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Abstract

:

Transient receptor potential (TRP) channel family proteins are sensors for pain, which sense a variety of thermal and noxious chemicals. Sensory neurons innervating the gut abundantly express TRPA1 and TRPV1 channels and are in close proximity of gut microbes. Emerging evidence indicates a bi-directional gut–brain cross-talk in several entero-neuronal pathologies; however, the direct evidence of TRP channels interacting with gut microbial populations is lacking. Herein, we examine whether and how the knockout (KO) of TRPA1 and TRPV1 channels individually or combined TRPA1/V1 double-knockout (dKO) impacts the gut microbiome in mice. We detect distinct microbiome clusters among the three KO mouse models versus wild-type (WT) mice. All three TRP-KO models have reduced microbial diversity, harbor higher abundance of Bacteroidetes, and a reduced proportion of Firmicutes. Specifically distinct arrays in the KO models are determined mainly by S24-7, Bacteroidaceae, Clostridiales, Prevotellaceae, Helicobacteriaceae, Rikenellaceae, and Ruminococcaceae. A1KO mice have lower Prevotella, Desulfovibrio, Bacteroides, Helicobacter and higher Rikenellaceae and Tenericutes; V1KO mice demonstrate higher Ruminococcaceae, Lachnospiraceae, Ruminococcus, Desulfovibrio and Mucispirillum; and A1V1dKO mice exhibit higher Bacteroidetes, Bacteroides and S24-7 and lower Firmicutes, Ruminococcaceae, Oscillospira, Lactobacillus and Sutterella abundance. Furthermore, the abundance of taxa involved in biosynthesis of lipids and primary and secondary bile acids is higher while that of fatty acid biosynthesis-associated taxa is lower in all KO groups. To our knowledge, this is the first study demonstrating distinct gut microbiome signatures in TRPA1, V1 and dKO models and should facilitate prospective studies exploring novel diagnostic/ therapeutic modalities regarding the pathophysiology of TRP channel proteins.
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1. Introduction


The transient receptor potential (TRP) channel family of proteins are known as a detector for various external and internal stimuli and react to an array of changes in temperatures, acidic and basic pH, osmolarity, odorants, chemicals, intracellular lipid mediators such as anandamide and lipoxygenase products, fatty acids and mechanical stimuli [1,2,3]. Among these, temperature sensation through TRP channels provides critical information about environment and triggers perceptual reflexes and responses ranging from sensation to pain. Hence, TRP receptors that sense thermal- and chemical-induced pain are an important receptor family involved in generation of pain. Expressed by primary afferent neurons, both TRPA1 (activated by extreme cold) and TRPV1 (major mammalian sensor of noxious heat) function as a sensor for detecting inside and outside painful stimuli, temperature and inflammation [4]. Sensory neurons innervating the gut abundantly express TRPA1 and TRPV1 channels [5], and are in close proximity to a highly diverse and complex community comprising trillions of microbes living in the intestinal tract (gut microbiome).



Recent and ever-mounting evidence has revealed the critical role of the gut microbiome in a wide array of pathologies including, but not limited to, gastrointestinal, metabolic, cardiovascular, neurological, and psychiatric disorders [6]. However, data on the possible role of the gut microbiome in pain-related pathophysiology outside of the gastrointestinal tract are scarce. Given the rapidly emerging evidence related to the interactions between the gut microbiome and the central nervous system (CNS), also known as the ‘gut–brain axis’ [7], it is reasonable to hypothesize that the gut microbiome may also be linked to the physiology of pain modulation through the prominent pain receptors including TRPs [8,9,10]. Several animal studies have shown that the gut microbiome plays an important role in the development of visceral pain [11,12] as well as neuropathic pain [13]. Several human studies have also reported gut microbiome alterations in patients with several visceral pain disorders including irritable bowel syndrome (IBS) [14,15,16], chronic dysfunctional pelvic pain [17,18], chronic fatigue syndrome [19,20], rheumatoid arthritis and spondyloarthropathies [21,22], and fibromyalgia [23,24]. Despite these reports, there is still no evidence of such gut microbiome alterations in the milieus involving non-visceral pain. Further, the specific and precise interaction between gut microbiome and TRP channels remains unclear. Emerging evidence indicates that the communication between gut and brain is bidirectional [7]. Neuronal lines of communication help the brain to regulate and control the gastrointestinal processes, while signals relayed back by the gastrointestinal tract (GIT) can influence both perception and host behavior [7]. The gut microbiome and its metabolites can influence the gut–brain axis [25] to change sensation in peripheral nerves, and perception circuits in the brain. Similarly, brain and sensory neurons innervating the gut can also influence microbial communities; however, whether and how TRP channels can influence the gut microbiome remains unknown.



Most recently, the involvement of bioactive lipids, such as the N-acylethanolamine (NAE) family whose main members are N-arachidonoylethanolamine (AEA), palmitoylethanolamide (PEA) and oleoilethanolamide (OEA), as well as the short-chain fatty acids (SCFAs) such as butyrate in the gut have been found to modulate peripheral and central neuronal processes [26]. More than 50 arachidonic acid- and linoleic acid-metabolites as well as lysophospholipids, and isoprenoids are among the endogenous TRP-channel sensitizers, activators and inhibitors, and modulate neuronal sensations [27,28,29,30,31]. Therefore, the lipid metabolism modulation in the gastrointestinal tract and the gut microbiome can influence the neuronal sensation and vice-versa. However, direct evidence of gut microbiome regulation by TRP channels is still lacking. Herein, we for the first time examine whether and how the individual knockout of TRPA1 and TRPV1 channels as well as the combined TRPA1/V1 double-knockout in mice impacts the gut microbiome and its metabolic pathways.




2. Results


2.1. Deletion of TRP-A1 and -V1 Channels Individually (KO) or Both -A1/V1 Together (dKO) Distinctly Impacts Gut Microbiome Diversity


The analysis of β-diversity (a measure of microbial diversity differences among the groups) of the gut microbiome reveals that the three different mouse models of TRPA1, TRPV1 and TRPA1/V1 dKO harbor distinct signatures of the gut microbiome when compared to their age- and gender-matched wild-type (TRP-WT) counterparts (Figure 1a). The β-diversity of microbiome signatures of three KOs are clustered distinctly from each other as well as from WT counterparts. The microbiomes of V1 KO and A1/V1 dKO are clustered relatively close to each other while the A1 KO is relatively closer to WT but still clearly distinct from other groups (Figure 1a, Supplementary Figure S1). Further analyses of α-diversity (a measure of microbial diversity within samples) indices (i.e., Chao1 (species richness), number of operational taxonomic units (OTUs)detected, phylogenetic diversity (PD) and Shannon index (species evenness)) also show that the three KOs mice harbor distinct populations of gut microbes indicated by significant differences in the α-diversity indices of the gut microbiome. The A1/V1 dKO mice show the lowest and most distinct pattern in terms of all α-diversity indices (Figure 1b–e). Overall, the α-diversity in A1 KO mice remains similar to that in WT mice while the V1 KO mice show marginally reduced indices of PD whole tree, observed number of OTUs, and species richness (Chao1) and evenness (Shannon) when compared to WT and A1 KO counterparts (Figure 1b–e). In contrast, A1/V1 dKO mice demonstrate remarkably reduced phylogenetic diversity, observed number of OTUs and species richness and evenness as compared to all of the other three groups of mice (Figure 1b–e).




