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A B S T R A C T

Major depressive disorder (MDD) causes great physical and mental suffering to patients while also imposing a 
tremendous economic burden on the global economy. Psychedelics, also known as serotonergic hallucinogens, 
are potent psychoactive compounds known for their ability to alter mood, perception, and a range of cognitive 
functions. Increasing evidence suggests that some psychedelics positively facilitate individual social functions, 
with rapid and sustained improvement in symptoms associated with MDD. Consequently, the application of 
psychedelics in the treatment of MDD has garnered considerable attention from researchers in recent years. This 
review examines recent advancements in evaluating the behavioral and physiological effects of psychedelics in 
both preclinical animal models and clinical trials focused on MDD. Additionally, we summarize and discuss the 
cellular, brain region, and circuit-level mechanisms, as well as potential intracellular signaling pathways, that 
may contribute to the antidepressant effects of psychedelics. Based on current evidence, we conclude that psy
chedelics hold significant promise as therapeutic agents for MDD.

1. Introduction

Major depressive disorder (MDD) is a common, chronic and debili
tating disease that brings significant physical and emotional suffering to 
both patients and their families (Yuan et al., 2023). Studies indicate that 
around 300 million people worldwide are affected by MDD, which 
contributes to a substantial global economic burden (Yuan et al., 2023; 
Collaborators C-M D, 2021). The primary symptoms of MDD include 
persistent low mood, loss of interest, and decreased pleasure (Sidney, 
2008). Additionally, MDD is often accompanied by cognitive impair
ment and a variety of physical symptoms, such as reduced appetite, sleep 
disturbances, weight loss, and abnormal behavioral activities 
(Madhukar, 2005). Pharmacotherapy remains the cornerstone of MDD 
treatment, with first-line antidepressants typically including selective 
serotonin reuptake inhibitors (SSRIs) and serotonin and norepinephrine 
reuptake inhibitors (SNRIs) (Dionisie et al., 2021). While these medi
cations can relieve depressive symptoms in some patients, they present 
notable limitations, including a slow onset of action, low remission 
rates, and various side effects (Kasper et al., 2006). Thus, the 

development of novel, fast-acting antidepressants is an urgent research 
focus and a crucial clinical need.

Psychedelics are powerful psychoactive substances known to alter 
mood, perception, and various cognitive functions (N, 2016). In fact, as 
early as the mid-20th century, some studies reported that certain psy
chedelic could effectively alleviate symptoms of low mood and 
demonstrated substantial antidepressant potential. Despite this, 
research into the antidepressant effects and mechanisms of psychedelics 
faced a lengthy stagnation due to their perceptual distortions, halluci
nogenic effects, and strict regulatory controls (Carhart-Harris and 
Goodwin, 2017). Since the late 20th century, however, with the 
advancement of science and technology, along with a renewed interest 
in the therapeutic potential of psychedelics, have led to a gradual 
resurgence in studying these substances for treating psychiatric disor
ders, particularly MDD. Numerous studies have demonstrated that 
psychedelics can significantly alleviate depression-like symptoms (e.g., 
low mood, anxiety, reduced quality of life, and negative life attitudes) in 
patients with MDD, treatment-resistant depression (TRD), and end-of- 
life distress in individuals with advanced-stage cancer, showing a high 
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level of tolerability (Davis et al., 2021; Raison et al., 2023; Goodwin 
et al., 2022; Griffiths et al., 2016). This highlights the promising po
tential of psychedelics as innovative and effective antidepressants. In 
this review, we summarize and examine the antidepressant effects and 
underlying mechanisms of psychedelics, aiming to provide insights that 
may guide future directions in psychedelics-based therapies for MDD as 
well as the design and development of novel antidepressant treatments.

2. Definition and classification of psychedelics

Hallucinogens are a broad category of psychoactive substances that 
induce changes in consciousness, leading to pronounced shifts in 
thought, mood, perception, and more. Generally, hallucinogens are 
classified into three main types: psychedelics, dissociatives, and delir
iants. Hollister and Glennon proposed that at therapeutic doses, psy
chedelics can alter perception and mood by directly binding to serotonin 
(5-HT) receptors, with minimal or no neuropsychiatric side effects and 
low potential for addiction (Hollister, 1964; Glennon, 1994). In aca
demic contexts, psychedelics are often referred to as classical or sero
tonergic hallucinogens, which is the focus of this review.

In general, psychedelics are divided into three categories based on 
their chemical structure: tryptamine psychedelics, including psilocybin 
and N,N-dimethyltryptamine (DMT); semisynthetic ergoline psyche
delics, exemplified by lysergic acid diethylamide (LSD); and phene
thylamine psychedelics, such as 2,5-dimethoxy-4-iodoamphetamine 
(DOI) and mescaline, which are derived from cacti native to the Amer
icas (Low et al., 2024). Psilocybin is a natural psychedelic substance 
primarily found in certain species of mushrooms, commonly referred to 
as ‘magic mushrooms’, and was first identified and isolated in 1958 by 
the Swiss chemists Albert Hofmann (Hofmann et al., 1958). DMT, the 
primary active component in ayahuasca, is also a potent tryptamine 
psychoactive substance with a rapid onset of action and strong effects 
(Szara, 1956). Ayahuasca is a psychoactive brew from South America 
that was historically utilized by indigenous communities and folk 
healers in the Amazon and Orinoco regions for spiritual rituals, divi
nation practices, and various psychosomatic ailments (McKenna, 2004). 
LSD is a semisynthetic ergotamine hallucinogen first synthesized by 
Albert Hofmann in 1938 at Sandoz Laboratories in Basel (Hofmann, 
1979; Hofmann, 2013). Taken orally, LSD induces profound psychoac
tive effects, with as little as 10 μg leading to euphoria and 50–200 μg 
resulting in significant alterations in consciousness and sustained hal
lucinations (Danilo et al., 2016). Some subjects have described feelings 
of acceleration or deceleration of the flow of time and even a sense of 
timelessness after using LSD, as well as experiencing spiritual ‘epipha
nies’ and mystical experiences (L, 1968; Neil, 2002).

Mescaline, one of the earliest discovered natural psychedelics, was 
identified in Native American cultures as a key component of certain 
cacti, including Peyote and San Pedro (Vamvakopoulou et al., 2023). 
Used mainly in religious and healing rituals to evoke sacred hallucina
tory experiences, mescaline was first isolated from cacti by German 
chemist Arthur Heffter in 1897, marking it as the first naturally occur
ring psychedelic isolated in the laboratory (Vamvakopoulou et al., 
2023). Despite differences in chemical structure, these compounds share 
the ability to deeply alter consciousness, evoke intense and prolonged 
hallucinations, and show effectiveness in lifting depressive symptoms 
and enhancing positive emotions. DOI is a synthetic psychedelic com
pound classified as a substituted phenethylamine (Krupp et al., 2024; 
Sabanovic et al., 2024). It is structurally similar to mescaline and is 
recognized for its strong serotonergic effects, primarily acting as a par
tial agonist at the 5-HT2A receptor (5-HT2AR) (Karaki et al., 2014). DOI is 
commonly employed in research to investigate the impact of psyche
delics on brain function and behavior, with a particular focus on its 
hallucinogenic properties. Although their precise mechanisms of action 
remain unclear, psychedelics hold substantial therapeutic potential for 
treating MDD. The following section will explore the antidepressant 
efficacy and potential mechanisms of action for representative 

psychedelics within the tryptamine, ergotamine, and phenylethylamine 
classes.

