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Background. Psilocybin and related tryptamines have come into the spotlight in recent
years as potential therapeutics for depression. Research on the mechanisms of these
eûects has historically focused on the direct eûects of these drugs on neural processes.
However, in addition to such neural eûects, alterations in peripheral physiology may also
contribute to their therapeutic eûects. In particular, substantial support exists for a gut
microbiome-mediated pathway for the antidepressant eûcacy of other drug classes, but
no prior studies have determined the eûects of tryptamines on microbiota. Methods. To
address this gap, in this preliminary study, male Long Evans rats were treated with varying
dosages of oral psilocybin, norbaeocystin, or vehicle and their fecal samples were collected
1 week and 3 weeks after exposure for microbiome analysis using integrated 16S
ribosomal DNA sequencing to determine gut microbiome composition. Results. We found
that although treatment with either psilocybin or norbaeocystin did not signiûcantly aûect
overall microbiome diversity, it did cause signiûcant dose- and time- dependent changes in
bacterial abundance at the phylum level, including increases in Verrucomicrobia and
Actinobacteria, and decreases in Proteobacteria. Conclusion and Implications: These
preliminary ûndings support the idea that psilocybin and other tryptamines may act on the
gut microbiome in a dose- and time-dependent manner, potentially identifying a novel
peripheral mechanism for their antidepressant activity. The results from this preliminary
study also suggest that norbaeocystin may warrant further investigation as a potential
antidepressant, given the similarity of its eûects to psilocybin.
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17 Abstract

18 Background. Psilocybin and related tryptamines have come into the spotlight in recent years as 

19 potential therapeutics for depression. Research on the mechanisms of these effects has historically 

20 focused on the direct effects of these drugs on neural processes. However, in addition to such 

21 neural effects, alterations in peripheral physiology may also contribute to their therapeutic effects. 

22 In particular, substantial support exists for a gut microbiome-mediated pathway for the 

23 antidepressant efficacy of other drug classes, but no prior studies have determined the effects of 

24 tryptamines on microbiota. Methods.  To address this gap, in this preliminary study, male Long 

25 Evans rats were treated with varying dosages of oral psilocybin, norbaeocystin, or vehicle and their 

26 fecal samples were collected 1 week and 3 weeks after exposure for microbiome analysis using 

27 integrated 16S ribosomal DNA sequencing to determine gut microbiome composition. Results. 

28 We found that although treatment with either psilocybin or norbaeocystin did not significantly 

29 affect overall microbiome diversity, it did cause significant dose- and time- dependent changes in 

30 bacterial abundance at the phylum level, including increases in Verrucomicrobia and 

31 Actinobacteria, and decreases in Proteobacteria. Conclusion and Implications: These 

32 preliminary findings support the idea that psilocybin and other tryptamines may act on the gut 

33 microbiome in a dose- and time-dependent manner, potentially identifying a novel peripheral 

34 mechanism for their antidepressant activity. The results from this preliminary study also suggest 

35 that norbaeocystin may warrant further investigation as a potential antidepressant, given the 

36 similarity of its effects to psilocybin.

37

38 Keywords Psilocybin; Norbaeocystin; Gut microbiome; Proteobacteria; Verrucomicrobia; 

39 Actinobacteria; Rat
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40 Introduction

41 In addition to its hallucinogenic properties, psilocybin has gained recent interest as a 

42 potential fast-acting treatment for depression (Nichols 2004). A growing number of clinical studies 

43 have shown that when paired with talk therapy, a single dose of the tryptamine can have strong 

44 and persistent effects that are equal to or greater than traditional antidepressants (Becker et al. 

45 2022; Carhart-Harris et al. 2021; Carhart-Harris et al. 2018; Davis et al. 2021; Goodwin et al. 2022; 

46 Goodwin et al. 2023; Griffiths et al. 2016; Gukasyan et al. 2022). The mechanisms of these effects 

47 have not yet been fully understood. While previous findings have implied that psychedelic and 

48 hallucinogenic properties may be independent to antidepressive properties and due to a mixture of 

49 actions on excitatory and inhibitory neuronal circuits, substantial evidence points to psilocybin�s 

50 activation of 5-HT2A receptors as a likely mechanism (De Gregorio et al. 2021; González-Maeso 

51 et al. 2007; Presti & Nichols 2004). In animal models, co-treatment with ketanserin, a 5-HT2A 

52 antagonist, has been shown to block both the psychedelic effects of psilocybin and its therapeutic 

53 efficacy (Slocum et al. 2022). Additionally, animal models have shown that selective activation of 

54 5-HT2A receptors by other compounds can recapitulate many of the psychedelic effects of 

55 psilocybin (Hanks & González-Maeso 2013). This mechanism differs from conventional 

56 antidepressants such as selective serotonin reuptake inhibitors (SSRIs) that block serotonin 

57 transporters and elevate serotonin levels in neuronal synapses. Despite acute increases in serotonin 

58 levels, phenotypic depressive symptoms are usually not relieved until 4-6 weeks later (Stahl 2021).

59 Much of the research investigating the mechanisms of psilocybin and other antidepressants 

60 has focused on their interaction with central nervous system processes. However, a growing body 

61 of research has pointed to alternative mechanisms for antidepressant action, through peripheral 

62 processes. Specifically, substantial research has shown that modulation of gut processes such as 

63 gut motility, permeability, and gut microbiome composition may be important contributors to the 

64 antidepressant efficacy of serotonin modulating compounds. Serotonin receptors, including 5-

65 HT2A, are widely distributed throughout the gut and peripheral tissues (Mawe & Hoffman 2013) 

66 and the serotonin produced in the gut accounts for more than 60% of peripheral serotonin in mice 

67 and more than 95% in humans (Yano et al. 2015). Enteric serotonin is predominantly secreted by 

68 enterochromaffin cells that line the gut. Thus, psychedelic drugs have strong potential to influence 

69 enteric processes.

70 In addition to enteric factors, there is also substantial evidence that the gut microbiome has 

71 bi-directional effects on a variety of psychological disorders through a combination of neural, 

72 endocrine, and metabolic signals of the gut-brain axis (Burokas et al. 2015; Carabotti et al. 2015). 

73 The gut microbiome refers to the diverse array of microscopic organisms that exist in the 

74 gastrointestinal tract (i.e., microbiota) and their genomes. These microorganisms collectively 

75 contain a number of genes 150 times greater than that of the human genome (Weinstock 2012). 

76 Gut bacteria such as Bacilli, Bifidobacterium, Candida, Enterococcus, Escherichia coli (E. coli), 

77 Lactobacillus, Streptococcus, and Serratia secrete serotonin, acetylcholine, dopamine, gamma-

78 aminobutyric acid, glycine, and catecholamine (Yano et al. 2015), which can promote serotonin 

79 production and release within the lining of the colon, affecting gut motility and permeability. Thus, 
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80 gut microbes secrete a large array of neurotransmitters, as well as other neuroactive molecules that 

81 regulate many complex cognitive processes, from mood and memory to learning and cognition 

82 (Yano et al. 2015). Both preclinical and clinical studies have observed that gut microbiota affect 

83 the symptoms of mood disorders (Cruz-Pereira et al. 2020). Most prominent are studies using 

84 germ-free rodents, which have found that, when compared with specific pathogen free (SPF) 

85 counterparts free of certain infectious pathogens but not completely free of all microbes, germ-

86 free rats develop anxiety-like behavior and germ-free mice develop exaggerated stress responses 

87 (Crumeyrolle-Arias et al. 2014; Sudo et al. 2004). These changes have been shown to be reversible 

88 upon recolonization of the gut through dietary probiotics (Wallace & Milev 2017). These studies 

89 provide a basis for the idea that altering the gut microbiome could be an alternative therapeutic 

90 strategy to treat mood disorders. The exact relationships between bacterial populations and host 

91 remain relatively unknown due to the complexity of the gut-brain axis.

