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Abstract

Ayahuasca (Aya) is an Amazonian beverage traditionally used as medicine by Indigenous people in South America to
treat various illnesses and have shown a potential to treat depression. This study aimed to investigate the antidepressant
effects of fluoxetine, Aya and N, N dimethyl tryptamine (DMT), a component of the beverage, focusing on the modula-
tion of inflammatory serum cytokine profiles and behavior of Wistar rats subjected to lipopolysaccharide (LPS)-induced
depression. In total, 126 rats were randomly assigned to seven groups: saline control, LPS, fluoxetine, three ayahuasca
groups (dosed at 0.5, 1, and 2 times the usual ritualistic dose, Aya0.5, Ayal and Aya2), and one DMT treatment group.
The rats received LPS every other day from day 1 to 13 and fluoxetine, Aya and DMT daily from day 2 to 14. At day 15,
the rats were submitted to open field and forced swimming tests, plasma samples were collected and the animals were
euthanized. The LPS group showed lower body weight grain and higher plasma levels of pro-inflammatory cytokines
IL-1a (»p<0.001), TNF-a, and IL-12p70 compared to control, which were significantly reduced by the treatment groups
(»<0.05 up to p<0.0001), indicating a potential for modulation of the inflammatory state seen in depression. The Aya2
group exhibited increased locomotion in the open field arena compared to the fluoxetine (p<0.05) and DMT (p<0.01)
groups, with a significantly higher percentage of entries into the center than the control group (p<0.01). Furthermore,
treatments with fluoxetine, Aya, and DMT significantly increased swimming time compared to the LPS group (p<0.01),
and fluoxetine and the Aya0.5 groups displayed higher climbing times compared to LPS and control (p<0.05). Although
the LPS model did not consistently induce depressive-like behaviors, the results highlight the potential of ayahuasca and
DMT to modulate the immune system and reduce pro-inflammatory cytokine levels associated with depression, which
could have significant implications for treating inflammation-related aspects of depression.

Highlights

» LPS-treated Wistar rats received ayahuasca (Aya), fluoxetine or DMT for 13 days.

* LPS decreased body weight and increased the levels of IL-1a, which was reverted by treatment groups.
* Locomotion and entries into the center of the open field were higher in the Aya2 group.

* Aya, and DMT increased swimming time in the forced swimming test (FST) compared to LPS.

* Fluoxetine and Aya0.5 showed higher climbing times in the FST.
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Introduction

Depression is a widespread neuropsychiatric disorder affect-
ing millions worldwide, leading to functional limitations
and reduced quality of life (Herman et al. 2017). Fluoxetine,
a selective serotonin reuptake inhibitor (SSRI), is a com-
monly used drug for the treatment of depression (Rossi et al.
2004). However, SSRIs are limited by a delayed response
of 2 to 4 weeks, high dropout rates, and a low response rate
(Rossi et al. 2004; Cuijpers et al. 2023), limitations that
are also reported for other antidepressants (Bollini et al.
1999). This context highlights the interest in exploring new,
fast-acting, efficient, and well-tolerated antidepressants to
address gaps in current clinical depression treatment.
Ayahuasca, the “vine of the souls” in the Quechua lan-
guage, is an Amazonian beverage traditionally used for reli-
gious and medical purposes by Indigenous people (Rivier
and Lindgren 1972). Luna (1984) described the medicinal
use of ayahuasca by Peruvian shamans (called “doctor” or
plant-teachers) to cure themselves or learn through visions
how to treat other people with various ailments, and to help
deal with emotional distress. In the 20 th century, ayahuasca-
based Christian religious groups were formed in Brazil, such
as Unido do Vegetal and Santo Daime, which later expanded
to other countries (Labate and Feeney 2012). The brew is gen-
erally prepared with Psychotria viridis Ruiz & Pav. and Ban-
isteriopsis caapi (Spruce ex Griseb.) C.V. Morton (Freedland

Harmine

Harmaline

and Mansbach 1999). P, viridis contains the psychedelic com-
pound N, N-dimethyltryptamine (DMT, Fig. 1), which acts as
an agonist of serotonin (5-HT) receptors (Estrella-Parra et al.
2019). B. caapi contains the monoamine oxidase inhibitors
harmine, harmaline, and tetrahydroharmine (Fig. 1), playing
a crucial role in preventing the gastrointestinal degradation of
DMT, which can then reach the central nervous system, where
it exerts its psychoactive effects (Riba et al. 2012).