3. The therapeutic effects of psychedelics on MDD

Extensive research highlights the efficacy of psychedelics in allevi
ating depressive symptoms. The efficacy of psychedelics in MDD pa
tients was summarized in Table 1. Psilocybin is an indole-derived 
secondary metabolite extracted from certain species of mushrooms, 
known for its potent neuropsychotropic effects (Johnson and Griffiths, 
2017). As a serotonin receptor agonist, it exerts its effects primarily by 
activating the 5-HT2A receptors in the brain. Psilocybin and its metab
olite, psilocin, have shown therapeutic potential in the field of psychi
atry, particularly in the treatment of mental disorders such as MDD and 
anxiety (Kargbo, 2020). In a randomized clinical trial, patients with 
MDD showed substantial symptom improvement just one day following 
an acute dose of psilocybin, with this effect sustained over four weeks of 
follow-up assessments (Davis et al., 2021). Another trial found that, 

Table 1 
The application and efficacy of psychedelics in MDD patients.

Psychedelics Treatment dose Therapeutic effects References

Psilocybin Two psilocybin 
sessions (oral doses of 
20 mg/70 kg; 30 mg/ 
70 kg)

Depressive symptoms 
showed significant 
improvement; 
Reassessment after 4 
weeks indicated that the 
improvement was 
sustained.

(Davis et al., 
2021)

Psilocybin Single oral doses of 
25 mg

Depressive symptoms 
were significantly 
alleviated, and no severe 
side effects were 
observed.

(Raison 
et al., 2023)

Psilocybin Single oral doses of 
25 mg

Effectively alleviates 
depressive symptoms in 
patients with TRD 
(treatment-resistant 
depression).

(Goodwin 
et al., 2022)

Psilocybin Two oral doses of 
psilocybin at 20mg/ 
70kg and 30mg/ 
70kg spaced 2 weeks 
apart

The antidepressant 
effects of psilocybin- 
assisted therapy are 
durable, maintained for 
at least 12 months post- 
treatment.

(Gukasyan 
et al., 2022)

Psilocybin Single dose of 
psilocybin 25 mg or 
10 mg

Single dose of 25 mg 
psilocybin significantly 
improved depression, 
anxiety, affect and 
functioning at 3 weeks, 
with 10 mg showing 
lesser efficacy.

(Goodwin 
et al., 2023)

Psilocybin Single dose of 
psilocybin 25 mg, 10 
mg or 1 mg

The intensity of 
psychedelic experience 
overlaps widely across 
doses，and psychedelic 
experience correlated 
with depression 
improvement.

(Goodwin 
et al., 2025)

DMT Two dosing sessions 
(inhaled 15mg and 
60mg DMT) at least 
1.5h apart

Inhaled DMT shows 
rapid antidepressant and 
antisuicidal effects with 
a favorable safety and 
tolerability profile.

(Falchi- 
Carvalho 
et al., 2025)

DMT Two dosing sessions 
(0.1 and 0.3mg/kg 
intravenous DMT) at 
least 48h apart

DMT (0.1–0.3 mg/kg) 
demonstrated good 
safety and potential next- 
day antidepressant 
effects in treatment- 
resistant MDD.

(D’Souza 
et al., 2022)

DMT Single oral doses of 1 
ml/kg (contain 0.36 
mg/kg of N, N-DMT)

Relief from depressive 
symptoms began within 
hours and lasted for 
weeks or even months.

(Palhano- 
Fontes et al., 
2019)
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within six weeks of a single psilocybin administration, MDD patients 
experienced significant symptom relief, though it was not complete, 
with no serious adverse effects reported (Raison et al., 2023). TRD is 
generally defined as a form of MDD in which patients do not achieve 
adequate improvement after receiving at least two different classes of 
antidepressants at appropriate doses and durations. This population 
often endures a longer illness course and more severe symptoms, with 
higher hospitalization rates, suicide risks, and economic burdens on 
healthcare systems. Research suggests that psilocybin, whether admin
istered alone or combined with psychosocial support, is highly effective 
in mitigating depressive symptoms in TRD patients (Goodwin et al., 
2022; Carhart-Harris et al., 2017; Carhart-Harris et al., 2016; Carhart- 
Harris et al., 2018). In addition, trials involving patients with advanced- 
stage cancer and MDD have shown that psilocybin not only rapidly re
duces depressive symptoms and enhances quality of life but also shifts 
negative perceptions of life. Impressively, approximately 80 % of these 
patients maintained these benefits for up to six months post-treatment 
(Griffiths et al., 2016; Ross et al., 2016; Paydary et al., 2023; Agrawal 
et al., 2024). Reflecting its promise, the U.S. Food and Drug Adminis
tration (FDA) awarded psilocybin breakthrough therapy designations 
for TRD and MDD in 2018 and 2019, respectively (Heal et al., 2023).

Other studies have shown that ayahuasca, rich in the tryptamine 
psychedelic DMT, has potent antidepressant and mood-elevating effects. 
Studies show that ayahuasca can relieve depressive symptoms within 
hours after a single dose, with effects lasting for several weeks or even 
months—often acting faster than traditional antidepressants (Palhano- 
Fontes et al., 2019; Uthaug et al., 2021; Jimenez-Garrido et al., 2020). 
The psychoactive component of ayahuasca, DMT, can guide users into a 
“decentered” psychological state, enabling them to observe their 
thoughts and emotions with a more objective, nonjudgmental perspec
tive (Murphy-Beiner and Soar, 2020; Werle et al., 2024; Uthaug et al., 
2018; Aicher et al., 2023). This shift may reduce the focus on negative 
self-reflection and mitigate self-criticism, providing emotional relief. 
Additionally, ayahuasca enhances the ability to recognize emotions in 
others, fostering improved social interactions and positive relationships, 
which can further alleviate depressive symptoms (Kiraga et al., 2021; 
Perkins et al., 2022).

Additionally, LSD has shown considerable therapeutic potential in 
enhancing mood. Clinical studies with healthy volunteers found that 
participants who received LSD, compared to those given a placebo, re
ported an enhanced sense of well-being, increased trust and social 
connectedness, and demonstrated more prosocial behaviors, with 
reduced expressions of sadness and fear (Dolder et al., 2016; Schmid 
et al., 2015). Further research demonstrated that a single dose of LSD 
sustained high levels of well-being and life satisfaction for up to 12 
months without adverse effects (Liechti et al., 2017; Schmid and Liechti, 
2018). Similar to psilocybin, DMT and LSD, mescaline also appears to 
rapidly and reliably improve mood. In a retrospective study, patients 
with anxiety and depression reported symptom improvements following 
mescaline administration, with many describing the experience as a 
profoundly positive, life-changing event (Agin-Liebes et al., 2021). 
Although the antidepressant effects of mescaline require further clinical 
validation, existing evidence suggests that psychedelics hold promise as 
an effective treatment option for enhancing mood and addressing MDD.

Animal studies have also demonstrated that psilocybin and DMT 
alleviate anhedonia in chronically stressed animals, enhance fear 
extinction, and produce rapid, sustained antidepressant-like effects 
(Hesselgrave et al., 2021; Xiangting et al., 2024; Du et al., 2023). 
Although no antidepressant effect was observed in rodents treated with 
a single dose of LSD, the administration of LSD for seven consecutive 
days effectively increased the social behavior of the animals, which 
might indirectly contribute to the amelioration of MDD (De Gregorio 
et al., 2021).

4. Mechanisms of psychedelics in the treatment of MDD

4.1. Generation and impact of mystical experiences

Substantial evidence indicates that the psychoactive effects of psy
chedelics are primarily mediated through agonism of the 5-HT2AR (de la 
Fuente Revenga et al., 2022). These effects can be inhibited by pre- 
treatment with 5-HT2AR antagonists such as ketanserin or risperidone 
(FX et al., 1998). Activation of 5-HT2AR in the prefrontal cortex facili
tates intrinsic network activity by directly enhancing the excitability of a 
discrete subpopulation of pyramidal neurons, leading to a robust in
crease in spontaneous glutamatergic synaptic activity (Beique et al., 
2007). Preclinical and clinical evidence indicates that reduced 5-HT2AR- 
mediated neurotransmission—in Htr2a knock-out mice and MDD pa
tients carrying HTR2A risk alleles (e.g., C allele of rs6313)—is associated 
with increased susceptibility and severity of depressive episodes, while 
certain 5-HT2AR polymorphisms have been linked to higher antide
pressant remission rates (Petit et al., 2014; Lin et al., 2014). Further
more, the 5-HT2AR physically and functionally interacts with the mGlu2 
glutamate receptor, forming a heteromeric complex (Lopez-Gimenez 
and Gonzalez-Maeso, 2018). This heterocomplex is crucial for the psy
choactive effects, as the mGlu2 receptor acts as a physiological brake on 
5-HT2AR-mediated excitation. Disruption of this intricate serotonin- 
glutamate balance represents a key model for understanding psychosis 
(Lopez-Gimenez and Gonzalez-Maeso, 2018).