92 Recent work on the importance of the gut microbiome suggests a need for more 

93 understanding of how therapeutics alter these microbe populations, potentially modulating a vast 

94 array of signaling and metabolic pathways. Prior studies of treatment of various traditional 

95 antidepressants have found inconsistent changes of gut microbiota diversity, richness, and 

96 composition (Donoso et al. 2023). Additionally, a recent study on ketamine has reported dose-

97 dependent relationships between drug treatment and shifts in gut microbe compositions in 

98 relatively short time periods (Getachew et al. 2018). Specifically, 7 days after a single ketamine 

99 treatment, some bacteria have an over 90-fold increase in abundance at the family level (Getachew 

100 et al. 2018). Combined, these studies suggest that psilocybin may also, in part, exert its 

101 antidepressant effects through similar mechanisms. This is particularly likely, since 5-HT2A 

102 receptors are an essential component of the gut-brain axis (Fiorica-Howells et al. 2002). Although 

103 gut microbiome has been proposed as a potential mechanism that psychedelics act upon (Kelly et 

104 al. 2023; Kuypers 2019), no prior studies have investigated the effects of any psychedelics on gut 

105 microbe populations, however. Therefore, the primary objective of this study was to determine if 

106 psilocybin dose-dependently modulates gut bacterial composition. To accomplish this, animals 

107 were treated orally with varying dosages of psilocybin, vehicle, or norbaeocystin (a psilocybin 

108 precursor). Norbaeocystin is structurally similar to psilocybin and is also found in Psilocybe 

109 mushrooms. Prior studies have shown it does not cause head twitch behaviors in rats (Adams et 

110 al. 2022), a proxy for 5-HT2A activation and possibly hallucinations. Thus, by comparing 

111 psilocybin�s effects to those of norbaeocystin, findings could contribute to the understanding of 

112 the role of 5-HT2A receptors in psilocybin�s effects on the gut microbiome. Additionally, should 

113 norbaeocystin cause similar effects on the gut microbiome, this might suggest it also possesses 

114 therapeutic potential.

115

116 Materials & Methods

117 Production of psilocybin and precursors from E. coli

118 Psilocybin and norbaeocystin-containing cell broths, acquired from Dr. J. Andrew Jones� 

119 lab at Miami University, were produced using a genetically modified E. coli biosynthetic 
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120 production pathway (Adams et al. 2022; Adams et al. 2019). Concentrations of target metabolites 

121 in filtered cell broths were analyzed using HPLC. HPLC results indicated that the psilocybin 

122 containing broths had high levels of psilocybin (approx. 1 g/L), trace levels of norbaeocystin (<20 

123 mg/L) and aeruginascin (<1 mg/L), and low levels of baeocystin (approx. 150 mg/L); while the 

124 norbaeocystin containing broths had high levels of norbaeocystin (approx. 1.5 g/L) only, with no 

125 baeocystin, psilocybin, or aeruginascin due to the lack of the methyltransferase responsible for the 

126 synthesis of the latter metabolites. The cell culture media broth contained none of the 

127 aforementioned metabolites.

128

129 Animals, housing condition, treatment, and fecal collection

130 Thirty-nine adult male Long Evans rats (90-120 days of age) were bred in-house. Rats were 

131 housed individually in standard cages with water and food provided ad libitum and were kept on 

132 a 12hr:12hr light/dark cycle (lights on 0700) throughout the study. All the rats were SPF animals, 

133 as the cage bedding and materials were tested periodically for certain designated pathogens to 

134 ensure safety of researchers and research quality. 

135 Rats were randomly assigned to one of 5 groups, which received oral gavage of low (0.2 

136 mg/kg) or high (2 mg/kg) dosages of psilocybin, low (0.25 mg/kg) or high (2.52 mg/kg) dosages 

137 of norbaeocystin, or an equivalent volumetric amount of cell culture media broth as a negative 

138 control, with the order of administration randomized. As published previously, �low� dosages 

139 show no observable head twitch responses and �high� dosages cause observable head twitches in 

140 male Long Evans rats (Adams et al. 2022).

141 Fresh fecal samples were collected in the morning, in the order of defecation, but was 

142 random among groups. Collections occurred from 19 rats one week after treatment (control: n = 

143 7; low dosage psilocybin: n = 3; high dosage psilocybin: n = 2; low dosage norbaeocystin: n = 5; 

144 and high dosage norbaeocystin: n = 2) and from 20 rats 3 weeks after treatment (control: n = 8; 

145 low dosage psilocybin: n = 3; high dosage psilocybin: n = 4; low dosage norbaeocystin: n = 3; and 

146 high dosage norbaeocystin: n = 2). All the collected fecal samples were snap frozen immediately 

147 and stored at -80 ºC until processing. Each fecal sample was provided with a unique sample 

148 identification number. Thus, although researchers were aware of group allocation during drug 

149 administration and fecal sample collection, they were unaware of group allocation when samples 

150 were processed for gut microbiome analysis using 16S rDNA sequencing (see below for details). 

151 All experimental interventions, including oral gavage and fresh fecal sample collection, 

152 were carried out in conscious rats without any anesthesia by experienced researchers. No rats 

153 showed any sign of distress throughout the study; thus, no analgesia was given. Consequently, all 

154 rats were included in this study and their results were reported. Criteria were established for 

155 euthanizing animals prior to the planned end of the experiment, but this was not needed. At the 

156 conclusion of the experiment, rats were euthanized with one IP injection of Euthasol (200 mg/kg 

157 body weight; a sodium pentobarbital-based drug). These euthanasia methods comply with AVMA 

158 standards. The research question, groups, fecal sample collection, and gut microbiome analysis 

159 using 16S rDNA sequencing were discussed before the study among involved researchers. All 

160 procedures were approved by Miami University's Institutional Animal Care and Use Committee 

161 (IACUC Project Number: 1033_2023_Apr).
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162 16S rDNA sequencing and analysis

163 Genomic DNA was isolated and purified from the fecal samples via a commercialized kit 

164 (MP bio fast DNA spin kit for feces, Santa Ana, CA, USA), and underwent PCR amplification of 

165 the 16S ribosomal DNA (rDNA) V4 region using the 515f/806r primer set (Earth Microbiome 

166 Project; http://www.earthmicrobiome.org/). Gel electrophoresis was then used to check the quality 

167 and size of PCR products. Amplified 16S rDNA samples were purified by the SequalPrep 