Several clinical studies have reported promising thera-
peutic effects of ayahuasca, including rapid and sustained
reductions in depressive symptoms in patients with treat-
ment-resistant major depressive disorder (Osorio et al. 2015;
Palhano-Fontes et al. 2015; Jiménez-Garrido et al. 2020). The
mechanisms underlying the ayahuasca anxiolytic/antidepres-
sant-like effects are not fully understood but have been attrib-
uted to its modulation of serotonergic, glutamatergic, and
inflammatory pathways (Osorio et al. 2015; Jiménez-Garrido
et al. 2020; Santos et al. 2016; Soler et al. 2015). Based on
behavioral data and psychometric self-report of 19 male
experienced ayahuasca users, Sanches et al. (2024) suggested
that the beverage can promote an emotion regulation mecha-
nism in response to aversive stimuli with reduced anxiety and
mental sedation. A recent study found that DMT administra-
tion led to a significant reduction in depressive symptoms
just one day after treatment (Timmermann et al. 2024) and
a phase-2 clinical trial conducted by Falchi-Carvalho et al.
(2025) showed that inhaled DMT showed rapid and sustained
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Fig. 1 Chemical structures of the main alkaloids present in ayahuasca (harmine, harmaline, tetrahydroharmine, and DMT), serotonin, and fluox-

etine, a selective serotonin reuptake inhibitor antidepressant
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antidepressant effects by day 7 (p< 0.001). Recent hypoth-
eses suggest that DMT may have additional molecular roles,
including the potential involvement of trace amine-associated
receptor and sigma-1 receptor (Frecska et al. 2013), which
may contribute to its significant anti-inflammatory effects
(Riba et al. 2012; Rodrigues and Carlini 2000).

Peripheral cytokine profiles have been associated with
brain function, well-being, and cognition (Bollen et al. 2017).
The connection between inflammation and depression is fur-
ther supported by evidence showing that elevated levels of
interleukin (IL)—6 increase the risk of developing depres-
sion (Day and Giblin 2018; Rizzo et al. 2012). In the same
way, high levels of IL-1 and Tumor Necrosis Factor (TNF)
were associated with severe depression and suicidal ideation
(Harsanyi et al. 2022; Liu et al. 2024). Additionally, studies
have found microglial activation and neuroinflammation in
the brains of patients with depression (Raison et al. 2006),
which can be partially altered when therapy treatment is
employed (Singh et al. 2024), highlighting the importance of
therapeutic interventions that effectively modulate the brain’s
inflammatory response. Treatment of microglia BV-2 with B.
caapi extract and some of its isolated components reduced
proinflammatory cytokine production, suggesting their anti-
inflammatory potential (Santos et al. 2022). Conversely,
DMT has been shown to inhibit pro-inflammatory cytokines
and chemokines while concurrently enhancing the expression
of the anti-inflammatory cytokine IL-10 (Szab¢ et al. 2014).

Previous studies by our group and others evaluated the anti-
depressant potential of ayahuasca in Wistar rats after a single
exposure, showing reduced exploratory behavior and locomo-
tion in the open field test, and less immobility and more swim-
ming behavior in the forced swimming test (Correa-Neto et al.
2017; Pic-Taylor et al. 2015; Colago et al. 2020; Goulart da
Silva et al. 2022), indicating an antidepressant effect. More-
over, the activation of c-Fos expression and Brain-derived
Neurotrophic Factor (BDNF) in brain regions associated with
serotonergic neurotransmission supports the role of ayahuasca
components in interoception and emotional processing, which
is modulated by serotonin pathways (Pic-Taylor et al. 2015;
Colago et al. 2020; Martinowich and Lu 2008).

This study aimed to evaluate the effects of ayahuasca
and DMT on the modulation of the inflammatory profile of
serum cytokines and on animal behavior in a rat model of
lipopolysaccharide-induced depression.