Other research has suggested that psychedelics may activate the 5- 
HT2AR, leading to a transformative “epiphany” during an acute hallu
cinogenic experience, which fosters positive emotions and helps alle
viate depressive symptoms in patients with MDD (Majic et al., 2015). 
Some participants reported that the profound experience of using hal
lucinogens altered their perspectives on people, events, and the world. 
This shift influenced their attitudes toward handling various situations 
and reshaped how they dealt with relationships (Griffiths et al., 2016; 
Ross et al., 2016). These findings have fueled the hypothesis that 
mystical-type experiences may serve as a psychological mediator of the 
antidepressant response. However, accumulating evidence challenges 
the notion that hallucinogenic or mystical properties are either neces
sary or sufficient for therapeutic benefit (Hashimoto, 2025). Longitu
dinal follow-up of psilocybin-assisted therapy in patients with severe 
MDD showed sustained reductions in depressive symptoms, yet the in
tensity of mystical or spiritual experiences did not consistently predict 
clinical improvement (Gukasyan et al., 2022). Similarly, a large-scale 
naturalistic study suggested that factors such as treatment motivation, 
prior psychedelic use, dosage, and the occurrence of emotional break
through played a more prominent role in shaping symptom reduction 
than mystical intensity alone (Nygart et al., 2022). In a placebo- 
controlled trial, the subjective intensity of mystical experiences some
times failed to correlate with reductions in MDD severity (Sloshower 
et al., 2023). Moreover, a case report demonstrated that psilocybin 
produced antidepressant benefits even when combined with trazodone, 
a 5-HT2AR antagonist, suggesting that its therapeutic efficacy may not be 
strictly dependent on hallucinogenic or mystical properties (Rosenblat 
et al., 2023). Collectively, these findings indicate that while mystical 
experiences may enhance well-being for some individuals, they are 
unlikely to serve as a universal or necessary mediator of the antide
pressant effects of psychedelics.

Building on this, the role of 5-HT2AR activation in antidepressant 
efficacy also appears more complex than initially assumed. Evidence 
from preclinical studies shows that specific symptoms associated with 
hallucination in rodents (e.g., head twitch response) were found to be 
blocked, but not the antidepressant effects caused by psychedelics, 
either by using 5-HT2AR knockout transgenic mice or by administering a 
5-HT2AR antagonist prior to administration of psychedelics (Hesselgrave 
et al., 2021; Sekssaoui et al., 2024). This dissociation suggests that 
hallucinatory phenomena are not indispensable for therapeutic efficacy. 
Yet, it would be premature to dismiss their influence entirely, as the 

X.-Q. Zhang et al.                                                                                                                                                                                                                               Pharmacology, Biochemistry and Behavior 256 (2025) 174099 

3 



nature and meaning of hallucinatory experiences are strongly shaped by 
individual perceptions, context, and prior experiences. Although find
ings from psychedelic research remain somewhat inconsistent, multiple 
studies have demonstrated that mystical-type experiences are associated 
with antidepressant outcomes, serving as important predictors of 
symptom reduction and improved quality of life (Carhart-Harris et al., 
2018; Roseman et al., 2017; Ko et al., 2022). Beyond receptor-level 
mechanisms, psychedelics are also known to enhance neuroplasticity, 
modulate immune signaling, and influence neurotransmitter systems, 
highlighting the multifactorial basis of their antidepressant efficacy 
(Inserra et al., 2021). Within this framework, mystical or hallucinatory 
experiences may amplify therapeutic effects, but they are unlikely to 
serve as the sole determinants of clinical improvement.

4.2. Changes in synaptic plasticity and neurogenesis

Previous studies have reported impaired neuroplasticity in the brains 
of patients and animal models of MDD, and psychedelics can improve 
neuroplasticity and enhance neurogenesis in relevant brain regions 
(Haniff et al., 2024). A single dose of psilocybin administered intrave
nously to pigs resulted in an increase in the density of dendritic spines on 
hippocampal and prefrontal neurons, as detected by radiographic 
autoradiography 24 h later (Raval et al., 2021). Similarly, after intra
peritoneal injection of psilocybin in mice, an increase in spine density 
and size in frontal cortical pyramidal cells was noted, with structural 
remodeling occurring rapidly within 24 h and persisting for over a 
month (Shao et al., 2021). Another study demonstrated that psilocybin 
not only enhances neuronal plasticity in prefrontal areas but also acti
vates the brain-derived neurotrophic factor (BDNF)-mTOR signaling 
pathway in the hippocampus, supporting neurogenesis (Xiangting et al., 
2024).

BDNF is widely considered a key factor in synaptic plasticity and 
neurogenesis, with reduced BDNF levels often detected in patients with 
MDD (Chen et al., 2024). Notably, the extent of BDNF reduction is 
strongly correlated with suicidal behaviors, while higher baseline BDNF 
levels have been linked to improved response to SSRIs in MDD (Dwivedi, 
2010; Yoshimura et al., 2023; Flores-Ramos et al., 2024). In animal 
models, 28-day administration of ayahuasca significantly raised BDNF 
levels in the hippocampus of rats (Colaco et al., 2021). Similarly, 
circulating BDNF levels are increased in both healthy individuals and 
patients with TRD after 48 h of administration of a single dose of 
ayahuasca, and serum BDNF levels are negatively correlated with the 
severity of depressive symptoms in patients with TRD (de Almeida et al., 
2019). A comparable effect was reported in another study on LSD, in 
which low doses acutely increased BDNF levels in the plasma of healthy 
volunteers (Hutten et al., 2021). Further research is essential to clarify 
the connections among depression, synaptic plasticity/neurogenesis, 
and psychedelics.

4.3. Connectivity alterations in the brain as a whole or within specific 
subregions

Numerous studies utilizing functional magnetic resonance imaging 
(fMRI) have been conducted to evaluate the effects of psychedelics on 
brain activity and connectivity, helping to clarify the mechanisms un
derlying their therapeutic potential (Copa et al., 2024). fMRI detects 
changes in cerebral blood flow (CBF) and blood oxygen level-dependent 
(BOLD) resting-state functional connectivity (RSFC) to measure the ac
tivity and network connections between various brain regions. A clinical 
trial demonstrated that psilocybin can reduce the modularity of brain 
networks in patients with MDD, leading to enhanced connectivity be
tween various functional brain networks (Daws et al., 2022). Compared 
to traditional SSRI antidepressants, such as escitalopram, psilocybin 
induces more significant alterations in brain network integration, which 
correlate with sustained antidepressant effects (Daws et al., 2022). 
Additionally, another neuroimaging study found that posttreatment 

with psilocybin in TRD patients decreased CBF in the amygdala and 
enhanced the RSFC in the DMN (Carhart-Harris et al., 2017). Notably, 
RSFC was increased between the ventral medial prefrontal cortex and 
bilateral inferior lateral parietal cortex, while RSFC was decreased in the 
parahippocampal-prefrontal circuits, all of which changes were able to 
predict the therapeutic response to the drug (Carhart-Harris et al., 
2017). Moreover, psilocybin not only affects the activity of the amygdala 
but also enhances its functional connectivity with other brain regions 
involved in facial expression processing, which may contribute to the 
therapeutic effects in MDD patients after treatment. During facial pro
cessing, increased responses to faces with different expressions were 
observed in the right amygdala post-treatment, and the increased ac
tivity of amygdala in response to fearful faces can predict clinical im
provements (Roseman et al., 2018; Grimm et al., 2018). The amygdala 
response induced by psilocybin is the opposite of that previously re
ported for SSRI drugs (Godlewska et al., 2012). Therefore, fundamental 
differences in the therapeutic actions of these treatments can be infer
red. In brief, the SSRI primarily relieve negative emotions, but psilocy
bin can empower patients to confront and overcome those emotions 
(Roseman et al., 2018).