168 Normalization Plate kit (Thermo Fisher, Waltham, MA, USA). Purified products were quantified 

169 by KAPA Library Quantification Kit Illumina Platforms (Kapa Biosystems, Wilmington, MA, 

170 USA), and used the Illumina Next Generation Sequencing MiSeq platform for amplicon 

171 sequencing at Miami University�s Center for Bioinformatics and Functional Genomics for 16S 

172 rDNA sequencing based on our established protocol (Xu et al. 2020a). The project is registered 

173 with the BioProject database (BioProjectID: PRJNA1054120). Raw sequencing data are accessible 

174 via http://www.ncbi.nlm.nih.gov/bioproject/1054120. Raw sequencing data were processed and 

175 cleaned. The sequencing reads of all samples were assigned using the corresponding barcode 

176 sequences of their primers. Quality-filtering of reads was done using default parameters within 

177 QIIME to improve diversity estimates (Xu et al. 2020b). 

178 The diversity analysis indicated by Shannon diversity index was done utilizing QIIME 2 

179 for differentiation of bacteria at the phylum level (Bolyen et al. 2019).  QIIME 2 is capable of 

180 analyzing Mi-Seq data with two or more biological replicates and tends to be conservative in 

181 revealing statistical significance (Bolyen et al. 2019), and has been used to analyze studies with 

182 sample sizes of 1 and 2 (McKenzie et al. 2017). The number and relative abundance of bacterial 

183 species were analyzed. Shannon diversity index considers the number of species indicating 

184 richness and their relative abundance indicating evenness, thus estimates the diversity of species 

185 in a community. The relative abundance refers to the percentage of one microbial phylum in 

186 relation to the total number of phyla in the community, which was analyzed to indicate the 

187 population size of specific phyla and their commonalities with other phyla in the fecal samples.

188

189 Statistical analysis

190 Significant differences in diversity at the phylum level and relative abundance of different 

191 bacterial populations between groups were determined by a two-way analysis of variance 

192 (ANOVA) followed by a standard two-stage linear step-up method of Benjamini, Krieger and 

193 Yekutieli post hoc multiple comparisons analysis (GraphPad� Prism 10, San Diego, CA, USA). 

194 This statistic method assumes that test statistics are independent, and controls the false discovery 

195 rate. It first examines the distribution of P values to estimate the fraction of the null hypotheses 

196 that are actually true. It then uses this information to get more power when deciding when a P 

197 value is low enough to be called a discovery (Benjamini et al. 2006). P < 0.05 was considered 

198 statistically significant.

199

200 Results

201 Effects of psilocybin and norbaeocystin on microbial diversity
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202 Microbial diversity measured by Shannon diversity index and analyzed by a two-way 

203 ANOVA (treatment × time) did not reveal any significant differences by psilocybin treatments at 

204 low or high dosage [F(2, 21) = 0.7496; p = 0.4848], timepoints [F(1, 21) = 0.01407; p = 0.9067], or 

205 interaction [F(2, 21) = 0.3673; p = 0.6970] (Figure 1A). Similarly, microbial diversity was not 

206 significantly different by norbaeocystin treatment at low or high dosage [F(2, 21) = 0.3363; p = 

207 0.7182], timepoints [F(1, 21) = 0.05253; p = 0.8209], or interaction [F(2, 21) = 0.5505; p = 0.5848] 

208 (Figure 1B). Therefore, neither psilocybin nor norbaeocystin at either dose resulted in any 

209 significant change in microbial diversity compared to the vehicle control (Figure 1).

210

211 Effects of psilocybin and norbaeocystin on microbial abundance of dominant phyla

212 The populations of two major gut microbiota phyla, Firmicutes and Bacteroidetes 

213 representing ~80% of gut microbiota (Arumugam et al. 2011; Ley et al. 2008), were analyzed.

214 Firmicutes abundance was analyzed by a two-way ANOVA (treatment × time), revealing 

215 a significant interaction between psilocybin dose and time [(F(2, 21) = 3.797; p = 0.0391], but 

216 Firmicutes abundance was not affected by main effects of psilocybin treatment [(F(2, 21) = 0.1963; 

217 p = 0.8233] or time [(F(1, 21) = 0.0323; p = 0.8591] (Figure 2A). Post hoc multiple comparisons 

218 indicated trends of decreased Firmicutes abundance by the high dose of psilocybin treatment 

219 compared to the control group (p = 0.0847) and the low dose of psilocybin treatment (p = 0.0512) 

220 at the Week 1 timepoint. This trend did not persist at the Week 3 timepoint, instead the trend 

221 reversed, with trends of increased Firmicutes abundance after the high dose of psilocybin treatment 

222 compared to the control (p = 0.1282) and the low dose of psilocybin treatment (p = 0.1451) (Figure 

223 2A). Firmicutes population was not significantly affected by norbaeocystin treatment [(F(2, 21) = 

224 0.7270; p = 0.4951], time [(F(1, 21) = 0.1179; p = 0.7347], or their interaction [(F(2, 21) = 0.8594; p 

225 = 0.4378] (Figure 2B). Therefore, psilocybin or norbaeocystin at either dose did not result in any 

226 significant changes in Firmicutes population compared to the vehicle control (Figures 2A, 2B).

227 Bacteroidetes population was not significantly affected by psilocybin treatment [(F(2, 21) = 

228 2.430; p = 0.1124], time [(F(1, 21) = 0.1239; p = 0.7283], or the interaction of treatment and time 

229 [(F(2, 21) = 0.8893; p = 0.4259] (Figure 2C). Similarly, Bacteroidetes population was not 

230 significantly affected by norbaeocystin treatment [(F(2, 21) = 1.732; p = 0.2013], time [(F(1, 21) = 

231 0.06842; p = 0.7962], or their interaction [(F(2, 21) = 1.992; p = 0.1613] (Figure 2D).

232

233 Effects of psilocybin and norbaeocystin on microbial abundance of sub-dominant phyla

234 The populations of four minor gut microbiota phyla, Proteobacteria, Tenericutes, 

235 Actinobacteria, and Verrucomicrobia were analyzed.

236 Proteobacteria population at the phylum level was not affected by psilocybin treatment 

237 [(F(2, 21) = 0.2846; p = 0.7552], time [(F(1, 21) = 0.6990; p = 0.4125], or their interaction [(F(2, 21) = 

238 2.165; p = 0.1397] (Figure 3A).  Analysis of Proteobacteria population revealed a significant 

239 interaction between norbaeocystin treatment and time [(F(2, 21) = 3.946; p = 0.0351], but not main 

240 effects of norbaeocystin treatment [(F(2, 21) = 0.7901; p = 0.4668] or time [(F(1, 21) = 0.7484; p = 

241 0.3968] (Figure 3B). Post hoc multiple comparisons indicated significantly decreased 
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242 Proteobacteria abundance by the low dose of norbaeocystin treatment vs. control (P = 0.0283) and 

243 vs. the high dose of norbaeocystin treatment (P = 0.0282) at Week 1 timepoint, but not at Week 3 

244 timepoint (Figure 3B).