2.2. Deletion of TRP-A1 and -V1 Channels Individually or Both -A1/V1 Together Generates Distinct Microbiome Composition in the Mouse Gut


The relative abundance of major phyla is found to be significantly distinct in three KO groups as compared to WT counterparts as well as to each other (Figure 2a), suggesting that each of these three TRP-genotypes developed a unique microbial phyla signature. All three KO groups have an increased proportion of phylum Bacteroidetes with the proportion being significantly highest in A1/V1 dKO mice followed by V1KO while the proportion in A1KO mice is only marginally higher (Figure 2a,c). Oppositely, the abundance of phylum Firmicutes demonstrates an inverse (of phylum Bacteroidetes) pattern characterized by the lowest proportion in the dKO mice versus all of the other groups (Figure 2a,b). Overall, the A1 KO mice show the highest ratio of Firmicutes to Bacteroidetes while the ratio in V1 KO mice is equivalent to that in WT mice, in contrast to the A1/V1 dKO mice that demonstrate a significantly lower ratio compared to all other three groups of mice (Figure 2e). Furthermore, the abundance of the third major phylum i.e., Proteobacteria is remarkably diminished in all of the three KO groups compared to WT counterparts (Figure 2d). The overall ratio of Gram-positive and -negative bacteria is significantly higher in A1- and V1-KO but significantly lower in A1V1dKO mice compared to WT counterparts (Figure 2f). In addition, all of the three KO models harbor remarkably higher ratios of obligate anaerobic bacteria over aerobic bacteria (Figure 2g). Subsequent analysis of relative abundance at the level of bacterial families and genera also reveal specifically distinct and unique arrays in all the four groups wherein the differences in the KOs versus WT groups are determined largely by the members of the families S24-7, Bacteroidaceae, unclassified Clostridiales family, Prevotellaceae, Helicobacteriaceae, Rikenellaceae, and Ruminococcaceae (Figure 2h–i). The organism-level phenotype analysis reveals a significantly higher proportion of OTUs corresponding to potential pathogenic bacteria in all the three KO models, with the proportion being highest in A1V1dKO followed by V1KO and A1KO (Figure 2j). Furthermore, the proportion of potential biofilm forming bacteria is significantly lower in all the three KO models versus WT mice (Figure 2k). In addition, the proportion of bacteria containing mobile elements is significantly lower while that of stress tolerant bacteria is higher in all the three KO groups versus WT counterparts (Supplementary Figure S2).



The analysis of relative abundance of major (top 15) bacterial taxa by hierarchal clustering clearly assorts the whole cohort into four distinct clusters driven by the type of the KO (Figure 3a), wherein A1 KO clusters close to the WT group whereas the V1 KO and A1/V1dKO groups are clustered as separate distinct clusters. Similar clustering is demonstrated by the further analysis of Log2-fold difference in the relative abundance of these bacterial taxa in KO versus WT mice wherein V1 KO and A1/V1 dKO are clustered together and distinctly apart from A1 KO group (Figure 3b). The A1 KO cluster is characterized mainly by the markedly lower abundance of Prevotella, Desulfovibrio, Bacteroides, and Helicobacter and a higher proportion of Rikenellaceae and Tenericutes; V1 KO mice demonstrate a relatively higher abundance of Ruminococcaceae, Lachnospiraceae, Ruminococcus, Desulfovibrio, and Mucispirillum, whereas the A1/V1 dKO groups are characterized by a higher proportion of members belonging to the taxa Bacteroidetes, Bacteroides and S24-7 and a lower abundance of Firmicutes, Ruminococcaceae, Oscillospira, Lactobacillus and Sutterella (Figure 3b). Further analysis of major bacterial taxa reveals several bacteria that are lower (Figure 3c) or higher (Figure 3d) in all the three knockout groups (although at different magnitudes) compared to the WT mice. Bacteria belonging to phyla Proteobacteria and Cyanobacteria, and families Prevotellaceae, Helicobacteriaceae, Porphyromonadaceae and Desulfovibrionaceae are lower in all the KOs mice whereas the population of phylum Bacteroidetes, and families S24-7, Rikenellaceae and Mogibacteriaceae is increased in all the three KOs compared to WT mice (Figure 3c,d).




2.3. Mice with TRP-A1 KO, -V1 KO and -A1/V1 dKO Genotypes Present Unique Gut Microbiome Signatures


We then perform Linear discriminatory analysis (LDA) Effect Size (LEfSe), analysis to identify bacterial taxa that are unique in each group (Figure 4a,b). As demonstrated by the LEfSe- generated cladogram (Figure 4a) as well as in terms of the LDA score (Figure 4b), the A1KO mice harbor a higher proportion of Firmicutes, Clostridia, Rikenella, Mollicutes and Lactobacillus whereas V1KO mice microbiomes are enriched with members of Clostridiales, Ruminococci, Lachnospira, Mogibacteria, Deferribacteriaceae, and Erysipelotrichaceae. The A1V1dKO group is characterized by a higher proportion of the members of the phylum Bacteroidetes including the representative genus Bacteroides as well as the next representative family S24_7. Furthermore, all the three knockout groups have lower populations of Proteobacteria, Helicobacter, Prevotella, Sutteralla, Parabacteroides, Dehalobacterium and Cyanobacteria when compared to the WT mice.



In addition to these uniquely abundant bacterial signatures, we also find several taxa that are unique in terms of their detection rate in the feces of mice with different TRP genotypes (Figure 4c). As shown in the form of a heat-map in Figure 4c, OTUs belonging to the bacterial taxa Odoribacter, Paraprevotella, AF12, Bilophila and Desulfovibrionaceae are detected in all the WT mice (detection rate: 100%) but remain undetected (detection rate: 0%) in all of the three KO mice, thereby indicating their association with the host TRP-genotype status. In addition, OTUs belonging to taxa Peptococcaceae, Erysipelotrichaceae, RF39, Clostridiaceae and genus Dorea are vanished in A1/V1 dKO mice but not in -A1 or -V1 KO mice. The genus Anaeroplasma is detected in A1 KO mice but remains completely undetected in WT as well as in V1 and A1/V1 dKO mice. In addition, the detection rate of Mucispirillum and an unclassified family of Bacteroidales is significantly lower only in A1 KO mice but not in V1 KO or A1/V1 dKO mice. On the other hand, the genus Allobacullum remains undetected in A1 KO and A1/V1 dKO mice but is detected in 57% of V1 KO mice. This indicates that TRP-gene deletion not only changes the overall microbiome signature, but also represents a unique microbial signature for each genotype.