Materials and methods

Ayahuasca, DMT and chemicals

The ayahuasca used in this study was prepared by the Unido
do Vegetal church (UDV) in 2011 and has been used in

previous research conducted by our group (Pic-Taylor et al.
2015; Noli et al. 2020; Colago et al. 2020). Specimens of
B. caapi vine and P. viridis leaves used to prepare the infu-
sion were deposited in the University of Brasilia (UnB) Her-
barium under the reference numbers Azevedo EP 149,880
BRAHMS and Trieto B 149,879 BRAHMS, respectively.
The brew was stored at —20 °C until the study initiation. The
ayahuasca brew was thawed, and a sample was reanalyzed
by LC-MS/MS 6500 + QTRAP (AB Sciex, Framingham,
USA), showing concentrations of 0.24 mg/mL of DMT,
1.53 mg/mL of harmine, 0.37 mg/mL of harmaline, and
0.42 mg/mL of tetrahydroharmine. DMT was synthesized,
and its purity (above 98%) confirmed by LC-MS/MS 1 H
and 13 C-NMR (Varian Mercury Plus Spectrometer 7.05 T
operating at 300 MHz for 1 H and 75.46 MHz for 13 C), and
LCMSD TOF (Agilent 1100 Series) using the DMT analyti-
cal standard (prod. SML0791; Sigma-Aldrich, USA).

Fluoxetine was obtained from Farmacotecnica (Brasilia,
Brazil), lipopolysaccharide (LPS, E. coli strain OB111:B;
prod. L3129), and phosphate-buffered saline (PBS) from
Sigma-Aldrich Brazil LTDA (prod. P3813) and xylazine
(prod. 2415) and ketamine (prod. 6544) from Vetnil (Bra-
zil). Pro-inflammatory cytokines interleukin (IL)—1a (prod.
560159), IL-12p70 (prod. 558303), Tumor Necrosis Fac-
tor (TNF-a; prod. 558309), and interferon-y (IFN-y; prod.
558305), anti-inflammatory cytokines IL-4 (prod. 558307)
and IL-10 (prod. 558306), and the CBA mouse/rat soluble
protein master buffer kit (prod. 558266) were purchased
from BD-Pharmigen (San Jose, CA, USA).

Animals and study design

The study was approved by the Animal Ethics Committee
of the University of Brasilia (No. 23106.012384/2022-44).

A total of 126 male Wistar rats (Rattus norvegicus),
aged 4 to 5 weeks and weighing an average of 190 g, were
obtained from the Institute of Biology of the University of
Sdo Paulo, Brazil. The rats were acclimated for 10 days
under controlled conditions in the animal facility of the
Faculty of Medicine at the University of Brasilia. The ani-
mals were housed in polypropylene cages with galvanized
wire tops, in ventilated racks from Alesco®™, maintained at
a controlled temperature of 23 +2 °C, relative humidity
of 45 to 60%, and a 12-hour light/dark cycle. The animals
were provided with commercial Purina® Rodent Chow and
filtered water ad libitum. The animals’ body weights were
recorded every three days. The animals did not receive any
form of environmental enrichment to avoid interfering with
the stress-induced depression model.

The animals were induced into a “depression” state using
LPS based on a protocol by Yang et al. (2018). The animals
were divided into seven groups (n= 18 each). Gavage was
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used in the animals from the saline control group, fluoxetine
positive group (10 mg/kg body weight, bw), and three aya-
huasca treatment groups corresponding (adjusted to the ani-
mal bw) to 0.5, 1 and 2x the usual dose of 150 mL taken by
a 70 kg person used in a UDV ritual (Aya0.5, Ayal and Aya2
groups). A 1x dose corresponds to 0.514 mg/kg bw of DMT,
3.28 mg/kg bw of harmine, 0.793 mg/kg bw of harmaline,
and 0.900 mg/kg of tetrahydroharmine. These doses were
the same as those used in the study by Colago et al. (2020),
which were selected based on previous studies showing that
daily ayahuasca intake at doses 4x the usual dose or higher
is fatal to male and female Wistar rats (Santos et al. 2017,
da Motta et al. 2018).

Animals received LPS and DMT by intraperitoneal (ip)
injection. LPS was administered to all animals, except the
saline control, at 0.5 mg/kg bw, resuspended in PBS. The
DMT dose (1 mg/kg DMT resuspended in PBS) corre-
sponded approximately to the level of DMT received by the
Aya2 group. The volume given to all animals at each dose
(gavage or ip) was 2 mL.

On day 1 after acclimatization, the rats started receiv-
ing intraperitoneal LPS injections to induce depression-
like behavior, which continued every other day until day
13. Starting on day 2, the animals received their respective
doses of Aya, fluoxetine, or DMT daily until day 14. Figure 2
shows the experimental groups and a scheme of the protocol.