245 Actinobacteria population at the phylum level was not affected by psilocybin treatment 

246 [(F(2, 21) = 1.399; p = 0.2701], time [(F(1, 21) = 0.3574; p = 0.5567], or their interaction [(F(2, 21) = 

247 1.653; p = 0.2167] (Figure 3C). However, a significant main effect of norbaeocystin treatment 

248 [(F(2, 21) = 3.631; p = 0.0452] and interaction between norbaeocystin treatment and time [(F(2, 21) = 

249 4.977; p = 0.0176] were revealed with no effect of time [(F(1, 21) = 1.846; p = 0.1893] (Figure 3D). 

250 Post hoc comparisons indicated significantly increased Actinobacteria abundance at the high dose 

251 of norbaeocystin treatment vs. control (p = 0.0014) and vs. the low dose of norbaeocystin treatment 

252 (P = 0.0014) at Week 1 timepoint. This change did not persist at the Week 3 timepoint (Figure 

253 3D). 

254 Verrucomicrobia population was significantly affected by the interaction of psilocybin 

255 treatment and time [(F(2, 21) = 4.027; p = 0.0331]; but there were not main effects of treatment [(F(2, 

256 21) = 1.646; p = 0.2167] or time [(F(1, 21) = 0.04451; p = 0.8349] (Figure 3E). Post hoc comparisons 

257 indicated a significant increase in Verrucomicrobia abundance at the low dose of psilocybin 

258 treatment vs. control (p = 0.0332) and vs. the high dose of psilocybin treatment (p = 0.0355) at the 

259 Week 1 timepoint; and a significant increase in Verrucomicrobia abundance by the high dose of 

260 psilocybin treatment vs. control (p = 0.0288) at Week 3 timepoint (Figure 3E). Verrucomicrobia 

261 population at the phylum level was not changed by norbaeocystin treatment [(F(2, 21) = 1.735; p = 

262 0.2007], time [(F(1, 21) = 0.07775; p = 0.7831], or their interaction [(F(2, 21) = 0.3985; p = 0.6763] 

263 (Figure 3F). 

264 Tenericutes population at the phylum level was not significantly affected by psilocybin 

265 treatment [(F(2, 21) = 0.1573; p = 0.8554], time [(F(1, 21) = 0.05945; p = 0.8097], or their interaction 

266 [(F(2, 21) = 2.551; p = 0.1019] (Figure 3G); nor was it affected by norbaeocystin treatment [(F(2, 21) 

267 = 0.2521; p = 0.7795], time [(F(1, 21) = 1.386; p = 0.2523], or their interaction [(F(2, 21) = 2.142; p = 

268 0.1424] (Figure 3H).

269

270 Discussion

271 The gut-brain axis is a highly complex system, the importance of which is not yet fully 

272 understood. Although neither psilocybin nor norbaeocystin treatments significantly impacted gut 

273 microbe diversity (Figure 1), some significant changes in microbial abundance at the phylum level 

274 were observed. The human gut is predominantly composed of Bacteroidetes and Firmicutes, 

275 complemented by sub-dominant Actinobacteria, Proteobacteria, and Verrucomicrobia (Qin et al. 

276 2010). Interestingly, neither Firmicutes nor Bacteroidetes, which together represent ~80% of gut 

277 microbes (Ley et al. 2008), was significantly impacted (Figure 2); whereas three of the four sub-

278 dominant bacterial phyla analyzed, Proteobacteria, Verrucomicrobia, and Actinobacteria (Ley et 

279 al. 2008), were significantly impacted by psilocybin or norbaeocystin treatments at different 

280 timepoints. Specifically, the low dose psilocybin treatment increased Verrucomicrobia abundance 

281 at the Week 1 timepoint and the high dose psilocybin treatment increased Verrucomicrobia 
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282 abundance at the Week 3 timepoint. Additionally, while the low dose norbaeocystin decreased 

283 Proteobacteria abundance, the high dose norbaeocystin increased Actinobacteria abundance, both 

284 of which occurred at the Week 1 timepoint (Figures 3B, 3D).

285 Emerging evidence supports the microbiota-gut-brain axis in regulation of physiology and 

286 behavior, and suggests that disturbance of the gastrointestinal microbiota could affect the immune 

287 system and psychiatric functioning (Cruz-Pereira et al. 2020). The bidirectional communication 

288 between gastrointestinal microbiota and immune system mediates many neural processes, such as 

289 neurogenesis, neurotransmission, neuroinflammation, and neurochemical functions such as 

290 activation of stress responses, depression, and other mental health disorders (Cryan et al. 2019; 

291 Dinan & Cryan 2015; Sarkar et al. 2018). In the current study, phyla Verrucomicrobia and 

292 Actinobacteria were increased by psilocybin and norbaeocystin, respectively. Phylum 

293 Verrucomicrobia are mucin-degrading bacteria, constitutes 3%-5% of the bacterial community 

294 mainly residing in the intestinal mucosa that forms an interface between host and gut microbiome. 

295 Low abundance of Verrucomicrobia has been reported in prediabetic and type 2 diabetic patients 

296 (Zhang et al. 2013), in patients with inflammatory gut diseases such as Crohn's disease, ulcerative 

297 colitis, and inflammatory bowel disease (Papa et al. 2012; Png et al. 2010), and in populations with 

298 poorer sleep quality or  disrupted sleep (Anderson et al. 2017). In contrast, abundance of 

299 Verrucomicrobia increases following dieting and Roux-en-Y gastric bypass in diabetic patients 

300 accompanied with many beneficial metabolic outcomes (Barlow et al. 2015). Thus, a low level of 

301 Verrucomicrobia has been associated with metabolic disorders and weakened immune system, 

302 while a high abundance of Verrucomicrobia is considered as a potential biomarker of a healthy 

303 gut status. Phylum Actinobacteria contributes to the maintenance of gut homeostasis and supports 

304 immune system (Binda et al. 2018). In contrast to beneficial phyla Verrucomicrobia and 

305 Actinobacteria that were increased following treatment of psilocybin and norbaeocystin, 

306 respectively, high abundance of phylum Proteobacteria is considered as a microbial signature of 

307 disease (Rizzatti et al. 2017) and was decreased by the low dose norbaeocystin treatment. Thus, it 

308 is possible that psilocybin and norbaeocystin could be candidates for alleviating gut dysbiosis and 

309 producing positive downstream effects.

310 The findings of the current study are promising, as significant alteration of the gut 

311 microbiome may provide a possible explanation as to why psilocybin users report a reduction of 

312 depressive symptoms after treatment (Grob et al. 2011). It has been proposed that psychedelics 

313 may affect gut microbiome to influence their treatment responses (Kelly et al. 2023; Kuypers 

314 2019). To our knowledge, the current study is the first study that investigated the effects of 

315 tryptamines, psilocybin and norbaeocystin, on gut microbe populations. Unlike conventional mood 

316 modulating drugs that require chronic doses over a long timeline, it is possible that psilocybin in 

317 part works by altering microbe populations within the gut, potentially targeting a component of 

318 the disease state rather than treating the symptoms. These results also suggest that norbaeocystin, 

319 a psilocybin precursor with limited study in the peer reviewed literature (Adams et al. 2022), may 

320 warrant further investigation as a potential antidepressant. 
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321 The limitation of this study is low sample sizes analyzed for some groups. Although QIIME 

322 2 is capable of analyzing Mi-Seq data with two or more biological replicates and tends to be 

323 conservative in revealing statistical significance (Bolyen et al. 2019), as shown in a publication 

324 with some sample sizes of 1 and 2 (McKenzie et al. 2017), we should interpret findings with 

325 caution. The lack of statistical significance in diversity and some phylum abundance, along with 

326 high variability of the relative abundance of some phyla, could be due to the small sample size of 

327 this preliminary study. Consequently, the findings from this preliminary study have limited 

328 generalizability, and would require further validation with larger sample sizes and comparing 

329 across routes of drug delivery. 