2.4. Microbiome-Related Metabolic Functions Involved in Biosynthesis and Metabolism of Lipid and Fatty Acids are Distinctly Modulated upon Deletion of Specific TRP Channels


The analysis of Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt)-inferred functional categorization of the gut microbiome followed by the Clusters of Orthologous Groups (COG) classification revealed many metagenomic functions related to the biosynthesis or metabolism of various lipids, fatty acids, carbohydrates, amino acids, vitamins, and other co-factors that were found to be significantly different between the different host genotypes. Of all these unique predicted functions (Supplementary Figure S3), the abundance of Kyoto encyclopedia of genes and genomes (KEGG) pathways particularly associated with the biosynthesis or metabolism of lipid and fatty acids were found to be unique in each of the three KO mouse models (Figure 5a). Interestingly, the abundance of gene families associated with the biosynthesis of lipids as well as the primary and secondary bile acids was found to be significantly higher in all of the three KO mice versus the WT mice. In contrast, the abundance of OTUs associated with overall fatty acid biosynthesis was found to be significantly lower in all these three TRP-KO groups. Whereas, the abundance of fatty acid metabolism-related families was significantly higher only in A1- and V1- KOs but not in dKO mice. The abundance of glycerophospholipid metabolism related OTUs was significantly higher in A1 KO mice as compared to WT as well as to V1 KO and TRPA1/V1 dKO mice. In addition, the abundance of OTUs associated with linoleic acid metabolism was significantly higher in V1 KO and -A1/V1dKO but not in TRPA1 KO mice. Further analysis of the direct correlation of the abundance of these functional orthologs with the abundance of bacterial taxa revealed a distinct array of correlations of specific bacteria with the biosynthesis or metabolism of lipids and fatty acids (Figure 5b). OTUs belonging to the taxa Enterococcaceae-RF39, Tenericutes, Anaeroplasma, Clostridiales, Firmicutes, Coprococcus, Ruminococcaceae, Erysipelotrichaeae, Aldercreutzia, Lactobacillus, and Dorea were correlated negatively with the metagenomic functions related to lipids and fatty acids metabolism but positively with those related to biosynthesis. In contrast, OTUs belonging to bacterial taxa Bacteroidetes, S24_7, Bacteroides and Prevotella correlated positively with biosynthesis but negatively with the metabolism of lipids and fatty acids (Figure 5b). The data indicate that TRPA1, TRPV1 and TRPA1/V1 deletion developed unique microbiome signatures that perform unique metabolic functions for modulation of lipid and bile acid metabolisms.





3. Discussion


In this study, we examine the gut microbiome diversity and composition in TRPA1, V1, and A1/V1 knockout mice in comparison to their wild-type counterparts and identify distinct sets of gut bacterial signatures associated with the knockout of specific TRP genes involved in the pathophysiology of pain.



The gut microbiome analysis clearly reveals four distinct clusters (Figure 1a) specific for four separate groups of mice viz. TRPA1 KO, -V1 KO, -A1/V1 dKO and TRP wild-type mice, thereby indicating different microbiome signatures between these four groups of mice. In addition, the α-diversity indices demonstrate a patterned decline in the bacterial diversity in the KO versus WT groups (Figure 1b) with diversity being modestly reduced in A1KO followed by considerably reduced in V1 KO while being remarkably reduced in the A1/V1dKO mice. Interestingly, both α- and β-diversity analyses show V1 KO and A1/V1 dKO mice to be closer to each other in comparison to TRP-WT and A1KO, indicating that both A1 and V1 knockouts may induce very distinct magnitudes of impact on the gut microbiota diversity and composition. Notably, this decline in the microbial diversity concurs with several studies reporting reduced microbiome diversity in several pain-related disorders, such as fibromyalgia and myalgic encephalomyelitis, chronic fatigue syndrome [19,23,24]. Interestingly, our further analyses in KO groups demonstrate a reduction in the abundance of several bacterial taxa typically associated, as commensals, with a typical murine microbiome, such as Prevotella, Helicobacter, Desulfovibrio, Sutterella, Parabacteroides, and Dehalobacterium (Figure 3c). These differences can be seen even at the highest level of taxonomic classification i.e., at the phylum level which shows a clear significant reduction in Proteobacteria in unison with an expansion in the abundance of Bacteroidetes (Figure 2a–d), thereby suggesting a dysbiotic (abnormal) microbiome spectrum in TRP KO versus WT mice. Since there is no consensus as such at present on the use of the term “dysbiosis” or its meaning, it may be noted that the term “dysbiosis” in here is simply used to refer to a different gut microbiome composition in experimental groups versus wild-type (without any inference to whether it is casually or causally associated with the genetic manipulation or a disease manifestation). Besides the evoked noxious painful response (and the microbiome differences reported in here), these mice do not display any other major phenotypes.



Dysbiosis of the gut microbiome is also commonly reported to be associated with an abnormal intestinal epithelial permeability (‘leaky gut’) which may abnormally increase the interaction of gut bacteria with the host intestinal immune system (e.g., gut-associated lymphoid tissues) as well as the enteric nervous system (enteric neurons, neurotransmitters, etc.) eventually leading to increased episodes of local inflammation [32]. Such dysbiotic events have been previously reported in patients with chronic abdominal pain and also in patients with chronic widespread pain such as fibromyalgia [23,24]. In our TRP KO models, we find a decrease in the abundance of several members of the Prevotellaceae, Paraprevotellaceae, Desulfovibrionaceae, Helicobacteriaceae and Clostridiaceae and an increase in the proportion of Bacteroidetes, Rikenellaceae and Mogibacteriaceae. Such differences in the intestinal carriage of gut commensal along with a reduced overall diversity of bacteria, many of which are gut commensals (as seen in the wild-type counterparts) and are also involved in the nutrient digestion and the production of beneficial SCFAs, might also hint that such spectrum of gut dysbiosis might also be implicated in the comorbidities associated with the pathophysiology of pain. Hence, further studies undertaking a more inclusive and particularly longitudinal investigation (the lack of which is a limitation of our small study) are warranted to corroborate these findings as well as to gain deeper understanding of this otherwise under-explored microbiome–pain link.



The role of lipids and fatty acids in the propagation of pain is known to be like two opposite sides of the same coin, which can either increase the pain sensitivity by activating the nociceptors present on the sensory neurons [33,34,35,36] or attenuate pain which is mediated by interaction with TRP channels [37,38,39]. Lipid mediators have previously been demonstrated to increase the pain sensitivity by activating G-protein coupled receptors (GPCR) that are linked through TRP channels acting downstream of the GPCR [40]. The anti-nociceptive effect of resolvins, the specialized proresolving lipid mediators, has been demonstrated to be due to the resolution of inflammation, which in turn facilitates reduction in pain sensitivity [41]. In addition, resolvins are the first endogenous inhibitors of TRPA1 and TRPV1 receptors that reduce pain by shutting the activity of these receptors by a G-protein regulated mechanism [42]. During inflammation, the levels of resolvins are increased significantly in our body, although the potential mechanism(s) involved in this significant increase remains unknown. Despite the fact that these lipid mediators have two opposite effects on pain, it might be plausible that what regulates their synthesis and metabolism might be potentially associated with the gut microbiome. TRP channels act as an internal and external sensor or gate-keeper to regulate the gut microbiome, which in turn modulate pain sensitivity by regulating its synthesis and metabolism. Most importantly, our data on changes in gut bacteria that are involved in lipid biosynthesis and metabolism in TRP-deficient mice will provide some important clues about the role of these microbiota in nociceptive and anti-nociceptive processing. Taken together, the exact role of these gut microbial groups needs further exploration.



