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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Ching Hou Neuroinflammation has emerged as a central pathology common to several acute and chronic
brain diseases. Recent studies have displayed the anti-inflammatory properties of naturally oc-
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’ _ curring compounds derived from mushrooms and plants could potentially reduce neuroinflam-
Psilocybin . . . . . . . : . .
Fugenol mation and disease progression. In this study, we aimed to investigate the impact of psilocybin
Dextran and eugenol, as well as their combinations, on neuroinflammation. To induce inflammation
Inflammation through the gut-brain axis, we employed a colitis mouse model via oral feeding of dextran sulfate

Brain sodium (DSS). By administering various concentrations and combinations of treatments, both be-
fore and after inducing inflammation, we sought to assess the synergistic anti-inflammatory ef-
fects of psilocybin and eugenol. Our findings revealed oral psilocybin and eugenol post-treatment
significantly reduced the expression of pro-inflammatory cytokines and inflammatory mediators
in the brain, including IL-16, IL-6, and COX-2. Notably, combined treatment of psilocybin and
eugenol exhibited the strongest reduction in IL-6 levels when compared to the DSS group. While
both psilocybin and eugenol possess anti-inflammatory effects, the combined treatment overall
did not demonstrate synergistic reductions in neuroinflammation across all markers. This study
adds to the growing body of evidence supporting the therapeutic potential of psilocybin and
eugenol in psychiatric and neurodegenerative inflammatory disorders. Further research is neces-
sary to elucidate the underlying mechanisms of their anti-inflammatory effects and to evaluate
their efficacy in clinical settings.

1. Introduction

Neuroinflammation is an inflammatory response within the brain or spinal cord involving the activation of neuroimmune cells
into pro-inflammatory states, accompanied by the release of multiple pro-inflammatory cytokines, chemokines, secondary messen-
gers (Ca?*, inositol trisphosphate, and NO), and reactive oxygen species (ROS) (DiSabato et al., 2016; Norden et al., 2016; Shabab et
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al., 2017). The primary function of neuroinflammation is to inhibit the harmful effects of brain insults (Wyss-Coray and Mucke, 2002)
by repairing tissue, supporting the blood-brain barrier, and facilitating the removal of cellular debris (Kempuraj et al., 2016). At the
same time, excessive or prolonged inflammation can induce and exacerbate neurogenic disease progression, and even cause nerve
damage, DNA fragmentation, and cell death (Chen et al., 2016). While neuroinflammation can be induced via brain or spine injuries,
other factors including toxins, infections, and immune system dysregulation (Ebert et al., 2019) can lead to cognitive degeneration
and neurodegenerative diseases, like Alzheimer's disease (AD). In addition, there is evidence indicating that inflammation has a no-
table impact on psychiatric disorders and is associated with depression, schizophrenia, post-traumatic stress disorder (PTSD), and
mood disorders (Chen et al., 2016; Bauer and Teixeira, 2019).

Intestinal inflammation can impact brain function and contribute to neuroinflammatory processes through the gut-brain axis. Dex-
tran sodium sulfate (DSS) is the most widely used chemical to induce inflammation of the bowels (Chassaing et al., 2014) causing
damage to the intestinal epithelium barrier function and DSS-induced inflammatory bowel disease (IBD) (Cochran et al., 2020). In ad-
dition, DSS causes a disruption in the integrity of the gut barrier resulting in endotoxemia. Multiple studies demonstrate IBD and en-
dotoxemia can induce cognitive impairment, alterations in serotonin (5-hydroxytryptamine, 5-HT)-producing enterochromaffin cells
(EQC), inflammation and oxidative stress within the brain (Jain et al., 2015; Emge et al., 2016). While DSS is commonly used to study
IBD, it can also be used to study neuroinflammation due to its ability to disrupt the intestinal barrier causing endotoxemia, neuroin-
flammation and inflammatory-related neurodegenerative diseases (Kurita et al., 2020). Ongoing research is focused on investigating
the therapeutic potential of natural compounds derived from mushrooms (Elsayed et al., 2014) and plants (Fiirst and Ziindorf, 2014)
as possible treatment options due to their anti-inflammatory and antioxidant potential.

Eugenol (4-allyl-2-methoxyphenol) (Eug) is an aromatic compound, commonly found in essential oils of plants such as cloves, bay
leaves, and allspice. Some studies demonstrated that eugenol is usually used as a treatment for dental caries and periodontal disease
(Cai, 1996). Moreover, pharmacological studies reported that Eug has anticonvulsant, bactericidal, antifungal, analgesic, antiseptic,
hepatoprotective, and antioxidant properties. It inhibits the expression of tumor necrosis factor a (TNF-a) and reduces production of
nitrous oxide radicals (Kumar et al., 2021; Esmaeili et al., 2022). Eug, in addition to its effects on the CNS, has been shown to act as a
neuroprotector, mitigating delayed neuronal death caused by ischemic damage in the CNS (Won et al., 1998). Additionally, rats
treated with 0.01 mg/kg Eug showed improved memory and had a significant decrease in amyloid plaques, suggesting an effect on
AD (Taheri et al., 2019). In the experimental epilepsy models, it was capable of reducing severity of seizures and neuronal excitability
(Huang et al., 2012). Eug has been shown to effectively modulate microglia, inducing a shift from a pro-inflammatory to an anti-
inflammatory state, thereby demonstrating its effects on microglial polarization (Revi and Rengan, 2020). Furthermore, oral applica-
tion of Eug has recently been shown to be extremely effective in reducing inflammatory markers, including cadmium-induced inflam-
mation (Kumar et al., 2021).