330 One caveat to the current work is that it was conducted in normal, healthy rats. It is likely 

331 that rats modeling a disease-state, such as chronic stress, anxiety, and depression, may respond 

332 differently to psilocybin and/or norbaeocystin. Previously, we have reported the impact of chronic 

333 stress on gut microbiome diversity and composition, leading to gut dysbiosis (Xu et al. 2020a). 

334 Rats with disturbed microbiome may react very differently to these drugs. As such, findings from 

335 healthy rats in this study may not generalize to other animals or treatment conditions. Further 

336 research is needed using disease models, where multiple physiological, biochemical behavioral 

337 and microbiome outcomes are evaluated, such that biological mechanisms can be elucidated. 

338 Additionally, there is still little information on how psilocybin and norbaeocystin interact with the 

339 body, and continued study is needed in order to inform potential side effects in human trials. 

340 Altogether, psilocybin and norbaeocystin stand as strong candidates for managing gut dysbiosis.

341

342 Conclusions

343 The schedule I status of psilocybin has greatly hindered advancements in research to better 

344 understand the efficacy and safety of using it to treat mood disorders. Psilocybin may also be used 

345 to treat other diseases, such as those related to gut health. For example, the FDA recently approved 

346 a Phase 2A clinical trial for the treatment of irritable bowel syndrome with psilocybin. Although 

347 our study does not use a paradigm that induces stress or depression, nor does it determine 

348 psilocybin�s ability to modulate mood via the gut-brain axis, it does begin to probe the mechanisms 

349 by which psilocybin affects body physiology and behavior. The observed alterations to the gut 

350 microbiome show promise for the ability of psilocybin and norbaeocystin to affect the gut 

351 microbiome in a positive manner and establish a path for future research to investigate how 

352 psilocybin, or other related tryptamines, could be used to modulate the gut microbiota to treat 

353 dysbiosis as well as other disorders. Prior to this study the potential effects of psilocybin and its 

354 biosynthetic precursor, norbaeocystin, on gut microbe populations was unknown. Further 

355 investigations building upon this work could open the door to a new potential avenue for 

356 pharmaceuticals which target the gut-brain axis.

PeerJ reviewing PDF | (2023:11:93535:0:1:NEW 22 Dec 2023)

Manuscript to be reviewed

User261218
Comentario en el texto
strange sentence, please improve it

User261218
Comentario en el texto
long conclusions, authors need to reduce this section, to be more concrete and clear...



357 Acknowledgements

358 The authors would like to thank Miami University graduate students involved in sample 

359 collection and Dr. Andor Kiss at Miami University�s Center for Bioinformatics and Functional 

360 Genomics for his assistance for 16S rDNA sequencing and data analysis. This work was supported 

361 by a sponsored research grant from PsyBio Therapeutics (JAJ, MSM) and was partially supported 

362 by a Miami University Faculty Research grant (HS).

363

364 Protocol registration

365 The research question, groups, fecal sample collection, and gut microbiome analysis using 

366 16S rDNA sequencing were discussed before the study among the researchers. The protocol was 

367 not registered.

368

369 Data access 

370 The project is registered with the BioProject database (BioProjectID: PRJNA1054120). 

371 Raw sequencing data are accessible via http://www.ncbi.nlm.nih.gov/bioproject/1054120. 

372

373 Declaration of interests

374 J. Andrew Jones is a significant stakeholder at PsyBio Therapeutics. PsyBio Therapeutics 

375 has licensed tryptamine biosynthesis-related technology from Miami University. J. Andrew Jones 

376 and Matthew S. McMurray are co-inventors on several patent applications related to tryptamine 

377 biosynthesis and the impacts of tryptamines on animal behavior. The funders had no role in the 

378 design of the study; in the collection, analyses, or interpretation of data; in the writing of the 

379 manuscript; or in the decision to publish the results. All other authors declare no conflicts of 

380 interest.

PeerJ reviewing PDF | (2023:11:93535:0:1:NEW 22 Dec 2023)

Manuscript to be reviewed



381 References

382 Adams AM, Anas NA, Sen AK, Hinegardner-Hendricks JD, O'Dell PJ, Gibbons WJ, Jr., Flower 

383 JE, McMurray MS, and Jones JA. 2022. Development of an E. coli-based norbaeocystin 

384 production platform and evaluation of behavioral effects in rats. Metab Eng Commun 

385 14:e00196. 10.1016/j.mec.2022.e00196

386 Adams AM, Kaplan NA, Wei Z, Brinton JD, Monnier CS, Enacopol AL, Ramelot TA, and Jones 

387 JA. 2019. In vivo production of psilocybin in E. coli. Metab Eng 56:111-119. 

388 10.1016/j.ymben.2019.09.009

389 Anderson JR, Carroll I, Azcarate-Peril MA, Rochette AD, Heinberg LJ, Peat C, Steffen K, 

390 Manderino LM, Mitchell J, and Gunstad J. 2017. A preliminary examination of gut 

391 microbiota, sleep, and cognitive flexibility in healthy older adults. Sleep Med 38:104-107. 

392 10.1016/j.sleep.2017.07.018

393 Arumugam M, Raes J, Pelletier E, Le Paslier D, Yamada T, Mende DR, Fernandes GR, Tap J, 

394 Bruls T, Batto J-M, Bertalan M, Borruel N, Casellas F, Fernandez L, Gautier L, Hansen T, 

395 Hattori M, Hayashi T, Kleerebezem M, Kurokawa K, Leclerc M, Levenez F, Manichanh 

396 C, Nielsen HB, Nielsen T, Pons N, Poulain J, Qin J, Sicheritz-Ponten T, Tims S, Torrents 

397 D, Ugarte E, Zoetendal EG, Wang J, Guarner F, Pedersen O, de Vos WM, Brunak S, Doré 

398 J, Antolín M, Artiguenave F, Blottiere HM, Almeida M, Brechot C, Cara C, Chervaux C, 

399 Cultrone A, Delorme C, Denariaz G, Dervyn R, Foerstner KU, Friss C, van de Guchte M, 

400 Guedon E, Haimet F, Huber W, van Hylckama-Vlieg J, Jamet A, Juste C, Kaci G, Knol J, 

401 Kristiansen K, Lakhdari O, Layec S, Le Roux K, Maguin E, Mérieux A, Melo Minardi R, 

402 M'Rini C, Muller J, Oozeer R, Parkhill J, Renault P, Rescigno M, Sanchez N, Sunagawa 

403 S, Torrejon A, Turner K, Vandemeulebrouck G, Varela E, Winogradsky Y, Zeller G, 

404 Weissenbach J, Ehrlich SD, Bork P, and Meta HITC. 2011. Enterotypes of the human gut 

405 microbiome. Nature 473:174-180. 10.1038/nature09944

406 Barlow GM, Yu A, and Mathur R. 2015. Role of the gut microbiome in obesity and diabetes 

407 mellitus. Nutr Clin Pract 30:787-797. 