TRP channels are expressed all along the gastrointestinal system wherein they act as molecular sensors and transducers and play a role in the regulation of a variety of functions [43,44]. Studies have shown that the TRP channels are expressed by primary afferent sensory neurons that arise from ganglia and enteric neurons which, conjunctly, innervate the intestinal tract [45,46]. Emerging evidence also shows the presence of TRP channels in gastrointestinal non-neuronal cells including enterocytes and enteroendocrine cells including enterochromaffin cells [44,47]. Specifically, TRPV1 is expressed in the gastrointestinal tract, mainly by primary afferent sensory neurons and enteric neurons and also by mucosal epithelial cells and enteroendocrine cells [48,49]. TRPA1 channels are also expressed in ganglia and enteric primary neurons, which protrude to the gut, and in mucosal cells [45]. Activation of these TRPA1- and TRPV1-expressing neurons release neurotransmitters that may lead to alterations in vascular, immune and smooth muscle functions in the intestine [50]. Both TRPV1 and TRPA1 channels are known to interact with each other in controlling the sensitization dorsal root ganglion neurons [51]; however, whether TRPA1 causes over-expression of TRPV1 or vice-versa remains unknown. At a cellular level, TRP channel proteins perform several functional roles in the gastrointestinal tract. These primarily include their role as molecular sensors and transductors of chemical and physical stimuli, and as effectors of ion channels and receptors, modulating the transport of cations across the plasma membrane [52]. TRP proteins are involved in various cellular functions due to their varied permeability to cations and their ability to influence intracellular Ca2+ and Mg2+ signaling [53]. In this context, the different microbiome signatures in these KO-mice might be an indirect effect, probably via alterations in Ca2+ or Mg2+ signals. It has been proposed that the TRP proteins are Ca2+ channel/transporters [54]. The Ca2+ homeostasis is maintained by efficient response mechanisms involving parathyroid glands, bone, the kidney as well as the intestine [55]. TRPV5 and V6 proteins have been found to act as the gatekeepers of active Ca2+ and Mg2+ absorption processes in the intestine [53,55], and dysregulation of this influx pathway has been found to be correlated with intestinal malabsorption of Ca2+ and Mg2+ [56]. However, whether and how TRPA1 and V1 proteins are linked with these signaling influxes remains unknown and requires further investigation. In addition to their contributing role in the absorption of Ca2+ and Mg2+, TRP channels play a role in secretory mechanisms of the gastrointestinal tract and modulate the alimentary canal motility, contributing to the control of membrane potential and excitability of neurons and epithelial cells [57]. TRPA1, TRPV1 and several other TRP channels are also known to recognize and transduce signals coming from metabolites and environmental toxins, thereby playing an important role in the intrinsic control of a variety of gastrointestinal functions [58]. In addition, TRP channels are involved in the maintenance of blood flow, motor activity, secretory processes and mucosal homeostasis in the gastrointestinal tract and can also influence the function of immune cells such as CD4+ T-cells [45,59]. TRPV1 has also been found to play a role in the intestinal inflammation, pain and hyperalgesia [60]. TRPV1 is upregulated and sensitized during inflammation episodes and its mucosal expression has been found to be linked with pain severity related to functional disorders including irritable bowel syndrome, and quiescent ulcerative colitis and Crohn’s disease [60]. Similarly, TRPA1 has also been found to be upregulated in the intestine of mouse models and human subjects with colitis, ulcerative colitis and Crohn’s disease [61]. The TRPA1 activation on visceral sensory neurons has been shown to stimulate specific neuropeptides, which leads to vasodilatation, local inflammation and mechanical hyperalgesia in the gastrointestinal tract [62]; however, different studies have attributed both pro- and anti-inflammatory effects to TRPA1. Notably, TRPA1 and TRPV1 have also been implicated in the maintenance of immune homeostasis in the gut plausibly via interaction with the gut microbiome. Hence, particularly considering the differences between the distinct intestinal compartments (small and large intestine), further studies are needed to elucidate the precise role of TRP channels in the pathophysiology of gastrointestinal inflammation and diseases. Moreover, further studies using specific Cre-mediated knockout models will be able to decipher if these microbiome differences are exclusively due to gut-specific or systemic KO of TRPs.



The results reported here are, to the best of our knowledge, the first to demonstrate gut microbiome differences in TRPA1 and V1 knockout as well as A1/V1 dKO mice in comparison to their wild-type counterparts. Some of the bacterial taxa reported here have previously been known to be involved in several host metabolic pathways whose association with the neuronal channels involved in pain might be biologically plausible. Moreover, there appears to be a somewhat quantitative association between the abundance of several taxa and the type of TRP channel knockout, hinting at the potential connection between TRP channel proteins and the gut microbiome. Pertaining to the limitations of the present study, it may be noted that our microbiome compositional and functional data are limited to the results obtained from the high-throughput sequencing of the bacterial 16S rRNA gene only and thus the data of microbiome composition and predicted functions should be interpreted conservatively. Further studies employing the whole bacterial metagenomic sequencing approach and also the targeted and untargeted metabolomics analysis of gut microbial metabolites would not only be able to identify more and novel microbial and metabolic biomarkers but may also upgrade the characterization of potentially implicated biological mechanisms and pathways underlying the pain pathophysiology. In addition, further studies employing germ-free models, microbiota transplant strategy, and specific Cre-mediated KO models will be important to examine and validate the casual versus causal implication of gut microbes in pain perception and thermoregulation. It should also be noted that the findings reported in here are from well-established but still rodent models. Hence, it is difficult to be certain whether and how the detected microbiome differences in these TRP KO mice would extrapolate or translate to the human milieus. Furthermore, human subjects suffering from impaired pain perception or pain-related disorders are also highly likely to have a different dietary and lifestyle routines and undertake different therapeutic regimens, all of which could influence their gut microbiota assemblage. Further and more comprehensive studies examining the possible microbiome changes in other similar genotypes and phenotypes of pain and exploring the potential causal versus casual association between the gut microbiome and pain physiology should endeavor to validate and further comprehend this otherwise under-explored microbiome–pain axis. Nevertheless, the data offer avenues to broaden our understanding of the pathophysiology of pain and perhaps could also facilitate outlining the future diagnostic and therapeutic modalities. Exploration of mechanisms by which the gut microbiome and microbial metabolites may affect the functions of TRP receptors could offer novel insights into the pathophysiology of pain and might also possibly lead to the use of microbiome data in the diagnosis of pain in the future. Indeed, if a causal relationship between the gut microbiome and the pathophysiology of pain is established, the way may be paved for the development of novel diagnostic and treatment strategies exploiting this intriguing community of gut microbes. Hence, our data should help to shed some new light on the pathophysiology of pain in the particular context of the intestinal microbial ecosystem and may help reveal novel markers within a biological and physiological framework while improving our understanding of this relatively unknown phenomena of TRP-related pain sensation.




4. Materials and Methods


Animals. All experiments and procedures were performed in accordance with the North Carolina State University laboratory animal care. The KO mice were generated as per the methods detailed elsewhere [63,64]. Briefly, the KO mice were back-crossed with C57BL6 background for several generations and then KO and control littermates were crossed separately to obtain WT littermates and KO mice. All the genotypes were maintained in similar environment conditions. The mice (male; n = 7 per group) were 10–12 weeks old at the time of mechanical pain measurements and the fecal collection. Validation of knockout was assessed by measuring mechanical pain using a von-Frey apparatus (Ugo Basile, Trappe, PA, USA), as described in our previous study [65].