Psychedelic mushrooms have been used for centuries due to their purported healing properties, however, have not been thor-
oughly studied for their anti-inflammatory potential. Psychedelic mushroom extracts have demonstrated the ability to alter the in-
flammatory profile of macrophages (Nkadimeng et al., 2021), suggesting psilocybin (Psi), the principal bioactive compound found in
psychedelic mushrooms, may have anti-inflammatory potential. Despite this finding, little research has been performed on whether
psilocybin can prevent neuroinflammation.

In vivo, psilocybin undergoes rapid dephosphorylation to form psilocin (4-hydroxy-N,N-dimethyltryptamine). The acute
pharmacological effects commonly associated with the administration of psilocybin/psilocin have traditionally been attributed
to psilocin's binding to 5-HT2A receptors (SHT2AR). In vitro studies conducted on human receptor-expressing cells have
demonstrated that psilocin exhibits a strong affinity for binding to SHT2AR. Additionally, activation of SHT2AR has shown
robust anti-inflammatory effects in animal models (Yu et al., 2008; Erkizia-Santamaria et al., 2022). Moreover, psychedelics
have been shown in human macrophages to inhibit inflammation induced by TNF-a in vitro (Nkadimeng et al., 2021).

Our previous studies demonstrated Psi and Eug can synergistically reduce inflammation in intestinal cells (Robinson et al., 2023a)
and restore the intestinal barrier function in 3D models (Robinson et al., 2023b). Due to our recent findings showing Psi and Eug re-
duce neuroinflammation induced by LPS in mice (Zanikov et al., 2023), growing evidence of Psi acting through the gut-brain axis
(Reed and Foldi, 2024), and the fact that multiple neuroinflammatory diseases are exacerbated or induced through the gut-brain axis
including multiple sclerosis, Alzheimer's, and Parkinson's disease, as well as anxiety and depressive-like disorders (Rutsch et al.,
2020), we aimed to inquire if psilocybin and eugenol acts through the gut-brain axis to reduce neuroinflammation. In this study, we
utilized DSS to induce gut dysbiosis-mediated neuroinflammation and tested the anti-inflammatory effects of Psi and Eug. We hypoth-
esize that psilocybin and eugenol have neuro-protective effects in DSS-induced neuroinflammation in mice, suggesting psilocybin and
eugenol have anti-inflammatory effects within the brain that are mediated through the gut-brain axis.

2. Materials and methods

2.1. Animals

For this study, we used C57BL/6 J mice (Charles River Laboratories, Laval, Canada) following the Guide to Care and Use of Ani-
mals of the Canadian Council of Animal Care, which was approved by the Animal Care Committee at the University of Lethbridge,
Canada (Protocol No. 2113, approved April 25, 2022).

2.2. Animal handling

8-10-week-old mice were assigned into groups that received doses of DSS or vehicle for 5, 6 or 7 days. Mice received either vehi-

cle, 2.5 % or 3 % DSS dissolved in drinking water and were weighed daily. The number of days refers to the time between the starting
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day of treatment and tissue harvesting for each group. After each time point, mice were anesthetized with Isoflurane and decapitated
using the mouse guillotine. The brains were extracted, cut, washed in 1 X PBS and placed in 1.5 ml microtubes, frozen using liquid ni-
trogen or dry ice and stored at —80 degrees C.

In addition, 8-10-week-old mice were assigned to 2 groups and received Psi and Eug treatment either prior to or after receiving
DSS. Gavage was the chosen method of treatment. Pretreated mice received treatments 24 h and 1 h before providing DSS in drinking
water and tissues were harvested 6 days post DSS treatment. Post-treated mice received the treatment once after providing DSS for 6
days and tissues were harvested 4 h later. We collected brains from animals at 5, 6, and 7 days after providing the solution to analyze
cytokine content.

2.3. Chemicals and treatment groups

The dose of psilocybin (CAS No. 520-52-50, Applied Pharmaceutical Innovation, Edmonton, AB, Canada) used was calculated
from the common dose used in humans (5 mg, based on the average weight of 70 kg) and prorated to mice using a factor of 12.3. For
the combination with eugenol (CAS No. 97-53-0, Sigma-Aldrich, Saint Louis, MI, USA), three different ratios were used: 1:10, 1:20,
and 1:50.

Pre-treatment groups included: Control—vehicle; Psilocybin (0.88 mg/kg); Eugenol (17.6 mg/kg); Psilocybin + eugenol (1:20;
0.88 mg/kg psilocybin and 17.59 mg/kg eugenol); DSS (0.83 mg/kg); Psilocybin (0.88 mg/kg) + DSS; Eugenol (17.6 mg/kg) + DSS;
Psilocybin + eugenol (1:10; 0.88 mg/kg psilocybin and 8.8 mg/kg eugenol) + DSS; Psilocybin + eugenol (1:20; 0.88 mg/kg psilocy-
bin and 17.6 mg/kg eugenol) + DSS; Psilocybin + eugenol (1:50; 0.88 mg/kg psilocybin and 44.0 mg/kg eugenol) + DSS.