408 Becker AM, Holze F, Grandinetti T, Klaiber A, Toedtli VE, Kolaczynska KE, Duthaler U, 

409 Varghese N, Eckert A, Grünblatt E, and Liechti ME. 2022. Acute effects of psilocybin after 

410 escitalopram or placebo pretreatment in a randomized, double-blind, placebo-controlled, 

411 crossover study in healthy subjects. Clin Pharmacol Ther 111:886-895. 10.1002/cpt.2487

412 Benjamini Y, Krieger AM, and Yekutieli D. 2006. Adaptive linear step-up procedures that control 

413 the false discovery rate. Biometrika 93:491-507. 

414 Binda C, Lopetuso LR, Rizzatti G, Gibiino G, Cennamo V, and Gasbarrini A. 2018. 

415 Actinobacteria: a relevant minority for the maintenance of gut homeostasis. Digestive and 

416 Liver Disease 50:421-428. 

417 Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA, Alexander H, Alm 

418 EJ, Arumugam M, Asnicar F, Bai Y, Bisanz JE, Bittinger K, Brejnrod A, Brislawn CJ, 

419 Brown CT, Callahan BJ, Caraballo-Rodríguez AM, Chase J, Cope EK, Da Silva R, Diener 

420 C, Dorrestein PC, Douglas GM, Durall DM, Duvallet C, Edwardson CF, Ernst M, Estaki 

421 M, Fouquier J, Gauglitz JM, Gibbons SM, Gibson DL, Gonzalez A, Gorlick K, Guo J, 

422 Hillmann B, Holmes S, Holste H, Huttenhower C, Huttley GA, Janssen S, Jarmusch AK, 

423 Jiang L, Kaehler BD, Kang KB, Keefe CR, Keim P, Kelley ST, Knights D, Koester I, 

424 Kosciolek T, Kreps J, Langille MGI, Lee J, Ley R, Liu Y-X, Loftfield E, Lozupone C, 

425 Maher M, Marotz C, Martin BD, McDonald D, McIver LJ, Melnik AV, Metcalf JL, 

426 Morgan SC, Morton JT, Naimey AT, Navas-Molina JA, Nothias LF, Orchanian SB, 

PeerJ reviewing PDF | (2023:11:93535:0:1:NEW 22 Dec 2023)

Manuscript to be reviewed



427 Pearson T, Peoples SL, Petras D, Preuss ML, Pruesse E, Rasmussen LB, Rivers A, Robeson 

428 MS, Rosenthal P, Segata N, Shaffer M, Shiffer A, Sinha R, Song SJ, Spear JR, Swafford 

429 AD, Thompson LR, Torres PJ, Trinh P, Tripathi A, Turnbaugh PJ, Ul-Hasan S, van der 

430 Hooft JJJ, Vargas F, Vázquez-Baeza Y, Vogtmann E, von Hippel M, Walters W, Wan Y, 

431 Wang M, Warren J, Weber KC, Williamson CHD, Willis AD, Xu ZZ, Zaneveld JR, Zhang 

432 Y, Zhu Q, Knight R, and Caporaso JG. 2019. Reproducible, interactive, scalable and 

433 extensible microbiome data science using QIIME 2. Nat Biotechnol 37:852-857. 

434 10.1038/s41587-019-0209-9

435 Burokas A, Moloney RD, Dinan TG, and Cryan JF. 2015. Microbiota regulation of the mammalian 

436 gut-brain axis. Adv Appl Microbiol 91:1-62. 10.1016/bs.aambs.2015.02.001

437 Carabotti M, Scirocco A, Maselli MA, and Severi C. 2015. The gut-brain axis: interactions 

438 between enteric microbiota, central and enteric nervous systems. Ann Gastroenterol 

439 28:203-209. 

440 Carhart-Harris R, Giribaldi B, Watts R, Baker-Jones M, Murphy-Beiner A, Murphy R, Martell J, 

441 Blemings A, Erritzoe D, and Nutt DJ. 2021. Trial of psilocybin versus escitalopram for 

442 depression. N Engl J Med 384:1402-1411. 10.1056/NEJMoa2032994

443 Carhart-Harris RL, Bolstridge M, Day CMJ, Rucker J, Watts R, Erritzoe DE, Kaelen M, Giribaldi 

444 B, Bloomfield M, Pilling S, Rickard JA, Forbes B, Feilding A, Taylor D, Curran HV, and 

445 Nutt DJ. 2018. Psilocybin with psychological support for treatment-resistant depression: 

446 six-month follow-up. Psychopharmacology (Berl) 235:399-408. 10.1007/s00213-017-

447 4771-x

448 Crumeyrolle-Arias M, Jaglin M, Bruneau A, Vancassel S, Cardona A, Daugé V, Naudon L, and 

449 Rabot S. 2014. Absence of the gut microbiota enhances anxiety-like behavior and 

450 neuroendocrine response to acute stress in rats. Psychoneuroendocrinology 42:207-217. 

451 Cruz-Pereira JS, Rea K, Nolan YM, O'Leary OF, Dinan TG, and Cryan JF. 2020. Depression's 

452 unholy trinity: dysregulated stress, immunity, and the microbiome. Annu Rev Psychol 

453 71:49-78. 10.1146/annurev-psych-122216-011613

454 Cryan JF, O'Riordan KJ, Cowan CSM, Sandhu KV, Bastiaanssen TFS, Boehme M, Codagnone 

455 MG, Cussotto S, Fulling C, Golubeva AV, Guzzetta KE, Jaggar M, Long-Smith CM, Lyte 

456 JM, Martin JA, Molinero-Perez A, Moloney G, Morelli E, Morillas E, O'Connor R, Cruz-

457 Pereira JS, Peterson VL, Rea K, Ritz NL, Sherwin E, Spichak S, Teichman EM, van de 

458 Wouw M, Ventura-Silva AP, Wallace-Fitzsimons SE, Hyland N, Clarke G, and Dinan TG. 

459 2019. The microbiota-gut-brain axis. Physiol Rev 99:1877-2013. 

460 10.1152/physrev.00018.2018

461 Davis AK, Barrett FS, May DG, Cosimano MP, Sepeda ND, Johnson MW, Finan PH, and Griffiths 

462 RR. 2021. Effects of psilocybin-assisted therapy on major depressive disorder: a 

463 randomized clinical trial. JAMA Psychiatry 78:481-489. 

464 10.1001/jamapsychiatry.2020.3285

465 De Gregorio D, Aguilar-Valles A, Preller KH, Heifets BD, Hibicke M, Mitchell J, and Gobbi G. 

466 2021. Hallucinogens in mental health: preclinical and clinical studies on LSD, psilocybin, 

467 MDMA, and ketamine. J Neurosci 41:891-900. 10.1523/jneurosci.1659-20.2020

468 Dinan TG, and Cryan JF. 2015. The impact of gut microbiota on brain and behaviour: implications 

469 for psychiatry. Curr Opin Clin Nutr Metab Care 18:552-558. 