However, in healthy volunteers, decreased amygdala reactivity 
induced by psilocybin was found to be associated with increased positive 
emotions (Rainer et al., 2015). Additionally, whole-brain analyses 
revealed enhanced functional connectivity between the amygdala and 
the ventromedial prefrontal cortex to the occipital-parietal cortices 
during facial processing (Mertens et al., 2020). Similar findings were 
reported in a study on LSD, in which post-treatment reduced the reac
tivity of the amygdala and medial prefrontal cortex during the presen
tation of fearful faces (M et al., 2017).

Another study revealed that alterations in global connectivity and 
thalamic brain connectivity were also detected during LSD-induced 
altered states of consciousness, with this effect being 5-HT2AR-depen
dent (Katrin et al., 2018; Enzo et al., 2016). Like psilocybin, the LSD and 
ayahuasca can also modulate the activity and connectivity of the DMN 
(Jana et al., 2016; Fernanda et al., 2015). Given the effects of psyche
delics on the mental activity and brain networks of depressive patients, a 
‘reset’ therapeutic mechanism is thought to be the basis for the antide
pressant effects of psychedelics, meaning that psychedelic can break
down pre-existing solidified patterns of network connectivity in the 
brain and help patients with MDD overcome their negative thoughts and 
experience refreshment of cognition and emotion (Carhart-Harris et al., 
2017).

One notable limitation in many of the psychedelic studies discussed 
here is the small sample size, which restricts the generalizability and 
robustness of the findings. Consequently, there is a substantial need for 
larger-scale studies to thoroughly explore how psychedelics influence 
brain region activity and functional connectivity across different areas 
of the brain to produce antidepressant effects. Larger studies with more 
diverse and representative samples would help validate and expand 
upon current findings, allowing researchers to better understand the 
specific neural mechanisms and potentially identify patterns or bio
markers that could predict individual responses to psychedelic thera
pies. In addition, foundational research is essential for unveiling the 
underlying mechanisms of psychedelics. Integrating methods such as 
fMRI, electrophysiology, and advanced molecular biology techniques 
could provide insights into how psychedelics influence connectivity 
within targeted brain regions and across broader networks, shedding 
light on their impact on neuronal and glial cell function over time. This 
comprehensive approach would deepen our understanding of the com
plex, multi-level effects psychedelics have on brain circuitry and cellular 
processes.

4.4. Anti-inflammatory and immunomodulatory effects

MDD is currently regarded as a neuroimmune dysregulation disor
der, with clinical evidence showing that autoimmune diseases and 
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severe infections can heighten the risk of developing mood disorders 
(Michael et al., 2013). Immune system disruption is a key feature in 
psychiatric conditions, such as mood disorders (Morrens et al., 2020), 
characterized by central immune changes, including changes in micro
glial activity, as well as shifts in peripheral cytokine levels. Microglia are 
specialized macrophages within the central nervous system (CNS) with a 
primary role in clearing necrotic cells, tissue, and invading pathogens. 
They perform immune surveillance functions and maintain CNS ho
meostasis (Li et al., 2019). Clinical studies have observed elevated pe
ripheral pro-inflammatory factors in patients with MDD. Following 
blood-brain barrier disruption, microglia become excessively acti
vated, with a concurrent increase in the release of pro-inflammatory 
factors (Torres-Platas et al., 2014). Additionally, basic research in
dicates that in chronically stressed mice, negative behavioral impair
ments are linked to microglial activation, which triggers central 
inflammatory signaling pathways and reduces neurogenesis (Belleau 
et al., 2019).

The brain possesses a highly intricate immune regulatory system, 
where activated immune cells synthesize and release inflammatory cy
tokines, such as interleukin-1β (IL-1β), interleukin-6 (IL-6), tumor ne
crosis factor-α (TNF-α), and interferon-γ (Li et al., 2023). These 
cytokines serve as primary mediators of immune responses. Extensive 
research has shown that the development of MDD may be linked to 
increased secretion of pro-inflammatory cytokines resulting from im
mune activation (Maes et al., 2012). Inflammatory markers such as IL-6, 
IL-1β, TNF-α and C-reactive protein (CRP) are involved in regulating 
neuronal development, neuropeptide release, and synaptic plasticity 
(Diz-Chaves et al., 2013), and typically elevated in both MDD patients 
and animal models (Dowlati et al., 2010; Chamberlain et al., 2019; Ma 
et al., 2016). Furthermore, pro-inflammatory cytokines can activate the 
hypothalamic-pituitary-adrenal (HPA) axis, cross the blood-brain bar
rier, and inhibit monoamine neurotransmitters, thereby influencing 
neurogenesis and synaptic function, and contributing to the pathogen
esis and therapeutic mechanisms of MDD and other psychiatric disorders 
(Milenkovic et al., 2019).

Recent evidence has highlighted the immune-regulatory and anti- 
inflammatory effects of classical psychedelics. In the CNS, they can 
modulate the immune responses of astrocytes and microglia through 5- 
HT2AR and sigma-1 receptors (Sig-1R) (Low et al., 2024; Nichols, 2022). 
For instance, 5-HT2AR agonists such as (R)-DOI effectively suppress TNF- 
α–induced inflammatory responses in vitro and in vivo at sub-behavioral 
doses (Flanagan et al., 2019a; Flanagan et al., 2019b). Mechanistically, 
5-HT2AR activation modulates key pro-inflammatory signaling path
ways, notably inhibiting NF-κB activation, which attenuates the 
expression of pro-inflammatory cytokines including TNF-α, IL-1β, and 
IL-6 (Szabo, 2015). In parallel, psychedelics regulate additional 
signaling cascades such as PI3K/Akt and mTOR, promoting neuronal 
survival and synaptic plasticity, and facilitate a shift in microglia from a 
pro-inflammatory (M1) to an anti-inflammatory (M2) phenotype 
(Ornelas et al., 2022; de Deus et al., 2025). Collectively, these actions 
attenuate neuroinflammation and strengthen neuroprotective mecha
nisms. In addition, DMT has been identified as an endogenous modu
lator of Sig-1R (Fontanilla et al., 2009). This receptor is abundantly 
expressed in CNS-resident immune cells, and its activation attenuates 
the reactivity of microglia and astrocytes, thereby exerting anti- 
inflammatory effects and inhibiting the release of pro-inflammatory 
mediators, including TNF-α and IL-1β (Guo et al., 2021; Wu et al., 
2015). Sig-1R activation also promotes a shift in microglial polarization 
toward an anti-inflammatory phenotype, further contributing to the 
resolution of neuroinflammation (Chao et al., 2017). Notably, under 
hypoxic or oxidative stress conditions, DMT-mediated activation of Sig- 
1R significantly enhances the survival of cortical neurons and immune 
cells (macrophages and dendritic cells), attenuating hypoxia-induced 
cellular damage and apoptosis (Gupta et al., 2025; Szabo et al., 2016). 
These actions suggest that DMT may serve as a potential therapeutic 
agent for neuroinflammation, particularly in immune modulation for 

psychiatric disorders including MDD, where Sig-1R activation may 
represent a novel interventional strategy (Falchi-Carvalho et al., 2025; 
do Nascimento Sousa et al., 2025).