Post-treatment groups included: Control - Vehicle; DSS (0.83 mg/kg); DSS + psilocybin (0.88 mg/kg); DSS + eugenol (17.6 mg/
kg); DSS + psilocybin + eugenol (1:10); DSS + psilocybin + eugenol (1:20); DSS + psilocybin + eugenol (1:50).

These doses were chosen based on previous data demonstrating strong and additive anti-inflammatory effects of psilocybin and
eugenol at physiological levels that correspond to these oral doses (Robinson et al., 2023b). Furthermore, no cytotoxic effects were
seen at these doses for psilocybin and eugenol (Robinson et al., 2023a).

2.4. Protein extraction

Frozen brain tissue was homogenized via pestle on liquid nitrogen and then protein was extracted with 400 pL of RIPA lysis buffer
in 1.5 ml microtubes. Zirconium beads (Cat# D1032-15, Cole-Parmer, QC, Canada) was used to homogenize mixtures 3 times for
3 min on a shaker with 2 min on ice in between sets. Next, 200 pL of RIPA lysis buffer was added to each microtube and put on the
shaker at 4 °C for 2 h, then centrifuged and supernatant was collected. NanoDrop 2000/2000c Spectrophotometer (Thermo Fisher
Scientific, Wilmington, DE, USA) was used for protein quantification, using the Bradford protein assay with bovine serum albumin as
the standard.

2.5. RNA isolation

RNA was isolated from brain tissue using TRIzol® Reagent (Invitrogen, Carlsbad, CA, USA); purified using an RNAesy kit (Qia-
gen), according to the manufacturer's instructions, and quantified using NanoDrop 2000c (Thermo Fisher Scientific, Wilmington, DE,
USA). RNA was converted to cDNA using iScriptTM Select cDNA synthesis kit (Cat# 1,708,897, BioRad, Hercules, CA, USA).

2.6. Quantitative real-time PCR (qRT-PCR)

Quantitative real-time PCR (qRT-PCR) was performed on brain tissue from all experimental groups with SsoFastTM EvaGreen®
Supermix (Cat# 1,725,202, BioRad, Hercules, CA, USA) in a C1000TM Thermo Cycler equipped with a CFX96 Touch™ Real-Time
PCR Detection System (BioRad). Primers were designed using the https://www.idtdna.com/Primerquest platform. Reference gene
(GAPDH) was analyzed with the GeNorm method. The comparative CT method (AACt method) was used to calculate relative fold ex-
pression levels using the BioRad Software (CFX Manager). Each experiment included three biological replicates for each group and
two technical replicates per sample. The genes used for qRT-PCr were IL-1f, TNF-a, IL6, COX2, a-Amylase, TRP1, TRPMS8, TRPV1,
HTR2A, HTR2B, MCP1, GAPDH.

2.7. Engyme-linked immunoassay (ELISA)

Three samples from each group were selected randomly for ELISA and were prepared using extracted protein from brain tissue.
Samples were centrifuged for 10 min at 5000 rpm, supernatant was aliquoted into 0.2 pL labeled microtubes, put in a box and sent to
Eve Technologies (Calgary, AB, Canada) for enzyme-linked immunoassay. All procedures were done on ice.

2.8. Synergy scoring

To determine synergy, the average negative fold change compared to the DSS group was calculated for IL-1p, IL-6, COX-2, TNF-a,
MCP-1 and a-Amylase for each treatment group. The negative fold changes were inputted into the R package webapp SynergyFinder+
(SynergyFinder, Helsinki, Finland) to determine the Loewe synergy score for inhibition (Yadav et al., 2015; Zheng et al., 2022). The
imputation mode was utilized due to missing combinations, and 2D maps were developed to graphically demonstrate the synergistic
interactions between Psi and Eug. Mean scores and p-values were calculated and noted on the figures.
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2.9. Statistical analysis

GraphPad Prism 9 (GraphPad Software, San Diego, CA) was used for statistical analysis and is presented as means with standard
error of the mean (SEM) error bars. A one-way analysis of variance (ANOVA) followed by Dunnett's post hoc test was used. P-values
less than 0.05 were considered statistically significant. *p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001.

3. Results

3.1. Verification of DSS-induced inflammation model

Initially, multiple doses and durations of orally fed DSS were tested on mice to determine which model adequately recapitulates
neuroinflammation (Fig. 1). DSS was fed for 4, 5, or 6 days as previous research suggested between 3 and 7 days would induce a
mouse model of colitis and neuroinflammation (Do and Woo, 2018). Concentrations at 0 %, 2.5 %, and 3 % were tested as both 2.5 %
and 3 % have been previously used to induce different severities of colitis (Liu et al., 2021; Wu et al., 2021). mRNA samples from
treated mice were isolated, quantified and analyzed via RT-qPCR. While no significant differences were seen, likely due to low statis-
tical power (n = 3), a common trend was seen. Mice treated for 6 days at 3 % DSS had higher levels of all four tested markers, includ-
ing IL-1p, IL-6, COX-2, and TNF-« (Fig. 1A,B,C,D, p = N.S.). In contrast, 2.5 % DSS treated for 6 days did not increase levels of any
marker of inflammation. While mice treated for 5 days did see increased levels of markers, this trend was not consistent. IL-6 and
TNF-a levels were higher at 5 days of 2.5 % and 3 % DSS (Fig. 1B-D, p = N.S.), however, IL-1p and COX-2 levels were unaffected (Fig.
1A-C, p = N.S.). Lastly, no changes were seen after 4 days (Fig. 1A,B,C,D, p = N.S.).

