippo) tissues. Direction of arrow up or down shows up-regulation or down-regulation, respectively, in the XTP group compared to the CTP group. An independent t-test was used to test the significant differences between groups. Significance of expression change: —non-significant; ↓/↑—significant, p < 0.05; ↓↓/↑↑—significant, p < 0.01. CTP: sham group; XTP: MTX-treated group. N = 8 in each group.
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