Gut microbiome analysis. Gut microbiome was examined as per our previously described methods [66,67,68,69,70]. Briefly, bacterial genomic DNA from fecal specimens was extracted by using a Qiagen DNA Stool Mini Kit (Qiagen, Valencia, CA, USA) with a slight modification described previously [66]. The V4 hypervariable region of the 16S rDNA gene was PCR amplified using the universal primers 515F (barcoded) and 806R; the resulting amplicons were cleaned up with AMPure® magnetic purification beads (Beckman Coulter, Indianapolis, IN, USA); the purified products were quantified using the Qubit-3 fluorimeter (InVitrogen, Carlsbad, CA, USA) and the amplicon library was generated according to methods described elsewhere [71]. The purified PCR product was pooled in equal molar concentrations and sequenced on an Illumina MiSeq platform using 2 × 300 bp reagent kit (MiSeq reagent kit v3; Illumina Inc., San Diego, CA, USA) for paired-end sequencing. The obtained sequences generated were de-multiplexed, quality-filtered, clustered, and taxonomically assigned against Greengenes database with RDP-classifier using the Quantitative Insights into Microbial Ecology (QIIME; http://qiime.org/) software package [72] as described previously [67,68,69]. To avoid bias due to different sequencing depths, the sequences were rarefied to the lowest number of sequences per sample for downstream analyses. Alpha-diversity indices were computed within QIIME. Beta diversity was analyzed using principal coordinate analysis (PCoA) of the unweighted and weighted Unifrac distance (using EMPeror version 0.9.3-dev, https://biocore.github.io/emperor/). Bacterial taxonomy assignment was calculated within QIIME using the default settings to compare the bacterial diversity and abundance between the different groups. The proportions of microbial organism-level phenotypes were computed using the open-source algorithm BugBase. The metabolic and other functional activities were computed using the open source bioinformatics tool Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt; http://picrust.github.io/picrust/) [73]. The sequences were uploaded to PICRUSt and were analyzed for the prediction of functional genes of the classified members of the gut microbiota against Greengenes database. Subsequently, the inferred gene families were annotated against Kyoto encyclopedia of genes and genomes (KEGG) orthologs (Kos) and then collapsed into KEGG pathways to generate the functional pathway. The functions were finally categorized and compared at levels 2 and 3 as per the methods described elsewhere [73].



Statistical analyses. α-diversity indices and bacterial abundance between TRP wild-type and KO mice were compared using Kruskal–Wallis test followed by Dunn’s post-hoc multiple pairwise comparison test. Hierarchical clustering and heat-maps depicting the patterns of abundance and log values were constructed R statistical software package (version 3.6.0; https://www.r-project.org/) using the ‘heatmap.2′ and “ggplots” packages. Linear discriminatory analysis (LDA) Effect Size (LEfSe; https://galaxyproject.org/learn/visualization/custom/lefse/) [74] was used to identify discriminative features (unique bacterial taxa) that drive differences in KO versus WT mice. Differences in β-diversity were tested by permutational multivariate analysis of variance, a permutation-based multivariate analysis of variance to a matrix of pairwise distance to partition the inter-group and intra-group distance. Correlation between bacterial abundance and the index of pain measurement was estimated by Spearman’s rank correlation coefficient test (GraphPad Prism software system, version 6.0; https://www.graphpad.com/scientific-software/prism/). In all experiments, significance threshold was set at p < 0.05. Unless otherwise stated, all the values presented herein are means ± standard error of mean (SEM).








Supplementary Materials


The following are available online at https://www.mdpi.com/2076-0817/9/9/753/s1, Figure S1: Hierarchical clustering depicting the closeness of mouse models of TRPA1 knockout (A1KO), TRPV1 knockout (V1KO) and TRPA1V1 double-knockout (A1V1dKO) and TRP wild-type (TRP-WT) to each other on the basis of Euclidean distance between their gut microbiome beta-diversity, Figure S2: Proportions of gut microbiome phenotypes in the mouse models of TRPA1 knockout, TRPV1 knockout and TRPA1V1 double-knockout versus TRP wild-type (TRP-WT) counterparts, Figure S3: LEfSe plot showing the predicted gut microbial metagenomic functions and pathways that are unique in mouse models of TRPA1 knockout (A1KO), TRPV1 knockout (V1KO) and TRPA1V1 double-knockout (A1V1dKO) as well as in TRP wild-type (TRP-WT) counterparts.





Author Contributions


R.N.: measured microbiome, analyzed data, wrote manuscript; S.K.M. and H.Y.: conceived and designed research; S.K.M.: overlooked mice maintenance and performed mouse experiments; S.K.M., H.Y. and G.D.: interpreted results of experiments and data analyses; H.Y., S.K.M. and G.D.: revised and edited manuscript; R.N., H.Y., S.K.M. and G.D.: approved final version of manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


The authors are highly thankful for grant support from the National Institutes of Health (R01AG018915), the Pepper Older Americans for Independence Center (P30AG21332), and the Department of Defense (W81XWH-18-1-0118 and W81XWH-19-1-0236), as well as the funds and services provided from the Wake Forest School of Medicine, the North Carolina State University, the National Center for Advancing Translational Sciences (NCATS), and the National Institutes of Health-funded Wake Forest Clinical and Translational Science Institute (WF CTSI) through Grant Award Number UL1TR001420.




Acknowledgments


The authors thank all the participating researchers, technicians and staff members of the animal facilities and laboratory members for their consistent help during this study.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Vandewauw, I.; De Clercq, K.; Mulier, M.; Held, K.; Pinto, S.; Van Ranst, N.; Segal, A.; Voet, T.; Vennekens, R.; Zimmermann, K. A TRP channel trio mediates acute noxious heat sensing. Nature 2018, 555, 662. [Google Scholar] [CrossRef] [PubMed]

	



Dhaka, A.; Uzzell, V.; Dubin, A.E.; Mathur, J.; Petrus, M.; Bandell, M.; Patapoutian, A. TRPV1 is activated by both acidic and basic pH. J. Neurosci. 2009, 29, 153–158. [Google Scholar] [CrossRef] [PubMed]

	



Motter, A.L.; Ahern, G.P. TRPA1 is a polyunsaturated fatty acid sensor in mammals. PLoS ONE 2012, 7, e38439. [Google Scholar] [CrossRef]

	



Mishra, S.K.; Tisel, S.M.; Orestes, P.; Bhangoo, S.K.; Hoon, M.A. TRPV1-lineage neurons are required for thermal sensation. EMBO J. 2011, 30, 582–593. [Google Scholar] [CrossRef] [PubMed]

	



Holzer, P. TRP channels in the digestive system. Curr. Pharm. Biotechnol. 2011, 12, 24–34. [Google Scholar] [CrossRef] [PubMed]

	



Lynch, S.V.; Pedersen, O. The human intestinal microbiome in health and disease. N. Engl. J. Med. 2016, 375, 2369–2379. [Google Scholar] [CrossRef] [PubMed]

	



Eisenstein, M. Bacterial broadband. Nature 2016, 533, S104–S106. [Google Scholar] [CrossRef]

	



Cryan, J.F.; Dinan, T.G. Mind-altering microorganisms: The impact of the gut microbiota on brain and behaviour. Nat. Rev. Neurosci. 2012, 13, 701. [Google Scholar] [CrossRef]

	



Bauer, K.C.; Huus, K.E.; Finlay, B.B. Microbes and the mind: Emerging hallmarks of the gut microbiota–brain axis. Cell. Microbiol. 2016, 18, 632–644. [Google Scholar] [CrossRef]

	



Mayer, E.A.; Tillisch, K.; Gupta, A. Gut/brain axis and the microbiota. J. Clin. Investig. 2015, 125, 926–938. [Google Scholar] [CrossRef]

	



Cryan, J.F.; Dinan, T.G. More than a gut feeling: The microbiota regulates neurodevelopment and behavior. Neuropsychopharmacology 2015, 40, 241. [Google Scholar] [CrossRef] [PubMed]

	



O’Mahony, S.M.; Dinan, T.G.; Cryan, J.F. The gut microbiota as a key regulator of visceral pain. Pain 2017, 158, S19–S28. [Google Scholar] [CrossRef] [PubMed]

	