3.2. RT-qPCR analysis of cytokines in pre- and post-treatment animals

Next, we utilized mice treated with 3 % DSS for 6 days to test the anti-inflammatory effects of psilocybin and eugenol as this con-
sistently induced neuroinflammation. Animals treated with psilocybin and/or eugenol either pre- or post-treatment were euthanized,
brains were collected and homogenized, and mRNA was isolated. The expression of pro-inflammatory cytokines and enzymes were
quantified and analyzed by RT-qPCR.

mRNA levels of IL-1p were significantly higher in the DSS group than the control (p < 0.05), however, no treatments of Psi and/or
Eug significantly downregulated IL-1$ compared to the DSS group (Fig. 2A). Similar to IL-1p, expression of cyclooxygenase-2 (COX-2)
was significantly higher for the DSS group compared to the control (p < 0.01, Fig. 2C), however, no treatments of Eug and/or Psi sig-
nificantly reduced COX-2 levels compared to the DSS group. Changes in expression of the other two cytokines were insignificant, al-
though TNF-a trended lower for all treatments (p = N.S., Fig. 2D) and IL-6 trended higher for all treatments compared to the DSS, ex-
cept DSS + psilocybin (p = N.S., Fig. 2B). Based on these results, pre-treatment with psilocybin and eugenol do not appear to reduce
inflammation.
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In contrast, all post-treatment groups significantly downregulated IL-1/ expression including DSS + Psi (p < 0.001), DSS + Eug
(p < 0.0001), DSS + Psi + Eug (1:10) (p < 0.01), DSS + Psi + Eug (1:20) (p < 0.001), DSS + Psi + Eug (1:50) (p < 0.01) compared
to the DSS group (Fig. 3A). Similar results shown for the IL-6 and COX-2 levels of in the DSS group compared to the control (p < 0.01)
and all post-treatment groups compared to the DSS group (p < 0.01, Figs. 3B and 2C). DSS did not upregulate TNF-a and there was no
significant difference in expression of TNF-a in any of the treatment groups (Fig. 3D). In addition, DSS + psilocybin + eugenol (1:50)
appeared to increase TNF-a levels (p = N.S., Fig. 3D).

3.3. RT-qPCR analysis of MCP-1 and a-Amylase in pre- and post-treatment animals

Next, we measured levels of MCP-1, which recruits and activates monocytes, memory T cells, and dendritic cells, and a-Amylase,
which is used to determine the prognosis of inflammatory diseases, in the pre-treatment and the post-treatment groups. DSS signifi-
cantly increased MCP-1 levels compared to the control (p < 0.0001, Fig. 4A). The Psi + Eug + DSS (1:10) group showed a significant
increase in levels of MCP-1 expression in the pre-treatment compared to the DSS group (p < 0.0001, Fig. 4A), whereas
Psi + Eug + DSS (1:50) demonstrated significantly lower levels of MCP-1 compared to the DSS group (p < 0.01, Fig. 4A). Also, the
expression of MCP-1 was significantly lower in the Psi, and eugenol groups, compared to the DSS group (p < 0.0001, Fig. 4A), and
was similar to the control.

The highest levels of a-Amylase were demonstrated in the DSS group compared to the control (p < 0.0001, Fig. 4B). All other
treatment groups showed significantly lower expression of a-Amylase compared to the DSS group (p < 0.001, Fig. 4B). Interestingly,
psilocybin appeared to have the largest decrease in a-Amylase levels (p < 0.0001, Fig. 4B).

The post-treatment groups demonstrated similar patterns. DSS had the highest levels of MCP-1 compared to the control (p < 0.01,
Fig. 5A). Post-treatment groups demonstrated significantly lower levels of MCP-1, with DSS + Eug and Psi + Eug + DSS (1:10) being
the most significant (p < 0.0001, Fig. 5A). Interestingly, psilocybin did not significantly reduce MCP-1 levels compared to DSS group
(p = N.S. Fig. 5A).

Similarly, a-Amylase expression levels were upregulated in DSS group compared to the control (p < 0.001, Fig. 5B), whereas
psilocybin (p < 0.01), eugenol (p < 0.001), and 1:10 (p < 0.001) and 1:20 (p < 0.01) psilocybin to eugenol post-treatments signifi-
cantly reduced a-Amylase levels compared to the DSS group (Fig. 5B).

3.4. Cytokines in pre- and post-treatment groups measured by ELISA

Next, we performed an array of ELISAs to look at multiple different cytokine protein levels. While many cytokines were outside of
the limit of detection, IL-2, IL-4, and IL-10 levels were measured.

Relative levels of Interleukin 2 (IL-2) in the DSS + Eug group were shown to be downregulated compared to the DSS group
(p < 0.05, Fig. 6A). No significant changes were shown for expression of Interleukin 4 (IL-4) or Interleukin 10 (IL-10), although IL-10
post-treatment groups tended to be lower than the DSS group (p = N.S., Figs. 6B and 7C respectively).