Beyond immunoregulation, Sig-1R activation also mediates sub
stantial neuroprotective, antioxidative, and neural circuit-modulatory 
effects (Gupta et al., 2025). DMT enhances synaptic connectivity and 
plasticity via Sig-1R, leading to altered functional dynamics within 
neural network (Barker, 2018). Activation of Sig-1R in the cortical and 
limbic regions supports neuronal homeostasis through the regulation of 
multiple signaling pathways, potentially influencing stress resilience, 
emotional regulation, memory processing, and sensory integration, 
which are critical for adaptive neural function in response to patho
logical stressors (Winkelman et al., 2023; Ryskamp et al., 2019a). 
Furthermore, Sig-1R activation is associated with enhanced neuro
plasticity within the hippocampus, facilitating synaptic remodeling and 
promoting neurogenesis (Ryskamp et al., 2019b; Moriguchi et al., 2013). 
These actions may underlie not only the psychedelic effects of DMT but 
also its therapeutic potential in neurodegenerative and cognitive dis
orders, including Alzheimer’s disease, by restoring synaptic stability and 
enhancing cellular resilience to stress (Winkelman et al., 2023). Through 
these pathways, Sig-1R activation could play a pivotal role in both the 
therapeutic and psychoactive properties of DMT.

In addition, studies have demonstrated that combined treatment 
with psilocybin and eugenol can alleviate neuroinflammation in LPS- 
induced mice by preventing the upregulation of IL-6, COX-2, and TNF- 
α (Zanikov et al., 2023). Similarly, in a chronic stress model, the psy
chedelic (R)-DOI was found to effectively suppress the increase in pro- 
inflammatory cytokines TNF-α levels in central and peripheral tissues, 
thereby improving immune-inflammatory responses and ameliorating 
depressive-like phenotypes in the mice (Krupp et al., 2024). Beyond 
reducing inflammatory marker production, psychedelics can also 
change the number of inflammatory cells, such as leukocytes and natural 
killer cells (Dos Santos et al., 2012). Overall, these findings suggest that 
the modulation of the immune system by psychedelics may play a key 
role in their antidepressant effects. Minocycline, a second-generation 
tetracycline antibiotic, also exhibits notable immunomodulatory ac
tions, such as inhibition of microglial activation, suppression of TNF-α 
and IL-1β release, and attenuation of oxidative stress and apoptosis 
(Husain et al., 2020; Takahashi et al., 2024). These properties initially 
positioned minocycline as a promising candidate for MDD, with early 
pilot trials reporting significant benefits in treatment-resistant cases 
(Husain et al., 2020). However, subsequent large-scale randomized 
controlled trials failed to replicate these results consistently, thereby 
limiting its clinical application (Huang et al., 2025). Ketamine, another 
rapid-acting antidepressant, has been proposed to exert anti- 
inflammatory effects, but evidence remains inconsistent. Meta-analytic 
findings showed no statistically significant association between base
line or longitudinal levels of pro-inflammatory markers and treatment 
response, with CRP showing only a modest and non-significant effect 
(Medeiros et al., 2022). In contrast, psychedelics appear to combine 
direct immunomodulatory effects, partly mediated by 5-HT2AR and Sig- 
1R signaling, with robust enhancements in neuroplasticity and func
tional connectivity. This dual mechanism may offer a more compre
hensive therapeutic strategy for major depressive disorder, bridging 
immune regulation with plasticity-driven neural circuit remodeling.

Based on this, psychedelic compounds have opened a novel avenue 
for the development of rapid-acting antidepressant strategies, with their 
mechanisms of action and clinical potential gradually being elucidated. 
Future research should focus on systematically clarifying the causal re
lationships between psychedelic-induced subjective experiences, neu
roplasticity, alterations in brain connectivity, immune modulation, and 
clinical outcomes, as well as investigating the synergistic effects across 
distinct receptor pathways and mechanisms. From a drug development 
perspective, strategies such as “preserving therapeutic efficacy while 
minimizing hallucinogenic effects” and “shortening duration of action to 
enhance accessibility” are particularly promising. In this context, the 
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identification of non-hallucinogenic analogs capable of enhancing neu
roplasticity may drive a paradigm shift in therapeutic approaches for 
neuropsychiatric disorders and is especially important for resolving the 
longstanding debate over whether the subjective effects of psychedelics 
are necessary for their therapeutic efficacy (Ly et al., 2018). Non- 
hallucinogenic 5-HT2A receptor agonists and ultra-short-acting trypt
amines exemplify these approaches, as they retain the capacity to 
modulate synaptic and circuit-level plasticity while avoiding the limi
tations associated with classical psychedelics (Lima da Cruz et al., 2024). 
In addition, generating robust clinical evidence, identifying target pa
tient populations, and optimizing assessments of long-term efficacy and 
safety remain critical challenges for clinical translation. With the 
advancement of interdisciplinary research, the application of cutting- 
edge technologies, and the establishment of standardized training and 
regulatory frameworks, psychedelic-based therapies are expected to 
evolve into a safe, controllable, and broadly accessible antidepressant 
strategy, while simultaneously reshaping paradigms in psychiatric 
treatment and drug development (Fig. 1).

5. Conclusion

Although psychedelics were found to produce significant antide
pressant effects in the middle of the 20th century, their psychedelic ef
fects, neurotoxicity, and risk of abuse led to strict controls, which 
prevented researchers from investigating antidepressant efficacy and 
mechanisms. This resulted in a long period of stagnation in psychedelic 
research. Traditional antidepressants have shown limited effectiveness 
in treating MDD. In recent years, psychedelics, which exhibit potent 
antidepressant effects and good tolerance, have attracted increasing 
attention from researchers. While the profound perceptual changes 
induced by psychedelics have traditionally obstructed their clinical 
application, efforts have been made to modify these compounds in hopes 
of separating their hallucinogenic effects from their therapeutic benefits. 
Nevertheless, some researchers argue that the psychedelic experience 
itself is integral to improving a patient’s depressive symptoms. Despite 

ongoing skepticism and challenges, research into psychedelic drugs 
continues to suggest that they hold great promise for the future of MDD 
treatment.

CRediT authorship contribution statement

Xian-Qiang Zhang: Writing – review & editing, Writing – original 
draft, Methodology, Formal analysis. De-Nong Liu: Writing – original 
draft, Methodology, Formal analysis. Qing-Shan Miao: Writing – re
view & editing, Formal analysis. Xu Cai: Methodology, Formal analysis. 
Lu-Xin Zong: Writing – review & editing, Formal analysis. Yu-Kun 
Hou: Writing – original draft, Formal analysis. Jing Xiong: Writing – 
review & editing, Supervision, Conceptualization.

Funding

This work was supported by the National Natural Science Foundation 
of China (82501797) and the Jining Key Research and Development 
Project (2024YXNS196).

Declaration of competing interest

The authors declare no conflicts of interest or financial relationships 
that could have influenced the research presented in this paper.

Data availability

No data was used for the research described in the article.

References

Agin-Liebes, G., Haas, T.F., Lancelotta, R., et al., 2021. Naturalistic use of mescaline is 
associated with self-reported psychiatric improvements and enduring positive life 
changes. ACS Pharmacol Transl Sci 4 (2), 543–552.

Fig. 1. An overview of the main hypothesized mechanisms of psychedelics act on MDD: mystical experiences, synaptic plasticity, neurogenesis, brain network 
connections, and immuno-inflammatory modulation (created with BioRender.com).

X.-Q. Zhang et al.                                                                                                                                                                                                                               Pharmacology, Biochemistry and Behavior 256 (2025) 174099 

6 

http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0005
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0005
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0005
http://BioRender.com


Agrawal, M., Richards, W., Beaussant, Y., et al., 2024. Psilocybin-assisted group therapy 
in patients with cancer diagnosed with a major depressive disorder. Cancer 130 (7), 
1137–1146.