Shen, S.; Lim, G.; You, Z.; Ding, W.; Huang, P.; Ran, C.; Doheny, J.; Caravan, P.; Tate, S.; Hu, K. Gut microbiota is critical for the induction of chemotherapy-induced pain. Nat. Neurosci. 2017, 20, 1213. [Google Scholar] [CrossRef] [PubMed]

	



Tana, C.; Umesaki, Y.; Imaoka, A.; Handa, T.; Kanazawa, M.; Fukudo, S. Altered profiles of intestinal microbiota and organic acids may be the origin of symptoms in irritable bowel syndrome. Neurogastroenterol. Motil. 2010, 22, 512-e115. [Google Scholar] [CrossRef]

	



Theodorou, V.; Ait-Belgnaoui, A.; Agostini, S.; Eutamene, H. Effect of commensals and probiotics on visceral sensitivity and pain in irritable bowel syndrome. Gut Microbes 2014, 5, 430–629. [Google Scholar] [CrossRef]

	



Zhou, X.-Y.; Li, M.; Li, X.; Long, X.; Zuo, X.-L.; Hou, X.-H.; Cong, Y.-Z.; Li, Y.-Q. Visceral hypersensitive rats share common dysbiosis features with irritable bowel syndrome patients. World J. Gastroenterol. 2016, 22, 5211. [Google Scholar] [CrossRef]

	



Arora, H.C.; Eng, C.; Shoskes, D.A. Gut microbiome and chronic prostatitis/chronic pelvic pain syndrome. Ann. Transl. Med. 2017, 5, 30. [Google Scholar] [CrossRef]

	



Shoskes, D.A.; Wang, H.; Polackwich, A.S.; Tucky, B.; Altemus, J.; Eng, C. Analysis of gut microbiome reveals significant differences between men with chronic prostatitis/chronic pelvic pain syndrome and controls. J. Urol. 2016, 196, 435–441. [Google Scholar] [CrossRef]

	



Giloteaux, L.; Goodrich, J.K.; Walters, W.A.; Levine, S.M.; Ley, R.E.; Hanson, M.R. Reduced diversity and altered composition of the gut microbiome in individuals with myalgic encephalomyelitis/chronic fatigue syndrome. Microbiome 2016, 4, 30. [Google Scholar] [CrossRef]

	



Nagy-Szakal, D.; Williams, B.L.; Mishra, N.; Che, X.; Lee, B.; Bateman, L.; Klimas, N.G.; Komaroff, A.L.; Levine, S.; Montoya, J.G. Fecal metagenomic profiles in subgroups of patients with myalgic encephalomyelitis/chronic fatigue syndrome. Microbiome 2017, 5, 44. [Google Scholar] [CrossRef]

	



Zhang, X.; Zhang, D.; Jia, H.; Feng, Q.; Wang, D.; Liang, D.; Wu, X.; Li, J.; Tang, L.; Li, Y. The oral and gut microbiomes are perturbed in rheumatoid arthritis and partly normalized after treatment. Nat. Med. 2015, 21, 895. [Google Scholar] [CrossRef] [PubMed]

	



Wen, C.; Zheng, Z.; Shao, T.; Liu, L.; Xie, Z.; Le Chatelier, E.; He, Z.; Zhong, W.; Fan, Y.; Zhang, L. Quantitative metagenomics reveals unique gut microbiome biomarkers in ankylosing spondylitis. Genome Biol. 2017, 18, 142. [Google Scholar] [CrossRef] [PubMed]

	



Minerbi, A.; Gonzalez, E.; Brereton, N.J.; Anjarkouchian, A.; Dewar, K.; Fitzcharles, M.-A.; Chevalier, S.; Shir, Y. Altered microbiome composition in individuals with fibromyalgia. Pain 2019, 160, 2589–2602. [Google Scholar] [CrossRef] [PubMed]

	



Clos-Garcia, M.; Andrés-Marin, N.; Fernández-Eulate, G.; Abecia, L.; Lavín, J.L.; van Liempd, S.; Cabrera, D.; Royo, F.; Valero, A.; Errazquin, N. Gut microbiome and serum metabolome analyses identify molecular biomarkers and altered glutamate metabolism in fibromyalgia. EBioMedicine 2019, 46, 499–511. [Google Scholar] [CrossRef] [PubMed]

	



Bercik, P.; Collins, S.; Verdu, E. Microbes and the gut-brain axis. Neurogastroenterol. Motil. 2012, 24, 405–413. [Google Scholar] [CrossRef]

	



Russo, R.; Cristiano, C.; Avagliano, C.; De Caro, C.; La Rana, G.; Raso, G.M.; Canani, R.B.; Meli, R.; Calignano, A. Gut-brain axis: Role of lipids in the regulation of inflammation, pain and CNS diseases. Curr. Med. Chem. 2018, 25, 3930–3952. [Google Scholar] [CrossRef]

	



Ramsden, C.E.; Domenichiello, A.F.; Yuan, Z.-X.; Sapio, M.R.; Keyes, G.S.; Mishra, S.K.; Gross, J.R.; Majchrzak-Hong, S.; Zamora, D.; Horowitz, M.S. A systems approach for discovering linoleic acid derivatives that potentially mediate pain and itch. Sci. Signal. 2017, 10, eaal5241. [Google Scholar] [CrossRef]

	



Tigyi, G. Lipids: LPA activates TRPV1—And it hurts. Nat. Chem. Biol. 2012, 8, 22. [Google Scholar] [CrossRef]

	



Nieto-Posadas, A.; Picazo-Juárez, G.; Llorente, I.; Jara-Oseguera, A.; Morales-Lázaro, S.; Escalante-Alcalde, D.; Islas, L.D.; Rosenbaum, T. Lysophosphatidic acid directly activates TRPV1 through a C-terminal binding site. Nat. Chem. Biol. 2012, 8, 78. [Google Scholar] [CrossRef]

	



Jansen, C.; Shimoda, L.; Kawakami, J.; Ang, L.; Bacani, A.; Baker, J.; Badowski, C.; Speck, M.; Stokes, A.; Small-Howard, A. Myrcene and terpene regulation of TRPV1. Channels 2019, 13, 344–366. [Google Scholar] [CrossRef]

	



Sisignano, M.; Bennett, D.L.; Geisslinger, G.; Scholich, K. TRP-channels as key integrators of lipid pathways in nociceptive neurons. Prog. Lipid Res. 2014, 53, 93–107. [Google Scholar] [CrossRef] [PubMed]

	



Kamada, N.; Seo, S.-U.; Chen, G.Y.; Núñez, G. Role of the gut microbiota in immunity and inflammatory disease. Nat. Rev. Immunol. 2013, 13, 321. [Google Scholar] [CrossRef] [PubMed]

	



Ueda, H. Lysophosphatidic acid as the initiator of neuropathic pain. Biol. Pharm. Bull. 2011, 34, 1154–1158. [Google Scholar] [CrossRef]

	



Hill, R.Z.; Hoffman, B.U.; Morita, T.; Campos, S.M.; Lumpkin, E.A.; Brem, R.B.; Bautista, D.M. The signaling lipid sphingosine 1-phosphate regulates mechanical pain. eLife 2018, 7, e33285. [Google Scholar] [CrossRef] [PubMed]

	



Grenald, S.A.; Doyle, T.M.; Zhang, H.; Slosky, L.M.; Chen, Z.; Largent-Milnes, T.M.; Spiegel, S.; Vanderah, T.W.; Salvemini, D. Targeting the S1P/S1PR1 axis mitigates cancer-induced bone pain and neuroinflammation. Pain 2017, 158, 1733. [Google Scholar] [CrossRef]