Next, we measured levels of IL-6 and MCP-1 (Fig. 7A and B respectively) in blood using ELISA. Although no significant differences
were shown, IL-6 levels appeared higher in DSS + Psi group compared to the DSS group (p = N.S., Fig. 7A) and MCP-1 levels in
DSS + Eug group appeared to be higher compared to the control group (p = 0.0926, Fig. 7B).
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3.5. Synergism demonstrated in pre- and post-treatment

Since Psi and Eug demonstrate a potent ability to reduce inflammation by themselves, we wanted to test if the combination of the
two compounds at different doses resulted in synergism. To test this, we utilized the Loewe calculation of synergism within Syner-
gyFinder + to calculate synergy in the average negative fold change of the tested mRNAs.

In the pre-treatment groups, synergy was dose-dependent as both positive and negative synergy was demonstrated in multiple cy-
tokines depending on the concentration of psilocybin and eugenol. Overall, the mean Loewe synergy score was —0.27 for IL-1p (Fig.
8A, p = 0.454) suggesting antagonism, however potentiation was demonstrated at 0.88 mg/kg of psilocybin combined with the high-
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Fig. 6. Pro-inflammatory cytokine levels in the post-treatment DSS-induced brain inflammation. The levels of (A) IL-2, (B) IL-4, (C) IL-10 were measured by an ELISA.
Data were analyzed with ANOVA and Tukey's post hoc test (n = 3). Significance (p) is indicated within the figures using the following scale: *, p < 0.05. Bars represent
mean * SEM. PS], psilocybin; EUG, eugenol; DSS, Dextran Sodium Sulfate.
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Fig. 7. The content of pro-inflammatory cytokines in post-treatment DSS-induced inflammation in blood. The amounts of (A) IL-6, (B) MCP-1 were determined by
ELISA. Data were analyzed with ANOVA and Tukey (n = 3). Bars represent mean = SEM. PSI, psilocybin; EUG, eugenol; DSS, Dextran Sodium Sulfate.

est dose of eugenol (44 mg/kg), which corresponds to the 1:50 ratio (Fig. 8A). In contrast, antagonism was demonstrated at both 8.8
(1:10 ratio) and 17.6 mg/kg (1:20 ratio) of eugenol when combined with 0.88 mg/kg of psilocybin (Fig. 8A).

Although IL-6 only demonstrated antagonism between psilocybin and eugenol, with a mean synergy score was —0.75 (Fig. 8B,
p = 0.0646), COX-2 only demonstrated potentiation with a mean score of 0.42 (Fig. 8C, p = 0.496). Specifically, the highest synergy
to reduce COX-2 levels was with 0.88 mg/kg of psilocybin and 8.8 mg/kg of eugenol, corresponding to the 1:10 ratio of psilocybin to
eugenol. Similarly, TNF-a showed a mean synergy of 0.19 (Fig. 8D, p = 0.303), however, potentiation was minimal and strongest in
the 1:50 and 1:10 eugenol to psilocybin ratios.

In contrast, MCP-1 had a mean synergy score of —0.38 (Fig. 8E, p = 0.562), but demonstrated both potentiation and antagonism.
Pre-treatment with the 1:50 psilocybin to eugenol dose (44 mg/kg of eugenol and 0.88 mg/kg of psilocybin) resulted in synergy to re-
duce MCP-1 levels, whereas, both 1:20 and 1:10 ratios demonstrated antagonism (Fig. 8E). Lastly, a-Amylase only demonstrated an-
tagonism with a mean Loewe synergy score of —0.72 (Fig. 8F, p = 0.0531).

Overall, pre-treatments with psilocybin and eugenol resulted in dose-dependent potentiation and antagonism; specifically, the
1:50 psilocybin to eugenol ratio (0.88 mg/kg of psilocybin and 44 mg/kg of eugenol) demonstrated the strongest results with synergy
for IL-13, TNF-a, and MCP-1 (Fig. 8).
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Fig. 8. Loewe synergy scores for negative fold change of cytokines and markers from the brains of mice pre-treated with 0 or 0.88 mg/kg of psilocybin combined with
0, 8.8, 17.6, and 44 mg/kg of eugenol compared to the DSS group. Synergy scores are indicated for: (A) IL-1p, (B) IL-6, (C) COX2, (D) TNF-a, (E) MCP-1, and (F) a-
Amylase. Synergy scores are calculated by SynergyFinder + using imputation. Red represents potentiation. Green represents antagonism. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version of this article.)

Similarly, we measured the synergism of post-treatment groups. Interestingly, synergism of post-treatments (Fig. 9) appeared to
be opposite of the synergy in the pre-treatment groups (Fig. 8). As in pre-treatment groups, both potentiation and antagonism were
dose-dependent.

For IL-1p, only antagonism was demonstrated with a mean Loewe score of —2.05 (Fig. 9A, p = 0.0022), however, no effect was
observed at the 1:20 ratio of Psi to Eug. In contrast, IL-6 demonstrated synergism at the 1:50 ratio, antagonism at both the 1:20 and
1:10 ratios with mean Loewe score of —0.18 (Fig. 9B, p = 0.763). For COX-2, post-treatments groups had neither potentiation nor an-
tagonism, with a mean score of —0.12 (Fig. 9C, p = 0.42). Similarly, TNF-a was relatively neutral but trended toward antagonism
with a mean score of —0.24 (Fig. 9D, p = 0.189). Lastly, both MCP-1 and a-Amylase demonstrated synergy at the 1:10 ratio, while an-
tagonism at the 1:50 ratio, with a mean Loewe score of 0.013 (Fig. 9E, p = 0.973) and —0.041 (Fig. 9F, p = 0.880), respectively.