470 10.1097/mco.0000000000000221

PeerJ reviewing PDF | (2023:11:93535:0:1:NEW 22 Dec 2023)

Manuscript to be reviewed



471 Donoso F, Cryan JF, Olavarría-Ramírez L, Nolan YM, and Clarke G. 2023. Inflammation, lifestyle 

472 factors, and the microbiome-gut-brain axis: relevance to depression and antidepressant 

473 action. Clin Pharmacol Ther 113:246-259. 

474 Fiorica-Howells E, Hen R, Gingrich J, Li Z, and Gershon MD. 2002. 5-HT(2A) receptors: location 

475 and functional analysis in intestines of wild-type and 5-HT(2A) knockout mice. Am J 

476 Physiol Gastrointest Liver Physiol 282:G877-893. 10.1152/ajpgi.00435.2001

477 Getachew B, Aubee JI, Schottenfeld RS, Csoka AB, Thompson KM, and Tizabi Y. 2018. 

478 Ketamine interactions with gut-microbiota in rats: relevance to its antidepressant and anti-

479 inflammatory properties. BMC Microbiol 18:222. 10.1186/s12866-018-1373-7

480 González-Maeso J, Weisstaub NV, Zhou M, Chan P, Ivic L, Ang R, Lira A, Bradley-Moore M, 

481 Ge Y, Zhou Q, Sealfon SC, and Gingrich JA. 2007. Hallucinogens recruit specific cortical 

482 5-HT(2A) receptor-mediated signaling pathways to affect behavior. Neuron 53:439-452. 

483 10.1016/j.neuron.2007.01.008

484 Goodwin GM, Aaronson ST, Alvarez O, Arden PC, Baker A, Bennett JC, Bird C, Blom RE, 

485 Brennan C, Brusch D, Burke L, Campbell-Coker K, Carhart-Harris R, Cattell J, Daniel A, 

486 DeBattista C, Dunlop BW, Eisen K, Feifel D, Forbes M, Haumann HM, Hellerstein DJ, 

487 Hoppe AI, Husain MI, Jelen LA, Kamphuis J, Kawasaki J, Kelly JR, Key RE, Kishon R, 

488 Knatz Peck S, Knight G, Koolen MHB, Lean M, Licht RW, Maples-Keller JL, Mars J, 

489 Marwood L, McElhiney MC, Miller TL, Mirow A, Mistry S, Mletzko-Crowe T, Modlin 

490 LN, Nielsen RE, Nielson EM, Offerhaus SR, O'Keane V, Pálení
ek T, Printz D, 

491 Rademaker MC, van Reemst A, Reinholdt F, Repantis D, Rucker J, Rudow S, Ruffell S, 

492 Rush AJ, Schoevers RA, Seynaeve M, Shao S, Soares JC, Somers M, Stansfield SC, 

493 Sterling D, Strockis A, Tsai J, Visser L, Wahba M, Williams S, Young AH, Ywema P, 

494 Zisook S, and Malievskaia E. 2022. Single-dose psilocybin for a treatment-resistant 

495 episode of major depression. N Engl J Med 387:1637-1648. 10.1056/NEJMoa2206443

496 Goodwin GM, Aaronson ST, Alvarez O, Atli M, Bennett JC, Croal M, DeBattista C, Dunlop BW, 

497 Feifel D, Hellerstein DJ, Husain MI, Kelly JR, Lennard-Jones MR, Licht RW, Marwood 

498 L, Mistry S, Pálení
ek T, Redjep O, Repantis D, Schoevers RA, Septimus B, Simmons HJ, 

499 Soares JC, Somers M, Stansfield SC, Stuart JR, Tadley HH, Thiara NK, Tsai J, Wahba M, 

500 Williams S, Winzer RI, Young AH, Young MB, Zisook S, and Malievskaia E. 2023. 

501 Single-dose psilocybin for a treatment-resistant episode of major depression: Impact on 

502 patient-reported depression severity, anxiety, function, and quality of life. J Affect Disord 

503 327:120-127. 10.1016/j.jad.2023.01.108

504 Griffiths RR, Johnson MW, Carducci MA, Umbricht A, Richards WA, Richards BD, Cosimano 

505 MP, and Klinedinst MA. 2016. Psilocybin produces substantial and sustained decreases in 

506 depression and anxiety in patients with life-threatening cancer: A randomized double-blind 

507 trial. J Psychopharmacol 30:1181-1197. 10.1177/0269881116675513

508 Grob CS, Danforth AL, Chopra GS, Hagerty M, McKay CR, Halberstadt AL, and Greer GR. 2011. 

509 Pilot study of psilocybin treatment for anxiety in patients with advanced-stage cancer. Arch 

510 Gen Psychiatry 68:71-78. 10.1001/archgenpsychiatry.2010.116

511 Gukasyan N, Davis AK, Barrett FS, Cosimano MP, Sepeda ND, Johnson MW, and Griffiths RR. 

512 2022. Efficacy and safety of psilocybin-assisted treatment for major depressive disorder: 

513 prospective 12-month follow-up. J Psychopharmacol 36:151-158. 

514 10.1177/02698811211073759

515 Hanks JB, and González-Maeso J. 2013. Animal models of serotonergic psychedelics. ACS Chem 

516 Neurosci 4:33-42. 10.1021/cn300138m

PeerJ reviewing PDF | (2023:11:93535:0:1:NEW 22 Dec 2023)

Manuscript to be reviewed



517 Kelly JR, Clarke G, Harkin A, Corr SC, Galvin S, Pradeep V, Cryan JF, O'Keane V, and Dinan 

518 TG. 2023. Seeking the psilocybiome: psychedelics meet the microbiota-gut-brain axis. Int 

519 J Clin Health Psychol 23:100349. 10.1016/j.ijchp.2022.100349

520 Kuypers KPC. 2019. Psychedelic medicine: The biology underlying the persisting psychedelic 

521 effects. Med Hypotheses 125:21-24. 10.1016/j.mehy.2019.02.029

522 Ley RE, Hamady M, Lozupone C, Turnbaugh PJ, Ramey RR, Bircher JS, Schlegel ML, Tucker 

523 TA, Schrenzel MD, Knight R, and Gordon JI. 2008. Evolution of mammals and their gut 

524 microbes. Science 320:1647-1651. 10.1126/science.1155725

525 Mawe GM, and Hoffman JM. 2013. Serotonin signalling in the gut - functions, dysfunctions and 

526 therapeutic targets. Nat Rev Gastroenterol Hepatol 10:473-486. 