	



Camprubí-Robles, M.; Mair, N.; Andratsch, M.; Benetti, C.; Beroukas, D.; Rukwied, R.; Langeslag, M.; Proia, R.L.; Schmelz, M.; Montiel, A.V.F. Sphingosine-1-phosphate-induced nociceptor excitation and ongoing pain behavior in mice and humans is largely mediated by S1P3 receptor. J. Neurosci. 2013, 33, 2582–2592. [Google Scholar] [CrossRef]

	



Park, C.-K.; Xu, Z.-Z.; Liu, T.; Lü, N.; Serhan, C.N.; Ji, R.-R. Resolvin D2 is a potent endogenous inhibitor for transient receptor potential subtype V1/A1, inflammatory pain, and spinal cord synaptic plasticity in mice: Distinct roles of resolvin D1, D2, and E1. J. Neurosci. 2011, 31, 18433–18438. [Google Scholar] [CrossRef]

	



Serhan, C.N. Pro-resolving lipid mediators are leads for resolution physiology. Nature 2014, 510, 92–101. [Google Scholar] [CrossRef]

	



Lim, J.Y.; Park, C.-K.; Hwang, S.W. Biological roles of resolvins and related substances in the resolution of pain. BioMed Res. Int. 2015, 2015, 830930. [Google Scholar] [CrossRef]

	



Hill, R.Z.; Morita, T.; Brem, R.B.; Bautista, D.M. S1PR3 mediates itch and pain via distinct TRP channel-dependent pathways. J. Neurosci. 2018, 38, 7833–7843. [Google Scholar] [CrossRef]

	



Ji, R.-R.; Xu, Z.-Z.; Strichartz, G.; Serhan, C.N. Emerging roles of resolvins in the resolution of inflammation and pain. Trends Neurosci. 2011, 34, 599–609. [Google Scholar] [CrossRef] [PubMed]

	



Choi, G.; Hwang, S.W. Modulation of the activities of neuronal ion channels by fatty acid-derived pro-resolvents. Front. Physiol. 2016, 7, 523. [Google Scholar] [CrossRef] [PubMed]

	



Camilleri, M. Physiological underpinnings of irritable bowel syndrome: Neurohormonal mechanisms. J. Physiol. 2014, 592, 2967–2980. [Google Scholar] [CrossRef] [PubMed]

	



Boesmans, W.; Owsianik, G.; Tack, J.; Voets, T.; Vanden Berghe, P. TRP channels in neurogastroenterology: Opportunities for therapeutic intervention. Br. J. Pharm. 2011, 162, 18–37. [Google Scholar] [CrossRef]

	



Holzer, P. Transient receptor potential (TRP) channels as drug targets for diseases of the digestive system. Pharmacol. Ther. 2011, 131, 142–170. [Google Scholar] [CrossRef]

	



Holzer, P.; Izzo, A.A. The pharmacology of TRP channels. Br. J. Pharm. 2014, 171, 2469–2473. [Google Scholar] [CrossRef] [PubMed]

	



Bellono, N.W.; Bayrer, J.R.; Leitch, D.B.; Castro, J.; Zhang, C.; O’Donnell, T.A.; Brierley, S.M.; Ingraham, H.A.; Julius, D. Enterochromaffin Cells Are Gut Chemosensors that Couple to Sensory Neural Pathways. Cell 2017, 170, 185–198.e116. [Google Scholar] [CrossRef]

	



Faussone-Pellegrini, M.S.; Taddei, A.; Bizzoco, E.; Lazzeri, M.; Vannucchi, M.G.; Bechi, P. Distribution of the vanilloid (capsaicin) receptor type 1 in the human stomach. Histochem. Cell Biol. 2005, 124, 61–68. [Google Scholar] [CrossRef]

	



Szallasi, A.; Cortright, D.N.; Blum, C.A.; Eid, S.R. The vanilloid receptor TRPV1: 10 years from channel cloning to antagonist proof-of-concept. Nat. Rev. Drug Discov. 2007, 6, 357–372. [Google Scholar] [CrossRef]

	



Allais, L.; De Smet, R.; Verschuere, S.; Talavera, K.; Cuvelier, C.A.; Maes, T. Transient Receptor Potential Channels in Intestinal Inflammation: What Is the Impact of Cigarette Smoking? Pathobiology 2017, 84, 1–15. [Google Scholar] [CrossRef]

	



Patil, M.J.; Salas, M.; Bialuhin, S.; Boyd, J.T.; Jeske, N.A.; Akopian, A.N. Sensitization of small-diameter sensory neurons is controlled by TRPV1 and TRPA1 association. FASEB J. 2020, 34, 287–302. [Google Scholar] [CrossRef] [PubMed]

	



Alaimo, A.; Rubert, J. The Pivotal Role of TRP Channels in Homeostasis and Diseases throughout the Gastrointestinal Tract. Int. J. Mol. Sci. 2019, 20, 5277. [Google Scholar] [CrossRef] [PubMed]

	



Smani, T.; Shapovalov, G.; Skryma, R.; Prevarskaya, N.; Rosado, J.A. Functional and physiopathological implications of TRP channels. Biochim. Biophys. Acta 2015, 1853, 1772–1782. [Google Scholar] [CrossRef]

	



Minke, B. TRP channels and Ca2+ signaling. Cell Calcium 2006, 40, 261–275. [Google Scholar] [CrossRef]

	



Hoenderop, J.G.; Nilius, B.; Bindels, R.J. Calcium absorption across epithelia. Physiol. Rev. 2005, 85, 373–422. [Google Scholar] [CrossRef]

	



van Abel, M.; Hoenderop, J.G.; Bindels, R.J. The epithelial calcium channels TRPV5 and TRPV6: Regulation and implications for disease. Naunyn Schmiedebergs Arch. Pharm. 2005, 371, 295–306. [Google Scholar] [CrossRef]

	



Clapham, D.E.; Runnels, L.W.; Strübing, C. The TRP ion channel family. Nat. Rev. Neurosci. 2001, 2, 387–396. [Google Scholar] [CrossRef] [PubMed]

	



Montell, C.; Birnbaumer, L.; Flockerzi, V. The TRP channels, a remarkably functional family. Cell 2002, 108, 595–598. [Google Scholar] [CrossRef]

	



Bertin, S.; Raz, E. Transient Receptor Potential (TRP) channels in T cells. Semin. Immunopathol. 2016, 38, 309–319. [Google Scholar] [CrossRef]

	



Akbar, A.; Yiangou, Y.; Facer, P.; Brydon, W.G.; Walters, J.R.; Anand, P.; Ghosh, S. Expression of the TRPV1 receptor differs in quiescent inflammatory bowel disease with or without abdominal pain. Gut 2010, 59, 767–774. [Google Scholar] [CrossRef]

	



Kun, J.; Szitter, I.; Kemény, A.; Perkecz, A.; Kereskai, L.; Pohóczky, K.; Vincze, A.; Gódi, S.; Szabó, I.; Szolcsányi, J.; et al. Upregulation of the transient receptor potential ankyrin 1 ion channel in the inflamed human and mouse colon and its protective roles. PLoS ONE 2014, 9, e108164. [Google Scholar] [CrossRef]

	



Kimball, E.S.; Prouty, S.P.; Pavlick, K.P.; Wallace, N.H.; Schneider, C.R.; Hornby, P.J. Stimulation of neuronal receptors, neuropeptides and cytokines during experimental oil of mustard colitis. Neurogastroenterol. Motil. 2007, 19, 390–400. [Google Scholar] [CrossRef]