Aicher, H.D., Mueller, M.J., Dornbierer, D.A., et al., 2023. Potential therapeutic effects of 
an ayahuasca-inspired N,N-DMT and harmine formulation: a controlled trial in 
healthy subjects. Front. Psychiatry 14, 1302559.

de Almeida, R.N., Galvao, A.C.M., da Silva, F.S., et al., 2019. Modulation of serum brain- 
derived neurotrophic factor by a single dose of Ayahuasca: observation from a 
randomized controlled trial. Front. Psychol. 10, 1234.

Barker, S.A., 2018. N, N-dimethyltryptamine (DMT), an endogenous hallucinogen: past, 
present, and future research to determine its role and function. Front. Neurosci. 12, 
536.

Beique, J.C., Imad, M., Mladenovic, L., et al., 2007. Mechanism of the 5-hydroxytryp
tamine 2A receptor-mediated facilitation of synaptic activity in prefrontal cortex. 
Proc. Natl. Acad. Sci. USA 104 (23), 9870–9875.

Belleau, E.L., Treadway, M.T., Pizzagalli, D.A., 2019. The impact of stress and major 
depressive disorder on hippocampal and medial prefrontal cortex morphology. Biol. 
Psychiatry 85 (6), 443–453.

Carhart-Harris, R.L., Goodwin, G.M., 2017. The therapeutic potential of psychedelic 
drugs: past, present, and future. Neuropsychopharmacology 42 (11), 2105–2113.

Carhart-Harris, R.L., Bolstridge, M., Rucker, J., et al., 2016. Psilocybin with 
psychological support for treatment-resistant depression: an open-label feasibility 
study. Lancet Psychiatry 3 (7), 619–627.

Carhart-Harris, R.L., Roseman, L., Bolstridge, M., et al., 2017. Psilocybin for treatment- 
resistant depression: fMRI-measured brain mechanisms. Sci. Rep. 7 (1), 13187.

Carhart-Harris, R.L., Bolstridge, M., Day, C.M.J., et al., 2018. Psilocybin with 
psychological support for treatment-resistant depression: six-month follow-up. 
Psychopharmacology 235 (2), 399–408.

Chamberlain, S.R., Cavanagh, J., de Boer, P., et al., 2019. Treatment-resistant depression 
and peripheral C-reactive protein. Br. J. Psychiatry 214 (1), 11–19.

Chao, J., Zhang, Y., Du, L., et al., 2017. Molecular mechanisms underlying the 
involvement of the sigma-1 receptor in methamphetamine-mediated microglial 
polarization. Sci. Rep. 7 (1), 11540.

Chen, C.Y., Wang, Y.F., Lei, L., et al., 2024. Microrna-specific targets for neuronal 
plasticity, neurotransmitters, neurotrophic factors, and gut microbes in the 
pathogenesis and therapeutics of depression. Prog. Neuro-Psychopharmacol. Biol. 
Psychiatry 136, 111186.

Colaco, C.S., Alves, S.S., Nolli, L.M., et al., 2021. Correction to: toxicity of ayahuasca 
after 28 days daily exposure and effects on monoamines and brain-derived 
neurotrophic factor (BDNF) in brain of Wistar rats. Metab. Brain Dis. 36 (8), 
2603–2604.

Collaborators C-M D, 2021. Global prevalence and burden of depressive and anxiety 
disorders in 204 countries and territories in 2020 due to the COVID-19 pandemic. 
Lancet 398 (10312), 1700–1712.

Copa, D., Erritzoe, D., Giribaldi, B., et al., 2024. Predicting the outcome of psilocybin 
treatment for depression from baseline fMRI functional connectivity. J. Affect. 
Disord. 353, 60–69.

Danilo, D.G., Stefano, C., Luca, P., et al., 2016. d-Lysergic acid diethylamide (LSD) as a 
model of psychosis: mechanism of action and pharmacology. Int. J. Mol. Sci. 17 (11), 
1953.

Davis, A.K., Barrett, F.S., May, D.G., et al., 2021. Effects of psilocybin-assisted therapy on 
major depressive disorder: a randomized clinical trial. JAMA Psychiatr. 78 (5), 
481–489.

Daws, R.E., Timmermann, C., Giribaldi, B., et al., 2022. Increased global integration in 
the brain after psilocybin therapy for depression. Nat. Med. 28 (4), 844–851.

De Gregorio, D., Popic, J., Enns, J.P., et al., 2021. Lysergic acid diethylamide (LSD) 
promotes social behavior through mTORC1 in the excitatory neurotransmission. 
Proc. Natl. Acad. Sci. USA 118 (5), e2020705118.

de Deus, J.L., Maia, J.M., Soriano, R.N., et al., 2025. Psychedelics in neuroinflammation: 
mechanisms and therapeutic potential. Prog. Neuro-Psychopharmacol. Biol. 
Psychiatry 137, 111278.

Dionisie, V., Filip, G.A., Manea, M.C., et al., 2021. The anti-inflammatory role of SSRI 
and SNRI in the treatment of depression: a review of human and rodent research 
studies. Inflammopharmacology 29 (1), 75–90.

Diz-Chaves, Y., Astiz, M., Bellini, M.J., et al., 2013. Prenatal stress increases the 
expression of proinflammatory cytokines and exacerbates the inflammatory response 
to LPS in the hippocampal formation of adult male mice. Brain Behav. Immun. 28, 
196–206.

Dolder, P.C., Schmid, Y., Muller, F., et al., 2016. LSD acutely impairs fear recognition and 
enhances emotional empathy and sociality. Neuropsychopharmacology 41 (11), 
2638–2646.

Dos Santos, R.G., Grasa, E., Valle, M., et al., 2012. Pharmacology of ayahuasca 
administered in two repeated doses. Psychopharmacology 219 (4), 1039–1053.

Dowlati, Y., Herrmann, N., Swardfager, W., et al., 2010. A meta-analysis of cytokines in 
major depression. Biol. Psychiatry 67 (5), 446–457.

D’Souza, D.C., Syed, S.A., Flynn, L.T., et al., 2022. Exploratory study of the dose-related 
safety, tolerability, and efficacy of dimethyltryptamine (DMT) in healthy volunteers 
and major depressive disorder. Neuropsychopharmacology 47 (10), 1854–1862.

Du, Y., Li, Y., Zhao, X., et al., 2023. Psilocybin facilitates fear extinction in mice by 
promoting hippocampal neuroplasticity. Chin. Med. J. 136 (24), 2983–2992.

Dwivedi, Y., 2010. Brain-derived neurotrophic factor and suicide pathogenesis. Ann. 
Med. 42 (2), 87–96.

Enzo, T., Leor, R., Mendel, K., et al., 2016. Increased global functional connectivity 
correlates with LSD-induced ego dissolution. Curr. Biol. 26 (8), 1043–1050.

Falchi-Carvalho, M., Palhano-Fontes, F., Wiessner, I., et al., 2025. Rapid and sustained 
antidepressant effects of vaporized N,N-dimethyltryptamine: a phase 2a clinical trial 
in treatment-resistant depression. Neuropsychopharmacology 50 (6), 895–903.

Fernanda, P.-F., Katia, C.A., Luis, F.T., et al., 2015. The psychedelic state induced by 
ayahuasca modulates the activity and connectivity of the default mode network. 
PLoS One 10 (2), e0118143.

Flanagan, T.W., Sebastian, M.N., Battaglia, D.M., et al., 2019a. 5-HT(2) receptor 
activation alleviates airway inflammation and structural remodeling in a chronic 
mouse asthma model. Life Sci. 236, 116790.

Flanagan, T.W., Sebastian, M.N., Battaglia, D.M., et al., 2019b. Activation of 5-HT(2) 
receptors reduces inflammation in vascular tissue and cholesterol levels in high-fat 
diet-fed apolipoprotein E knockout mice. Sci. Rep. 9 (1), 13444.

Flores-Ramos, M., Vega-Rosas, A., Palomera-Garfias, N., et al., 2024. Are BDNF and stress 
levels related to antidepressant response? Int. J. Mol. Sci. 25 (19), 10373.