Overall, there are no post-treatment combinations that clearly demonstrate strong potentiation across multiple markers that sug-
gested to be better than other post-treatments based on synergy. Instead, any synergy gained for one cytokine or enzyme at a set dose
or ratio has multiple other markers demonstrate antagonism.

4. Discussion

The inflammatory response in the brain and spinal cord has been a central concern of many researchers. Aspects of neuroinflam-
mation, such as context, course, duration, and progression of primary cause, affect degree of inflammatory response. This response
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Fig. 9. Loewe synergy scores for negative fold change of cytokines and markers from the brains of mice post-treated with 0 or 0.88 mg/kg of psilocybin combined with
0, 8.8, 17.6, and 44 mg/kg of eugenol compared to the DSS group. Synergy scores are indicated for: (A) IL-1p, (B) IL-6, (C) COX2, (D) TNF-a, (E) MCP-1, and (F) a-
Amylase. Synergy scores are calculated by SynergyFinder + using imputation. Red represents potentiation. Green represents antagonism. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version of this article.)
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may result in recruitment of immune response, tissue damage or potential cell death. In addition, properties of natural compounds of
mushrooms and plants and their effect on inflammation have been subject of interest in recent studies.

In this study, we utilized psilocybin and eugenol in combination to reduce neuroinflammation induced via the gut-brain axis.
Psilocybin and eugenol were chosen based on previous studies that demonstrated superior and synergistic anti-inflammatory effects
compared to other pairings with capsaicin or curcumin, and did not demonstrate any cytotoxic effects (Robinson et al., 2023a). Subse-
quently, psilocybin and eugenol were found to prevent gut dysbiosis in 3D models (Robinson et al., 2023b), while preventing neuroin-
flammation in an LPS-induced model of neuroinflammation (Zanikov et al., 2023).

As our previous study using LPS induced septic shock and resulted in severe and systemic inflammation, we decided to study an-
other model utilizing DSS to induce gut-brain axis inflammation. While DSS is commonly used to study colitis, and results in endotox-
emia, DSS does not induce severe septic shock similar to LPS. Furthermore, this model would better simulate the gut-brain axis contri-
butions to neuroinflammatory diseases including multiple sclerosis, Alzheimer's, and Parkinson's disease, as well as anxiety and de-
pressive-like disorders (Rutsch et al., 2020). As a result, we could determine if psilocybin and eugenol appear to provide anti-
inflammatory effects by acting on the gut and potentially be useful in the treatment of the aforementioned diseases.

Previous studies have shown that DSS treatment elevates expression of IL-6, and TNF-a in hippocampus (Takahashi et al., 2019),
while inflammation in the bowel is associated with alterations in the central nervous system by the activation of TNF-a signaling and
microglia in the brain (Riazi et al., 2008). We established DSS-induced inflammation models in mice, which are supported by the en-
hanced expression of pro-inflammatory cytokines in the brain. Interestingly, we did not see consistent and upregulated levels of TNF-
a (Figs. 2 and 3). Next, we demonstrated the effect of administrating different treatments of Eug and Psi, as well as their combina-
tions, prior to and after inflammation induction. The effects of pre-treatment with either psilocybin and/or eugenol appeared to be
minimal. In contrast, post-treatment demonstrated promise in inhibiting inflammation and decreasing cytokines.

Evidence suggests that psychedelics can stimulate neurogenesis and gliogenesis, reduce inflammation, and ameliorate oxidative
stress, which could be used for therapeutics in psychiatric, neurodegenerative, and movement disorders (Kargbo, 2023). One study
demonstrated anti-inflammatory and antidepressant effects of psilocybin in the human U937 macrophage cell line, by decreasing lev-
els of TNF-«a and IL-1p (Nkadimeng et al., 2021). IL-1 is a pro-inflammatory cytokine with multiple roles. It is involved in the regula-
tion of pain, inflammation, homeostasis and differentiation of monocytes into conventional dendritic cells (Ren and Torres, 2009;
Kaneko et al., 2019). TNF-« is a multifunctional cytokine, it has a pleiotropic effect on inflammation and immune response. TNF-« is
involved in the regulation of immune-inflammatory reactions of host defense against infectious, autoimmune, and endocrine diseases
and cancer, and its actions help determine the survival or death of various cells (Hsieh et al., 2022). The reduction of such pro-
inflammatory cytokines is associated with improved health outcomes in chronic inflammation (Nkadimeng et al., 2020). Authors of
this study also demonstrated that mushroom extracts contained components, such as n-hexadecanoic acid, 4 h-pyran-4-one, 2,3-
dihydro-3,5-dihydroxy-6-methyl, 3-octanone, and dibutyl phthalate, can induce natural anti-inflammatory and antioxidant effects.
Psilocybin's role in inflammation is a new topic and has yet to be fully studied, therefore more research is needed to explore its thera-
peutic potential.