On the 15 th day, the animals underwent the open field
and forced swimming tests and were anesthetized with a
mixture of xylazine and ketamine (10 and 100 mg/kg bw,
respectively). After confirming sedation and the absence
of pain, nine animals per group were subjected to cardiac
puncture for the collection of approximately 2 mL of blood,
which was placed in a tube containing EDTA. The blood was
centrifuged, and the plasma was stored at —80 °C for later
analysis of inflammatory and anti-inflammatory cytokine
levels. Following blood collection, the animals, still under
strong sedative and analgesic effects, were immediately
euthanized by guillotine, the brain removed and weighed.

Analysis of cytokines in serum

The assay was conducted according to the manufacturer’s
specifications (BD Cytometric bead array mouse/rat soluble
protein master buffer kit). Samples were incubated for 1 h
with antibody-coated beads and for an additional 2 h with
detection antibody. After incubation, the plate was washed
once, and the complex was suspended in the kit assay buf-
fer. The BD LSRFortessa™ cytometer was used for data
acquisition, and FCAP 3.0 software was employed for data
analysis. A standard curve was generated for subsequent
quantitative analysis, with results expressed in pg/mL.

Behavior tests

The 126 animals included in this study underwent behav-
ioral tests 24 h after the last treatment to assess their behav-
ior. The open field apparatus consisted of a circular white
wooden arena, 96 cm in diameter and 34 cm in height,
with the floor divided into 18 squares, with a central area.
Each animal was placed in the central area, and its behavior
was observed for 5 min and the following parameters were
recorded: time in locomotion, number of crossing squares
and entries into the central area, and frequency of rearing,
grooming, defecation, and urination (Prut and Belzung
2003).

Following the open field, the forced swimming test was
conducted in a transparent glass cylinder filled with water
at 23 to 25 °C, to a depth of 30 cm, for 5 min. The time
spent swimming, immobile, and climbing was recorded.
Trained observers quantified the predominant behavior in
each 5-second interval of the test (Slattery and Cryan 2012).
All the behavior tests were video-monitored and analyzed
further to confirm the observational data gathered during
the tests. In both cases, the observers were blinded to group
identification.

Control saline, Aya0.5, Aya1, Aya2, DMT or fluoxetine

Days 2 to 14 (daily)

220 o2 B T 2 B T

Days 1 to 13 (every other

and plasma
collection

Fig. 2 Dose groups (n= 18 each) and experimental protocol used in the 15 days study period
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Statistical analysis

The data were analyzed using GraphPad Prism 10.3.1 soft-
ware. The data were first submitted to the Rout test to iden-
tify outliers (Q =1%), and the clean data were verified for
normality using Shapiro-Wilk and Kolmogorov-Smirnov
tests. Data that passed the normality test (p> 0.05) was
analyzed by one-way ANOVA followed by Tukey multiple
comparisons. Data that did not pass the normality test (p<
0.05, nonparametric data) was analyzed with the Kruskal-
Wallis test followed by Dunn’s. The values are expressed as
mean *standard error of the mean (SEM). Differences were
considered statistically significant when p< 0.05.

Results
Body and brain weight

Figure 3 shows the body weight gain of the animals through
the experiment (day 1 to day 15) and the brain weight rela-
tive to body weight (%). Body weight gain (Fig. 3a) was
significantly higher in the control group compared to LPS
(»<0.001) and the treated groups (p< 0.05, p< 0.001 or p<
0.0001), except the Aya2 group. No differences were found
between the LPS group and the treated groups. The DMT
group had the lowest weight gain of all groups, which was
significant compared to Ayal, Aya2 and fluoxetine groups
(p<0.05).

The Ayal group showed a significantly lower brain
weight related to body weight compared to all the other
experimental groups, except for control, which was signifi-
cantly lower than the Aya2 group (Fig. 3b). No significant
correlation (Pearson or Spearman) was found between body
weight gain and brain weight in all groups (» = —0.02 to
—182; p>0.2).
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Fig. 3 (a) Body weight gain, (b) brain/body weight, %. Non-paramet-
ric analysis by Kruskal-Wallis, followed by Dunn’s (body weight gain)
or ordinary one-way ANOVA followed by Tukey. Each value repre-
sents the mean £ SEM of 14 to 18 animals per group. *p< 0.05, **p<
0.01, ***p<0.0005 and ****p< 0.0001

Serum cytokine profile

Figure 4 shows the cytokine profile in the serum samples of
each experimental group. The LPS treatment significantly
increased the levels of the pro-inflammatory IL-1a cytokine
compared to control (p<0.01), indicating a robust induction
of the pro-inflammatory response, which was significantly
reversed in all treated groups (Fig. 4a).