Fontanilla, D., Johannessen, M., Hajipour, A.R., et al., 2009. The hallucinogen N,N- 
dimethyltryptamine (DMT) is an endogenous sigma-1 receptor regulator. Science 
323 (5916), 934–937.

de la Fuente Revenga, M., Jaster, A.M., McGinn, J., et al., 2022. Tolerance and cross- 
tolerance among psychedelic and nonpsychedelic 5-HT(2A) receptor agonists in 
mice. ACS Chem. Neurosci. 13 (16), 2436–2448.

FX, V., V-S, A., B, M., V, H., et al., 1998. Psilocybin induces schizophrenia-like psychosis 
in humans via a serotonin-2 agonist action. Neuroreport. 9 (17), 3897–3902.

Glennon, R.A., 1994. Classical hallucinogens: An Introductory Overview. NIDA Res 146, 
4–32.

Godlewska, B., Norbury, R., Selvaraj, S., et al., 2012. Short-term SSRI treatment 
normalises amygdala hyperactivity in depressed patients. Psychol. Med. 42 (12), 
2609–2617.

Goodwin, G.M., Aaronson, S.T., Alvarez, O., et al., 2022. Single-dose psilocybin for a 
treatment-resistant episode of major depression. N. Engl. J. Med. 387 (18), 
1637–1648.

Goodwin, G.M., Aaronson, S.T., Alvarez, O., et al., 2023. Single-dose psilocybin for a 
treatment-resistant episode of major depression: impact on patient-reported 
depression severity, anxiety, function, and quality of life. J. Affect. Disord. 327, 
120–127.

Goodwin, G.M., Aaronson, S.T., Alvarez, O., et al., 2025. The role of the psychedelic 
experience in psilocybin treatment for treatment-resistant depression. J. Affect. 
Disord. 372, 523–532.

Griffiths, R.R., Johnson, M.W., Carducci, M.A., et al., 2016. Psilocybin produces 
substantial and sustained decreases in depression and anxiety in patients with life- 
threatening cancer: a randomized double-blind trial. J. Psychopharmacol. 30 (12), 
1181–1197.

Grimm, O., Kraehenmann, R., Preller, K.H., et al., 2018. Psilocybin modulates functional 
connectivity of the amygdala during emotional face discrimination. Eur. 
Neuropsychopharmacol. 28 (6), 691–700.

Gukasyan, N., Davis, A.K., Barrett, F.S., et al., 2022. Efficacy and safety of psilocybin- 
assisted treatment for major depressive disorder: prospective 12-month follow-up. 
J. Psychopharmacol. 36 (2), 151–158.

Guo, L., Gao, T., Gao, C., et al., 2021. Stimulation of astrocytic sigma-1 receptor is 
sufficient to ameliorate inflammation- induced depression. Behav. Brain Res. 410, 
113344.

Gupta, S., Bhatnagar, R.K., Gupta, D., et al., 2025. The evolution of N, N- 
dimethyltryptamine: from metabolic pathways to brain connectivity. 
Psychopharmacology 242 (9), 1931–1953.

Haniff, Z.R., Bocharova, M., Mantingh, T., et al., 2024. Psilocybin for dementia 
prevention? The potential role of psilocybin to alter mechanisms associated with 
major depression and neurodegenerative diseases. Pharmacol. Ther. 258, 108641.

Hashimoto, K., 2025. Are “mystical experiences” essential for antidepressant actions of 
ketamine and the classic psychedelics? Eur. Arch. Psychiatry Clin. Neurosci. 275 (5), 
1333–1346.

Heal, D., Smith, S., Belouin, S., et al., 2023. Psychedelics: threshold of a therapeutic 
revolution. Neuropharmacology 236, 109610.

Hesselgrave, N., Troppoli, T.A., Wulff, A.B., et al., 2021. Harnessing psilocybin: 
antidepressant-like behavioral and synaptic actions of psilocybin are independent of 
5-HT2R activation in mice. Proc. Natl. Acad. Sci. USA 118 (17), e2022489118.

Hofmann, A., 1979. How LSD originated. J. Psychoactive Drugs 11 (1–2), 53–60.
Hofmann, A., 2013. LSD: My Problem Child. Oxford University Press, Oxford, UK. 
Hofmann, A., Heim, R., Brack, A., et al., 1958. Psilocybin, a psychotropic substance from 

the Mexican mushroom Psilicybe mexicana Heim. Experientia 14 (3), 107–109.
Hollister, L.E., 1964. Chemical Psychoses. Annu Rev Med. 15, 203–214.
Huang, H., Zou, Z., Chen, B., 2025. Efficacy of minocycline in depression: a systematic 

review and meta-analysis. Clin. Neuropharmacol. 48 (1), 1–6.
Husain, M.I., Cullen, C., Umer, M., et al., 2020. Minocycline as adjunctive treatment for 

treatment-resistant depression: study protocol for a double blind, placebo-controlled, 
randomized trial (MINDEP2). BMC Psychiatry 20 (1), 173.

Hutten, N., Mason, N.L., Dolder, P.C., et al., 2021. Low doses of LSD acutely increase 
BDNF blood plasma levels in healthy volunteers. ACS Pharmacol. Transl. Sci. 4 (2), 
461–466.

Inserra, A., De Gregorio, D., Gobbi, G., 2021. Psychedelics in psychiatry: neuroplastic, 
immunomodulatory, and neurotransmitter mechanisms. Pharmacol. Rev. 73 (1), 
202–277.

Jana, S., Clemens, S., Mendel, K., et al., 2016. Decreased mental time travel to the past 
correlates with default-mode network disintegration under lysergic acid 
diethylamide. J. Psychopharmacol. 30 (4), 344–353.

Jimenez-Garrido, D.F., Gomez-Sousa, M., Ona, G., et al., 2020. Effects of ayahuasca on 
mental health and quality of life in naive users: a longitudinal and cross-sectional 
study combination. Sci. Rep. 10 (1), 4075.

X.-Q. Zhang et al.                                                                                                                                                                                                                               Pharmacology, Biochemistry and Behavior 256 (2025) 174099 

7 

http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0010
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0010
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0010
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0015
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0015
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0015
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0020
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0020
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0020
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0025
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0025
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0025
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0030
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0030
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0030
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0035
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0035
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0035
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0040
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0040
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0045
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0045
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0045
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0050
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0050
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0055
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0055
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0055
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0060
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0060
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0065
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0065
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0065
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0070
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0070
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0070
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0070
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0075
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0075
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0075
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0075
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0080
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0080
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0080
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0085
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0085
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0085
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0090
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0090
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0090
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0095
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0095
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0095
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0100
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0100
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0105
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0105
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0105
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0110
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0110
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0110
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0115
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0115
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0115
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0120
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0120
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0120
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0120
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0125
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0125
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0125
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0130
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0130
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0135
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0135
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0140
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0140
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0140
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0145
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0145
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0150
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0150
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0155
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0155
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0160
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0160
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0160
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0165
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0165
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0165
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0170
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0170
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0170
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0175
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0175
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0175
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0180
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0180
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0185
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0185
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0185
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0190
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0190
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0190
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0195
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0195
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0200
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0200
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0205
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0205
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0205
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0210
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0210
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0210
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0215
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0215
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0215
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0215
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0220
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0220
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0220
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0225
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0225
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0225
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0225
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0230
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0230
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0230
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0235
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0235
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0235
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0240
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0240
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0240
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0245
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0245
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0245
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0260
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0260
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0260
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0265
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0265
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0265
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0270
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0270
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0275
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0275
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0275
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0250
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0255
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0280
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0280
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0285
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0290
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0290
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0295
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0295
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0295
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0300
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0300
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0300
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0305
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0305
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0305
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0310
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0310
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0310
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0315
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0315
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0315


Johnson, M.W., Griffiths, R.R., 2017. Potential therapeutic effects of psilocybin. 
Neurotherapeutics 14 (3), 734–740.