	



Caterina, M.J.; Leffler, A.; Malmberg, A.B.; Martin, W.J.; Trafton, J.; Petersen-Zeitz, K.R.; Koltzenburg, M.; Basbaum, A.I.; Julius, D. Impaired nociception and pain sensation in mice lacking the capsaicin receptor. Science 2000, 288, 306–313. [Google Scholar] [CrossRef] [PubMed]

	



Kwan, K.Y.; Allchorne, A.J.; Vollrath, M.A.; Christensen, A.P.; Zhang, D.S.; Woolf, C.J.; Corey, D.P. TRPA1 contributes to cold, mechanical, and chemical nociception but is not essential for hair-cell transduction. Neuron 2006, 50, 277–289. [Google Scholar] [CrossRef] [PubMed]

	



Pitake, S.; DeBrecht, J.; Mishra, S.K. Brain natriuretic peptide-expressing sensory neurons are not involved in acute, inflammatory, or neuropathic pain. Mol. Pain 2017, 13, 1744806917736993. [Google Scholar] [CrossRef] [PubMed]

	



Ahmadi, S.; Nagpal, R.; Wang, S.; Gagliano, J.; Kitzman, D.W.; Soleimanian-Zad, S.; Sheikh-Zeinoddin, M.; Read, R.; Yadav, H. Prebiotics from acorn and sago prevent high-fat-diet-induced insulin resistance via microbiome–gut–brain axis modulation. J. Nutr. Biochem. 2019, 67, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



Nagpal, R.; Shively, C.A.; Appt, S.A.; Register, T.C.; Michalson, K.T.; Vitolins, M.Z.; Yadav, H. Gut microbiome composition in non-human primates consuming a western or mediterranean diet. Front. Nutr. 2018, 5, 28. [Google Scholar] [CrossRef]

	



Nagpal, R.; Mishra, S.P.; Yadav, H. Unique Gut Microbiome Signatures Depict Diet-Versus Genetically Induced Obesity in Mice. Int. J. Mol. Sci. 2020, 21, 3434. [Google Scholar] [CrossRef]

	



Nagpal, R.; Neth, B.J.; Wang, S.; Craft, S.; Yadav, H. Modified Mediterranean-ketogenic diet modulates gut microbiome and short-chain fatty acids in association with Alzheimer’s disease markers in subjects with mild cognitive impairment. EBioMedicine 2019, 47, 529–542. [Google Scholar] [CrossRef]

	



Ahmadi, S.; Wang, S.; Nagpal, R.; Wang, B.; Jain, S.; Razazan, A.; Mishra, S.P.; Zhu, X.; Wang, Z.; Kavanagh, K.; et al. A human-origin probiotic cocktail ameliorates aging-related leaky gut and inflammation via modulating the microbiota/taurine/tight junction axis. JCI Insight 2020, 5. [Google Scholar] [CrossRef]

	



Caporaso, J.G.; Lauber, C.L.; Walters, W.A.; Berg-Lyons, D.; Huntley, J.; Fierer, N.; Owens, S.M.; Betley, J.; Fraser, L.; Bauer, M. Ultra-high-throughput microbial community analysis on the Illumina HiSeq and MiSeq platforms. ISME J. 2012, 6, 1621. [Google Scholar] [CrossRef] [PubMed]

	



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

	



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

	



Segata, N.; Izard, J.; Waldron, L.; Gevers, D.; Miropolsky, L.; Garrett, W.S.; Huttenhower, C. Metagenomic biomarker discovery and explanation. Genome Biol. 2011, 12, R60. [Google Scholar] [CrossRef]








[image: Pathogens 09 00753 g001 550] 





Figure 1. Distinct patterns of gut microbiome diversity in mouse models of transient receptor potential (TRP)A1 knockout, TRPV1 knockout and TRPA1V1 double-knockout as compared to each other as well as to the TRP wild-type counterparts. (a) Beta-diversity (PCoA) plot of the gut microbiome in mouse models of TRPA1 knockout (A1KO), TRPV1 knockout (V1KO) and TRPA1V1 double-knockout (A1V1dKO) versus TRP wild-type (TRP-WT) counterparts. (b–e) Alpha-diversity indices i.e., PD whole tree (phylogenetic diversity), Observed number of operational taxonomic units (OTUs), Chao1 (species richness) and Shannon (species evenness) in mouse models of TRPA1 knockout (A1KO), TRPV1 knockout (V1KO) and TRPA1V1 double-knockout (A1V1dKO) versus TRP wild-type (TRP-WT) counterparts. § Kruskal–Wallis test; * p < 0.05, ** p < 0.001 (pair-wise Dunn’s post-hoc test). 
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Figure 2. Gut microbiome composition differs in mouse models of TRPA1 knockout, TRPV1 knockout and TRPA1/V1 double-knockout as compared to each other as well as to their TRP wild-type counterparts. (a) Gut microbiome composition at bacterial phylum level; (b–d) the abundance of major phyla; (e) ratio of Firmicutes to Bacteroides and (f) ratio of Gram-positive to Gram-negative taxa; (g) ratio of anaerobic to aerobic bacteria; and (h,i) microbiome composition at the level of major bacterial families (h) and genera (i); and (j,k) proportion of potentially pathogenic bacteria (j) and biofilm forming bacteria (k), in the mouse models of TRPA1 KO, TRPV1 KO and TRPA1/V1 dKO versus TRP-WT counterparts. * p < 0.05, ** p < 0.001. 
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Figure 3. Differences in the abundance of various gut bacteria in mouse models of TRPA1 knockout, TRPV1 knockout and TRPA1V1 double-knockout as compared to each other as well as to the TRP wild-type counterparts. (a,b) Hierarchical clustering heap-map depicting distinct arrays characterized by different abundance levels (a) and Log2 fold-differences (b) of major gut bacterial phyla, families and genera in mouse models of TRPA1 KO, TRPV1 KO and TRPA1/V1 dKO versus TRP-WT counterparts. (c,d) Major gut bacterial phyla, families and genera that were found to be reduced (c) or increased (d) in all of the three mouse models i.e., A1 KO, V1KO and A1V1dKO versus TRP-WT counterparts. 
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Figure 4. Unique gut microbiome signatures associated with specific mouse models of TRPA1 knockout, TRPV1 knockout and TRPA1V1 double-knockout. Linear Discriminatory Analysis (LDA) Effect Size (LEfSe) plot (a) and cladogram (b) showing bacterial taxa that are unique in mouse models of TRPA1 KO, TRPV1 KO and TRPA1/V1 dKO as well as in TRP-WT counterparts. (c) Differences in the detection rates of major bacterial phyla, families and genera in mouse models of TRPA1 KO, TRPV1 KO and TRPA1/V1 dKO versus TRP-WT counterparts. 
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Figure 5. Differences in the functional analysis of the gut microbiome in mouse models of TRPA1 knockout, TRPV1 knockout and TRPA1V1 double-knockout. (a) The abundance of the predicted gut microbial metagenomic functions related to the lipids and fatty acids biosynthesis and metabolism pathways (Level 3 Kyoto encyclopedia of genes and genomes (KEGG) pathway) in mouse models of TRPA1 KO, TRPV1 KO and TRPA1/V1 dKO as well as in TRP-WT counterparts. (b) The hierarchical heat-map depicting the correlation of specific gut bacterial phyla, families and genera with functional metagenomic KEGG pathways related to the biosynthesis and metabolism of lipids and fatty acids. 
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