The inflammatory TNF-a and IL-12p70 cytokine lev-
els of the LPS group were higher than those of the control,
although not statistically significant. However, these levels
were significantly lower in all treated groups compared to
the LPS group (Fig. 4b and ¢, p< 0.05 up to p< 0.0005).
No significant differences were found in the IFN-y levels
among the groups (Fig. 4d).

Although not significant, LPS had higher anti-inflamma-
tory IL-10 levels compared to control, which were signifi-
cantly reverted in all treated groups (Fig. 4¢, p<0.05 to p<
0.0001). The fluoxetine group was the only one to exhibit an
increase in IL-4 levels, with a significant difference from all
other groups (Fig. 4f, p< 0.05).

Behavior tests

Overall, treatment with LPS had a limited impact on the
animal behavior in both open field and swimming tests
compared to control (Figs. 5 and 6). Total locomotion in the
open field arena (number of quadrants crossed, including
the central area) was significantly higher in the Aya2 group
compared to the fluoxetine (p< 0.05) and DMT (p< 0.01)
groups (Fig. 5a). Compared to control, the % of central
entries relative to total locomotion was significantly higher
(»<0.01) in the Ayal and Aya2 groups compared to control
(Fig. 5b). Rearing behavior was higher in the Aya0.5 when
compared to all other experimental groups, with higher sig-
nificance for the fluoxetine group (p< 0.0001) (Fig. 5¢). No
significant differences were observed among the groups for
urination and grooming (Fig. 5d and f) and defecation was
higher in the LPS group, with significance (p< 0.05) only
when compared to Aya0.5, Aya2 and DMT groups (Fig. 5¢).

Figure 6 shows the results of the forced swimming test.
Animals from the LPS group spent significantly (p< 0.01)
less time swimming than the ayahuasca and DMT groups
(Fig. 6a), and immobility was significantly (p< 0.05)
higher compared to DMT (Fig. 6b). Furthermore, climb-
ing behavior was lower in the LPS group, with significance
(»<0.01) when compared to fluoxetine and Aya0.5 groups,
which showed a higher climbing activity compared to con-
trol (Fig. 6¢). No significant differences in defecation were
observed among the groups (Fig. 6d).
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Fig. 4 Serum cytokine concentration of (a) IL-1a; (b) TNF-0; (c) IL-
12p70; (d) IFN-y; (e) IL-10; and (f) IL-4 (pg/mL). Non-parametric
analysis by Kruskal-Wallis followed by Dunn’s. Each value represents

Discussion

The present study investigated the effects of ayahuasca,
DMT, on the modulation of the serum cytokine profile
and behaviors in a rat model of LPS-induced depressive
behavior.

Decreased body weight gain and organ weight through
an experiment may indicate a certain xenobiotic’s toxicity
(Bailey et al. 2004). In this study, the body weight gain has
been negatively affected by most treatments compared to the
control, which is expected for the LPS treatment as a conse-
quence of an inflammatory process. However, treatment with
fluoxetine, ayahuasca or DMT was not sufficient to revert
this effect. LPS treatment did not impact brain weight (as %
of bw), but the Ayal group had significantly lower weight
compared to all the other groups, a result not found previ-
ously by other studies conducted by our research group with
the same ayahuasca material, and it is unlikely to have any
biological relevance. In a 28 days chronic study conducted
with ayahuasca (Aya0.5, Ayal and Aya2), Colago et al. (2020)

@ Springer

the mean £ SEM of 6 to 9 serum samples; *p<0.05, **¥p<0.01, ***p<
0.0005 and ****p<0.0001

only found a significant decrease in body weight gain in the
fluoxetine group compared to the control, and no differences
were found in the animal organs, including the brain. Similar
to other studies (Bailey et al. 2004; Nirogi et al. 2014), no cor-
relation was found between body and brain weight.