Compared to psilocybin, eugenol's effects on inflammation have been more thoroughly studied. For instance, eugenol can alleviate
DSS-induced colonic inflammation by downregulating pro-inflammatory cytokine expression, such as TNF-a, recover intestinal bar-
rier and beneficially affect gut microbiota (Chen et al., 2021). Eugenol shows antidepressant effects by promoting metallothionein-III
production in the hippocampus (Liagat et al., 2022). Eugenol can also be used as a damage-preventing agent in oxidative stress
(Barboza et al., 2018). Since eugenol ameliorates DSS-induced colitis, there is a possibility that the observed reduction in brain in-
flammation is not a direct result of addressing brain inflammation. Instead, it may be due to alleviating colitis, which would prevent
endotoxemia resulting in the failure to induce brain inflammation. Therefore, this study does not provide explanation of the precise
mechanism of action of psilocybin and eugenol in relation to the location of anti-inflammatory action, however, due to the gut-brain
axis method of inflammation induction and previous papers showing amelioration of intestinal inflammation, we believe these effects
are likely in part mediated through the gut (Robinson et al., 2023a, 2023b; Reed and Foldi, 2024). That being said, our previous data
studying LPS-induced brain inflammation demonstrated similar anti-inflammatory results (Zanikov et al., 2023), suggesting psilocy-
bin and eugenol does act directly on the brain. Further research should study the contributions of the anti-inflammatory effects of Psi
and Eug on each the gut and the brain.

It is worth noting that there are neuropsychiatric and neurological diseases, in which gut-brain axis plays important role, such as
depression, schizophrenia, Parkinson's disease, epilepsy and migraine (Socata et al., 2021). These diseases, whereby inflammation
plays a large role in the pathogenesis of the disease, would likely benefit from psilocybin and eugenol co-treatment. While other neu-
rological and gut diseases may be of benefit as well, this study in particular indicates that psilocybin and eugenol can beneficially in-
fluence the gut-brain axis.

Some studies report eugenol's ability to inhibit apoptosis and secretion of pro-inflammatory cytokines (Said and Abd Rabo, 2017),
and can reduce IL-1 and COX-2 gene expression (Hussain et al., 2011). COX-2 is activated in response to various factors, such as TNF-
a. COX-2 can synthesize pro-inflammatory mediators and prostaglandins, which can function as immune-suppressors. It was also
shown that upregulation of COX-2-associated with inflammation (Gandhi et al., 2017). In our previous study we described the effects
of combined treatment involving both eugenol and psilocybin on LPS-induced brain inflammation in mice model (Zanikov et al.,
2023).

After establishing the DSS-induced inflammation model in male mice, we administered psilocybin and eugenol as a pre-treatment
or as a post-treatment. Apart from upregulation of IL-14 and COX-2 in the DSS, relative to the control, RT-qPCR results for the pre-
treatment did not show any significant changes (Fig. 2A and C, respectively). Although not significant, TNF-a trends to be downregu-
lated for all groups compared to the control (Fig. 2D). On the other hand, post-treatment results of RT-qPCR demonstrated notable
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downregulation of all treatment groups, relative to the DSS, for IL-14, IL-6 and COX-2 (Fig. 3A, B and C, respectively). The most signif-
icant change was shown for downregulation of pro-inflammatory cytokine IL-6 in the DSS + Psi + Eug (1:50), relative to the DSS
groups (Fig. 3B). Interestingly, all treatment groups showed similar downregulation of COX-2 compared to the DSS (Fig. 3C).

We also measured the effect of treatments for markers MCP-1 and a-Amylase. MCP-1 is a chemokine and its main role in inflamma-
tion is to attract monocytes, memory T cells and dendric cells to the inflammatory sites. MCP-1 can also increase expression of cy-
tokines TNF-a and IL-p (Tong et al., 2020). Surprisingly, DSS + psilocybin + eugenol (1:10) showed the most notable upregulation of
MCP-1 in the pre-treatment relative to the DSS group (Fig. 4A). Apart from that, all other groups showed a decrease in expression of
MCP-1 and most noticeable it was demonstrated for psilocybin, eugenol and DSS + Psi + Eug (1:50) groups compared to the DSS (Fig.
4A). On the other hand, the DSS + Psi + Eug (1:10) and DSS + Eug groups demonstrated lowest levels of MCP-1 in the post-treatment
compared to the DSS (Fig. 5A). All other groups also demonstrated a decrease in amounts of MCP-1 compared to the DSS (Fig. 5A). a-
Amylase is an enzyme that participates in the degradation of polysaccharides. It is used for the prognosis and treatment of inflamma-
tory diseases, actinomycetes infection and against some bacteria (Gutiérrez-Corrales et al., 2017). Pre-treatment group of psilocy-
bin + DSS demonstrated the most significant decrease of a-Amylase expression compared to the DSS group, while all other groups also
showed relative downregulation of this marker (Fig. 4B). On the other hand, DSS + Psi + Eug (1:50) group in the post-treatment
demonstrated similar upregulation of a-Amylase to the DSS group (Fig. 5B).