527 10.1038/nrgastro.2013.105

528 McKenzie VJ, Song SJ, Delsuc F, Prest TL, Oliverio AM, Korpita TM, Alexiev A, Amato KR, 

529 Metcalf JL, Kowalewski M, Avenant NL, Link A, Di Fiore A, Seguin-Orlando A, Feh C, 

530 Orlando L, Mendelson JR, Sanders J, and Knight R. 2017. The effects of captivity on the 

531 mammalian gut microbiome. Integr Comp Biol 57:690-704. 10.1093/icb/icx090

532 Nichols DE. 2004. Hallucinogens. Pharmacol Ther 101:131-181. 

533 10.1016/j.pharmthera.2003.11.002

534 Papa E, Docktor M, Smillie C, Weber S, Preheim SP, Gevers D, Giannoukos G, Ciulla D, Tabbaa 

535 D, Ingram J, Schauer DB, Ward DV, Korzenik JR, Xavier RJ, Bousvaros A, and Alm EJ. 

536 2012. Non-invasive mapping of the gastrointestinal microbiota identifies children with 

537 inflammatory bowel disease. PLOS ONE 7:e39242. 10.1371/journal.pone.0039242

538 Png CW, Lindén SK, Gilshenan KS, Zoetendal EG, McSweeney CS, Sly LI, McGuckin MA, and 

539 Florin TH. 2010. Mucolytic bacteria with increased prevalence in IBD mucosa augment in 

540 vitro utilization of mucin by other bacteria. Am J Gastroenterol 105:2420-2428. 

541 10.1038/ajg.2010.281

542 Presti D, and Nichols D. 2004. Biochemistry and neuropharmacology of psilocybin mushrooms. 

543 In: Metzner R, and Darling D, eds. Teonanacatl. El Verano, CA: Four Trees, 89-108.

544 Qin J, Li R, Raes J, Arumugam M, Burgdorf KS, Manichanh C, Nielsen T, Pons N, Levenez F, 

545 Yamada T, Mende DR, Li J, Xu J, Li S, Li D, Cao J, Wang B, Liang H, Zheng H, Xie Y, 

546 Tap J, Lepage P, Bertalan M, Batto JM, Hansen T, Le Paslier D, Linneberg A, Nielsen HB, 

547 Pelletier E, Renault P, Sicheritz-Ponten T, Turner K, Zhu H, Yu C, Li S, Jian M, Zhou Y, 

548 Li Y, Zhang X, Li S, Qin N, Yang H, Wang J, Brunak S, Doré J, Guarner F, Kristiansen 

549 K, Pedersen O, Parkhill J, Weissenbach J, Bork P, Ehrlich SD, and Wang J. 2010. A human 

550 gut microbial gene catalogue established by metagenomic sequencing. Nature 464:59-65. 

551 10.1038/nature08821

552 Rizzatti G, Lopetuso LR, Gibiino G, Binda C, and Gasbarrini A. 2017. Proteobacteria: a common 

553 factor in human diseases. BioMed research international 2017:9351507. 

554 10.1155/2017/9351507

555 Sarkar A, Harty S, Lehto SM, Moeller AH, Dinan TG, Dunbar RIM, Cryan JF, and Burnet PWJ. 

556 2018. The microbiome in psychology and cognitive neuroscience. Trends Cogn Sci 22:611-

557 636. 10.1016/j.tics.2018.04.006

558 Slocum ST, DiBerto JF, and Roth BL. 2022. Molecular insights into psychedelic drug action. J 

559 Neurochem 162:24-38. 10.1111/jnc.15540

560 Stahl SM. 2021. Stahl's essential psychopharmacology: neuroscientific basis and practical 

561 applications: Cambridge University Press.

PeerJ reviewing PDF | (2023:11:93535:0:1:NEW 22 Dec 2023)

Manuscript to be reviewed



562 Sudo N, Chida Y, Aiba Y, Sonoda J, Oyama N, Yu X-N, Kubo C, and Koga Y. 2004. Postnatal 

563 microbial colonization programs the hypothalamic�pituitary�adrenal system for stress 

564 response in mice. J Physiol 558:263-275. 10.1113/jphysiol.2004.063388

565 Wallace CJK, and Milev R. 2017. The effects of probiotics on depressive symptoms in humans: a 

566 systematic review. Annals of general psychiatry 16:14-14. 10.1186/s12991-017-0138-2

567 Weinstock GM. 2012. Genomic approaches to studying the human microbiota. Nature 489:250-

568 256. 10.1038/nature11553

569 Xu M, Wang C, Krolick KN, Shi H, and Zhu J. 2020a. Difference in post-stress recovery of the 

570 gut microbiome and its altered metabolism after chronic adolescent stress in rats. Sci Rep 

571 10:3950. 10.1038/s41598-020-60862-1

572 Xu M, Yang K, and Zhu J. 2020b. Monitoring the diversity and metabolic shift of gut microbes 

573 during green tea feeding in an in vitro human colonic model. Molecules 25:5101. 

574 Yano JM, Yu K, Donaldson GP, Shastri GG, Ann P, Ma L, Nagler CR, Ismagilov RF, Mazmanian 

575 SK, and Hsiao EY. 2015. Indigenous bacteria from the gut microbiota regulate host 

576 serotonin biosynthesis. Cell 161:264-276. 10.1016/j.cell.2015.02.047

577 Zhang X, Shen D, Fang Z, Jie Z, Qiu X, Zhang C, Chen Y, and Ji L. 2013. Human gut microbiota 

578 changes reveal the progression of glucose intolerance. PLOS ONE 8:e71108. 

579 10.1371/journal.pone.0071108 

PeerJ reviewing PDF | (2023:11:93535:0:1:NEW 22 Dec 2023)

Manuscript to be reviewed



Figure 1(on next page)

Figure 1: Eûects of psilocybin and norbaeocystin treatment on microbial diversity.

Eûects of psilocybin treatment (A) and norbaeocystin treatment (B) on microbial diversity,
measured by Shannon diversity index. Sample sizes for Week 1 were control (Control) n = 7;
low dosage psilocybin (P-low) n = 3; high dosage psilocybin (P-high) n = 2; low dosage
norbaeocystin (N-low) n = 5; and high dosage norbaeocystin (N-high) n = 2. Sample size for
Week 3 were Control n = 8; P-low n = 3; P-high n = 4; N-low n = 3; and N-high n = 2. Error
bars represent +/- 1 standard error of the mean of biological replicate samples.
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Figure 1: Effects of psilocybin and norbaeocystin treatment on microbial diversity.  
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Figure 2
Figure 2: Eûects of psilocybin and norbaeocystin treatment on abundance of major
microbial phyla at the phylum level.

Eûects of psilocybin treatment on Firmicutes abundance (A), norbaeocystin treatment on
Firmicutes abundance (B), psilocybin treatment on Bacteroidetes abundance (C), and
norbaeocystin treatment on Bacteroidetes abundance (D).
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Figure 3(on next page)

Figure 3: Eûects of psilocybin and norbaeocystin treatment on abundance of minor
microbial phyla at the phylum level.

Eûects of psilocybin on Proteobacteria abundance (A), norbaeocystin on Proteobacteria
abundance (B), psilocybin on Actinobacteria abundance (C), and norbaeocystin on
Actinobacteria abundance (D), psilocybin on Verrucomicrobia abundance (E), and
norbaeocystin on Verrucomicrobia abundance (F), psilocybin on Tenericutes abundance (G),
and norbaeocystin on Tenericutes abundance (H). * indicated statistical signiûcance.
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