LPS can activate the immune system and induce microg-
lia to produce pro-inflammatory cytokines, leading to
behavioral and cognitive changes that resemble depres-
sive symptoms (Dang et al. 2017; Yang et al. 2018). The
LPS model used in this study was effective in inducing an
inflammatory response, with increased plasma pro-inflam-
matory cytokines compared to the control, although signifi-
cant only for IL-1a, an effect that was effectively reversed
by fluoxetine, ayahuasca and DMT. On the other hand,
although not significant, the levels of the anti-inflammatory
IL-10 also increased in the LPS group compared to the con-
trol, a response that was also reversed by the treatments.
LPS binds to TLR4 receptors located on the membranes of
macrophages, the immune cells more frequent in the peri-
toneum. The downstream intracellular signaling triggered
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Fig. 5 Behavioral assessments in the open field test. (a) number of
times crossing the open field quadrants; (b) % of entries into the cen-
tral area compared to total locomotion; (¢) rearing; (d) grooming; (e)

by this receptor initially promotes prolonged stimulation
of inflammatory cytokines, such as TNF, via NFkB—inde-
pendent of INF-y activation. Over time, as the inflammatory
response progresses, continuous LPS exposure can prompt
the cell itself to counter-regulate LPS effects by producing
IL-10 through ERK and p38 activation. Additionally, IL-10
may be secreted by TH1 and regulatory T cells as a negative
feedback mechanism to prevent hypersensitivity reactions
(Saraiva & O’Garra 2010; Yiicel et al. 2017). The pres-
ence of IL-10 directly suppresses INF-y production by TH1
cells (Kawai and Akira 2006; Antoniv and Ivashkiv 2011),
which could explain the lower INF levels observed in cer-
tain LPS-challenged animals, although the mean levels were
not significantly different from the control group. However,
elevated INF levels can still coexist with IL-10 in immune
responses. The balance between these two cytokines plays
a crucial role in determining whether the antigen is effec-
tively cleared or persists (Cope et al. 2011). Notably, four
animals in the LPS study group exhibited high INF lev-
els with concomitant IL-10 production. It is important to
recognize that cytokine dynamics in antigen response and
immune regulation/tolerance are highly complex within

> ’*2,% ¥ Q‘-’ > &
SFIEL IS
&S

defecation (number of fecal bolus), and (f) urination. Each value rep-
resents the mean +SEM of 16 to 18 animals; *p< 0.05, **p< 0.01,
**x%p<0.0001

biological systems, particularly in organisms with different
genetic backgrounds.

The findings of the present study support previous evi-
dence (Voss Jr and Winkelhake 1974; House et al. 1990;
Nkadimeng et al. 2021) regarding the potential of psyche-
delic substances to influence the immune system and reduce
neuroinflammation associated with depression. A prelimi-
nary study indicated that lysergic acid diethylamide (LSD)
may interfere with antibody production in rabbits by alter-
ing the antibody profile of activated B cells, leading to the
production of low-molecular-weight proteins by influenc-
ing the translation process (Voss Jr and Winkelhake 1974).
Another group demonstrated that in vitro exposure to high
concentrations of LSD (100 uM) could significantly inhibit
the proliferation and secretion of IL-2, IL-4, and IL-6 by B
cells, as well as block the activation of CDS§ +cytotoxic T
cells (House et al. 1990). Psilocybin, a compound primar-
ily produced by fungi of the genus Psilocybe, suppressed
the inflammatory response induced by LPS stimulation in
human U937 macrophages, probably through the inhibition
of pro-inflammatory mediators such as COX-2 and pro-
inflammatory cytokines (Nkadimeng et al. 2021).
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DMT and its analog 5-MeO-DMT are known to reduce
levels of IL-1P, IL-6, IL-8, and TNF-a while increasing
IL-10 in human monocyte-derived dendritic cells under
immunological challenge through sigma-1 receptors and
serotonergic receptors (Szabd et al. 2014). This effect is
comparable to the anti-inflammatory action observed in
some SSRIs, serotonin-norepinephrine reuptake inhibitors,
and tricyclic antidepressants (Kohler et al. 2016; Straw-
bridge et al. 2015), as well as in some anti-inflammatory
therapies (Kappelmann et al. 2016). 5-MeOH also affects
the glutamatergic system through NMDA (N-Methyl-D-
Aspartate) and AMPA (a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid) receptors (Dakic et al. 2017; Lima
da Cruz et al. 2018; Ly et al. 2018), which are involved
in synaptic plasticity and immune responses by inhibiting
nuclear factor kappa B (NF-kB) pathways (Yu et al. 2008;
Dakic et al. 2017). This complex interaction suggests that
the immunomodulatory properties of psychedelics extend
beyond simple cytokine regulation, offering potential new
therapeutic avenues for inflammatory conditions related to
psychiatric disorders.
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The open field test was initially developed to measure
emotionality in rodents, including locomotor activity and
defecation (Hall 1934), and has been widely used as an ani-
mal model of anxiety-like behavior in drug testing (Prut and
Belzung 2003; Seibenhener and Wooten 2015). In general,
the test is based on the spontaneous exploratory behavior
of rodents and their natural aversion to open areas caused
by fear and anxiety, which is called thigmotaxis. The test
has been validated with classical benzodiazepines, but the
results with drugs that act as SHT agonists or reuptake
inhibitors (ip administration) are contradictory, showing
decreased or increased locomotion behavior (Prut and Bel-
zung 2003).