ELISA results demonstrated a decrease in levels of IL-2 compared to the DSS group (Fig. 6A). Apart from that, post-treatment did
not show any effect on levels of IL-4 and IL-10 (Fig. 6B and C, respectively). IL-2 is a cytokine that is involved in the activation and
regulation of the immune response (Hoyer et al., 2008). It is a key growth and survival factor of T-cells, it promotes differentiation of
the memory T cell phenotype (Kanagalingam et al., 2019). It is produced by T cells, specifically CD4* helper cells and IL-2 can induce
the proliferation of T cells and T-helper 1 (Th1) and Th2 effector (Abbas, 2020). IL-4 is a signature type II inflammatory response cy-
tokine. It belongs to the Th2-type cytokines and is a key player in the inflammatory response triggered by allergy or parasite infection.
It stimulates B cell proliferation and activation of eosinophils, basophils, and mast cells. Moreover, it also can activate immunoglobu-
lin (Ig) class of IgE and IgG4, and it also plays a role in the fibrosis of internal organs and skin (Junttila, 2018). IL-10 is a cytokine that
can affect multiple cell types. Its anti-inflammatory role is to suppress monocytes and macrophage ability, as well as production of
pro-inflammatory cytokines, such as IL-6, by inhibiting Th1 and stimulating B lymphocytes and Th2 lymphocytes. Thus, leading to
the suppression of inflammatory response (Rong et al., 2018). We also found a significant increase of MCP-1 amounts in blood for the
DSS + Eug group compared to the control (Fig. 7B).

While psilocybin has potent anti-inflammatory effects, the exact mechanism has not been determined. Although, psilocybin's ef-
fects are likely mediated through 5-HT2A receptor, it could also act on the other receptors including 5-HT2B, 5-HT2C, or 5-HT1A
(Tyls et al., 2014). The most plausible signaling of psilocybin involves the biased activation of the 5-HT2A receptor resulting in p-
arrestin 2-dependent signaling, which negatively regulates NF-xB signaling (Koopman et al., 2021; Cheshmehkani et al., 2017); how-
ever, psilocybin can also act through Gog/1; and Ga/o. In contrast, recent evidence indicates that some effects may be mediated
through glucocorticoid signaling pathways (Jones et al., 2023). While psilocybin can act directly on neuronal cells, it is expected the
psilocybin acts on macrophages to reduce inflammatory cytokine production (Nkadimeng et al., 2021). Furthermore, based on our
previous research showing psilocybin ameliorates gut dysbiosis (Robinson et al., 2023b), psilocybin is very likely to inhibit the DSS-
induced colitis, thereby preventing neuroinflammation within this model. As a result, psilocybin's effects are likely multi-modal by in-
hibiting colitis and the resulting gut-brain axis inflammation, but also directly acting on neuronal and immune cells within the brain.

In contrast, eugenol acts on different receptors and is believed to activate different signaling pathways, which could explain why
Eug and Psi have been shown to have synergy to reduce inflammation (Robinson et al., 2023a). Eugenol can interact with multiple
TRP receptors including TRPV1 to induce CaMKK2 signaling (Huang et al., 2023), thereby suppressing chemokine production in
myeloid subsets (Racioppi et al., 2019). Due to these differing anti-inflammatory mechanisms, it is not surprising that eugenol and
psilocybin can have potent and synergistic anti-inflammatory effects (Robinson et al., 2023a). While we did see synergy for pre-
treatment with psilocybin and eugenol, there were minimal effects on cytokine expression in the pre-treatment compared to controls.
In contrast, post-treatments appeared to be antagonistic, however, strong anti-inflammatory effects were seen. It is not known why
these differing effects occur between pre- and post-treatment. Regardless, post-treatment is a more likely clinical application as pre-
treatment would require continuous consumption of psilocybin and the long-term effects of microdosing are not known (Ona and
Bouso, 2020).

Safety concerns for psilocybin should also be mentioned (Moreno et al., 2006; Gukasyan et al., 2022). Despite common opinion,
psilocybin has not been shown to be neurotoxic for enteral or parenteral administration (Hernandez-Leon et al., 2024). Furthermore,
the calculated LDsq, which is over 2 g/kg, is significantly higher than the clinical dose of 25 mg (Hernandez-Leon et al., 2024). In con-
trast, there is reason to believe psilocybin might induce valvular disease due 5-HT2B agonism, which is known to cause thickening of
cardiac valve leaflets, subvalvular apparatus, and impaired motion of the valves (Lam and Balachandran, 2015). Due to the potential
risk of 5-HT2B agonism by psilocybin, the FDA has issued a First Draft Guidance on Clinical Trials with Psychedelic Drugs to encour-
age the evaluation of psilocybin on inducing valvular heart disease (McIntyre, 2023). Current studies are unsure if psilocin, the active
ingredient and a conversion production of psilocybin, is strong enough agonist to induce valvular disease. The ECsq of psilocin is
known to be higher than 20 pM (Rickli et al., 2016), which is approximately 1000-fold higher than the mean maximal psilocin blood
concentration of 3.82 nM of the oral clinical dose (25 mg). Therefore, it is unlikely that the levels of psilocin after a clinical dose in-
duce considerable 5-HT2B agonism, if any at all. However, future psilocybin clinical trials should rule out any association between
psilocybin use and valvular hear disease prior to adoption as a therapeutic. In contrast, eugenol has been declared by the World
Health Organization to be generally recognized as safe and non-mutagenic (Nisar et al., 2021).
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5. Conclusions

This study established DSS-induced neuroinflammation in mice. Eugenol and psilocybin demonstrated potent abilities to reduce
the expression of pro-inflammatory cytokines and other inflammatory markers. In addition, our study demonstrated the anti-
inflammatory effects of combined treatment with psilocybin and eugenol in brain tissue, while implicating the gut-brain axis as a
mechanism of action. While synergism has been shown in previous studies, psilocybin and eugenol demonstrated minimal synergy in
this model. With growing interest in psilocybin applications for medical purposes, this study provides useful insights into its effect on
inflammation, which will help guide future research in this area.
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