Yang et al. (2018) reported a significant decrease in body
weight gain (which was also observed in the present study),
locomotion and rearing in the open field in rats exposed to
LPS (also at 0.5 mg/kg bw) every other day for 14 days
compared to control, a clear indication of a depressive
effect. In the present study, however, treatment with LPS
did not significantly impact the rat behavior in the open
field compared to the control, indicating that the test may
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not have been sensitive enough to detect the depressive-like
effect of LPS. This discrepancy may be because in the study
by Yang et al. (2018), the test was conducted 24 h after the
LPS dosing, while in the present study it was performed 48
h after dosing, which might have limited the detection of
any behavior change. Notably, the Aya2 group exhibited the
highest locomotion, significantly greater than the fluoxetine
and DMT groups.

Rearing is considered an exploratory behavior and has
been used as a measure of anxiety in the open field test;
however, it is not clear whether rearing is anxiolytic or anx-
iogenic (Seibenhener and Wooten 2015). The observation
that only the Aya0.5 group presented a significant increase
in rearing behavior compared to the other treated groups
may suggest a dose-dependent effect of ayahuasca on certain
behavioral domains. Lower doses of Aya may have stimu-
latory effects on exploratory behavior, while higher doses
could have different, perhaps even suppressive, effects.
These different effects could be due to the complex mixture
of compounds in ayahuasca and their varying interactions
with the nervous system (Daldegan-Bueno et al. 2022).

In the open field test, increased time spent in the central
part and/or a higher central/total locomotion ratio indicates
anxiolysis (Prut and Belzung 2003), while defecation is
negatively related to emotionality (Seibenhener and Woo-
ten 2015). In the present study, all groups had a higher per-
centage of central area entries than the control, with the two
highest ayahuasca doses showing significant increases. The
ayahuasca and DMT groups exhibited significantly lower
defecation behavior than the LPS group, results that confirm
the anxiolytic effects in response to an inflammatory state.

Other studies with ayahuasca have reported contradic-
tory results. Single oral doses of fluoxetine and ayahuasca
(30 and 50x the usual dose) significantly decreased locomo-
tion and rearing of male Wistar rats in the open field test one
hour after dosing (Pic-Taylor et al. 2015). In a 28-day study,
the percentage of central entries was significantly decreased
after exposure to Ayal and fluoxetine, but the authors high-
lighted that the test was applied one hour after the last expo-
sure, which may reflect an acute effect (Colago et al. 2020).
Farias et al. (2022) reported a decrease in locomotion and
time spent in the open field center 40 min after an oral dose
of 500 mg/kg bw, which corresponds to 0.28 mg/kg DMT
(~ Aya0.5 dose level). In a study with rats subjected to LPS-
induced neuroinflammation, Goulart da Silva et al. (2022)
reported anxiolytic behavior of rats treated with ayahuasca
at a dose that corresponds to 1.4 mg/mL, as indicated by the
higher time spent in the arena center.

The Forced Swimming Test (FST), first introduced by
Porsolt et al. (1977), is a widely used model for assess-
ing behavioral despair in rodents. When placed in a water-
filled cylinder with no escape, the animals initially engage

in vigorous behaviors such as swimming and climbing, in
an attempt to escape. However, as the test progresses, they
increasingly exhibit periods of immobility, a behavior inter-
preted not merely as reduced motor activity but as a mani-
festation of behavioral despair (Cryan and Holmes 2005).
Thus, a reduction in immobility time generally indicates an
antidepressant-like effect (Gutiérrez-Garcia and Contreras
2009).

In the present study, treatment with LPS alone did not
produce significant changes in any FST parameters com-
pared to the control group, suggesting that the inflammatory
challenge was insufficient to induce pronounced depres-
sive-like behavior under the experimental conditions. How-
ever, administering ayahuasca and DMT led to significant
behavioral modifications, with animals spending consider-
ably more time swimming than the LPS group, implying
an enhancement in active coping strategies and a reduction
in behavioral despair. As noted by Cryan et al. (2002) and
Detke et al. (1995), while antidepressant drugs typically
decrease immobility, agents that boost noradrenergic trans-
mission tend to increase climbing behavior; in contrast,
those enhancing serotonergic transmission generally extend
swimming time in the FST.

Pic-Taylor et al. (2015) reported that a single dose of aya-
huasca increased swimming time in the FST. Similarly, Gou-
lart da Silva et al. (2022) observed that rodents treated with
ayahuasca to counteract LPS-induced neuroinflammation
exhibited reduced immobility, underscoring the substance’s
antidepressant potential. MAO inhibitors in the brew may
partially account for these effects. Fortunato et al. (2009)
found that acute treatment with harmine (10 and 15 mg/
kg) and imipramine (20 and 30 mg/kg) not only decreased
immobility but also increased both swimming and climbing
behaviors in rats—effects accompanied by reduced anhedo-
nia, adrenal gland hypertrophy, and elevated BDNF levels
in the hippocampus. In a related study, Lima et al. (2007)
demonstrated that ayahuasca treatment reduced immobility
time in a dose-dependent manner, with a lower reduction at
higher doses. Moreover, the DMT-treated group exhibited a
significant decrease in immobility time compared to the LPS
group. Cameron et al. (2018) similarly found that adminis-
tering DMT at 10 mg/kg significantly decreased immobility
and increased rodent swimming time during the FST. Given
that harmine alone has produced comparable outcomes in
this test, it is plausible that both DMT and B-carboline alka-
loids contribute to the antidepressant effects of ayahuasca.
Additionally, DMT’s ability to inhibit the serotonin trans-
porter (Cozzi et al. 2009) may further underpin its antide-
pressant properties in the FST.

Furthermore, the fluoxetine and Aya0.5 groups increased
climbing duration compared to the control and LPS groups.
Chronic treatment with SSRIs has been shown to influence
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neurotransmitter systems beyond serotonin; indeed, pro-
longed SSRI administration can enhance both serotonergic
and noradrenergic functions (Page and Abercrombie 1997).
This observation is consistent with the present results, as
fluoxetine treatment increased climbing behavior, a response
typically associated with acute antidepressant interventions
that block norepinephrine reuptake. Therefore, the behav-
iors observed following chronic treatment likely reflect
fluoxetine’s combined impact on both serotonergic and nor-
adrenergic systems.

In summary, the findings of this study are consistent
with previous reports demonstrating the antidepressant-like
effects of ayahuasca and its main psychoactive component
DMT in various animal models of depression (Goulart da
Silva et al. 2022; Palhano-Fontes et al. 2019; Cameron et
al. 2018). The reduction in pro-inflammatory cytokines sug-
gests that the antidepressant-like effects of ayahuasca and
DMT may be mediated, at least in part, through the modula-
tion of the inflammatory response.

Conclusions

The present study provides evidence that ayahuasca and
DMT can modulate the inflammatory profile and produce
antidepressant-like effects in an LPS-induced rat model
of depression. These findings suggest a potential role for
these compounds in the treatment of depression, a disorder
strongly associated with chronic inflammation. However,
further research is necessary to fully elucidate the under-
lying mechanisms and evaluate the clinical applicability of
these promising therapeutic agents.

While the LPS model successfully induced an inflam-
matory response, as shown in the body weight gain and
cytokine data, its effects on behaviors were limited. This
suggests that the model might not fully capture all aspects
of depression-like behavior, which can be considered a limi-
tation of the study.

Future studies could explore the specific mechanisms
underlying ayahuasca’s and DMT’s effects on different
behaviors, investigate the role of other ayahuasca compo-
nents, and consider alternative or complementary depression
models. Further investigation into the apparent anxiolytic
effect of DMT is also warranted.
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