Karaki, S., Becamel, C., Murat, S., et al., 2014. Quantitative phosphoproteomics unravels 
biased phosphorylation of serotonin 2A receptor at Ser280 by hallucinogenic versus 
nonhallucinogenic agonists. Mol. Cell. Proteomics 13 (5), 1273–1285.

Kargbo, R.B., 2020. Psilocybin therapeutic research: the present and future paradigm. 
ACS Med. Chem. Lett. 11 (4), 399–402.

Kasper, S., Spadone, C., Verpillat, P., et al., 2006. Onset of action of escitalopram 
compared with other antidepressants: results of a pooled analysis. Int. Clin. 
Psychopharmacol. 21 (2), 105–110.

Katrin, H.P., Joshua, B.B., Jie Lisa, J., et al., 2018. Changes in global and thalamic brain 
connectivity in LSD-induced altered states of consciousness are attributable to the 5- 
HT2A receptor. Elife 7, e35082.

Kiraga, M.K., Mason, N.L., Uthaug, M.V., et al., 2021. Persisting effects of Ayahuasca on 
empathy, creative thinking, decentering, personality, and well-being. Front. 
Pharmacol. 12, 721537.

Ko, K., Knight, G., Rucker, J.J., et al., 2022. Psychedelics, mystical experience, and 
therapeutic efficacy: a systematic review. Front. Psychiatry 13, 917199.

Krupp, K.T., Yaeger, J.D.W., Ledesma, L.J., et al., 2024. Single administration of a 
psychedelic [(R)-DOI] influences coping strategies to an escapable social stress. 
Neuropharmacology 252, 109949.

L, D.B., 1968. Lysergic acid diethylamide. N. Engl. J. Med. 278 (8), 435–438.
Li, Z., Liu, F., He, X., et al., 2019. Exosomes derived from mesenchymal stem cells 

attenuate inflammation and demyelination of the central nervous system in EAE rats 
by regulating the polarization of microglia. Int. Immunopharmacol. 67, 268–280.

Li, Q., Zhao, Y., Guo, H., et al., 2023. Impaired lipophagy induced-microglial lipid 
droplets accumulation contributes to the buildup of TREM1 in diabetes-associated 
cognitive impairment. Autophagy 19 (10), 2639–2656.

Liechti, M.E., Dolder, P.C., Schmid, Y., 2017. Alterations of consciousness and mystical- 
type experiences after acute LSD in humans. Psychopharmacology 234 (9–10), 
1499–1510.

Lima da Cruz, R.V., Leao, R.N., Moulin, T.C., 2024. Effects of psychedelics on 
neurogenesis and broader neuroplasticity: a systematic review. Mol. Med. 30 (1), 
244.

Lin, J.Y., Jiang, M.Y., Kan, Z.M., et al., 2014. Influence of 5-HTR2A genetic 
polymorphisms on the efficacy of antidepressants in the treatment of major 
depressive disorder: a meta-analysis. J. Affect. Disord. 168, 430–438.

Lopez-Gimenez, J.F., Gonzalez-Maeso, J., 2018. Hallucinogens and serotonin 5-HT(2A) 
receptor-mediated signaling pathways. Curr. Top. Behav. Neurosci. 36, 45–73.

Low, Z.X.B., Ng, W.S., Lim, E.S.Y., et al., 2024. The immunomodulatory effects of 
classical psychedelics: a systematic review of preclinical studies. Prog. Neuro- 
Psychopharmacol. Biol. Psychiatry 111139.

Ly, C., Greb, A.C., Cameron, L.P., et al., 2018. Psychedelics promote structural and 
functional neural plasticity. Cell Rep. 23 (11), 3170–3182.

M, F., L, C., D, P.C., et al., 2017. Acute effects of LSD on amygdala activity during 
processing of fearful stimuli in healthy subjects. Transl. Psychiatry 7 (4), e1084.

Ma, K., Zhang, H., Baloch, Z., 2016. Pathogenetic and therapeutic applications of tumor 
necrosis factor-alpha (TNF-alpha) in major depressive disorder: a systematic review. 
Int. J. Mol. Sci. 17 (5), 733.

Madhukar, H.T., 2005. The link between depression and physical symptoms. Prim. Care 
Companion J. Clin. Psychiatry 6 (0).

Maes, M., Song, C., Yirmiya, R., 2012. Targeting IL-1 in depression. Expert Opin. Ther. 
Targets 16 (11), 1097–1112.

Majic, T., Schmidt, T.T., Gallinat, J., 2015. Peak experiences and the afterglow 
phenomenon: when and how do therapeutic effects of hallucinogens depend on 
psychedelic experiences? J. Psychopharmacol. 29 (3), 241–253.

McKenna, D.J., 2004. Clinical investigations of the therapeutic potential of ayahuasca: 
rationale and regulatory challenges. Pharmacol. Ther. 102 (2), 111–129.

Medeiros, G.C., Gould, T.D., Prueitt, W.L., et al., 2022. Blood-based biomarkers of 
antidepressant response to ketamine and esketamine: a systematic review and meta- 
analysis. Mol. Psychiatry 27 (9), 3658–3669.

Mertens, L.J., Wall, M.B., Roseman, L., et al., 2020. Therapeutic mechanisms of 
psilocybin: changes in amygdala and prefrontal functional connectivity during 
emotional processing after psilocybin for treatment-resistant depression. 
J. Psychopharmacol. 34 (2), 167–180.

Michael, Benros, Berit, et al., 2013. Autoimmune diseases and severe infections as risk 
factors for mood disorders: a nationwide study. JAMA Psychiat. 70 (8), 812–820.

Milenkovic, V.M., Stanton, E.H., Nothdurfter, C., et al., 2019. The role of chemokines in 
the pathophysiology of major depressive disorder. Int. J. Mol. Sci. 20 (9), 2283.

Moriguchi, S., Shinoda, Y., Yamamoto, Y., et al., 2013. Stimulation of the sigma-1 
receptor by DHEA enhances synaptic efficacy and neurogenesis in the hippocampal 
dentate gyrus of olfactory bulbectomized mice. PLoS One 8 (4), e60863.

Morrens, M., Coppens, V., Walther, S., 2020. Do immune dysregulations and oxidative 
damage drive mood and psychotic disorders? Neuropsychobiology 79 (4–5), 
251–254.

Murphy-Beiner, A., Soar, K., 2020. Ayahuasca’s ‘afterglow’: improved mindfulness and 
cognitive flexibility in ayahuasca drinkers. Psychopharmacology 237 (4), 
1161–1169.

N, D.E., 2016. Psychedelics. Pharmacol. Rev. 68 (2), 356.
do Nascimento Sousa, D., de Azevedo, M., Santos, M.L., et al., 2025. Immunomodulatory 

and behavioral effects of ayahuasca and N, N-dimethyltryptamine in a rat model of 
lipopolysaccharide-induced depression. Metab. Brain Dis. 40 (5), 220.

Neil, G., 2002. The serotonergic system and mysticism: could LSD and the nondrug- 
induced mystical experience share common neural mechanisms? J. Psychoactive 
Drugs 34 (3), 263–272.

Nichols, C.D., 2022. Psychedelics as potent anti-inflammatory therapeutics. 
Neuropharmacology 219, 109232.

Nygart, V.A., Pommerencke, L.M., Haijen, E., et al., 2022. Antidepressant effects of a 
psychedelic experience in a large prospective naturalistic sample. 
J. Psychopharmacol. 36 (8), 932–942.

Ornelas, I.M., Cini, F.A., Wiessner, I., et al., 2022. Nootropic effects of LSD: behavioral, 
molecular and computational evidence. Exp. Neurol. 356, 114148.

Palhano-Fontes, F., Barreto, D., Onias, H., et al., 2019. Rapid antidepressant effects of the 
psychedelic ayahuasca in treatment-resistant depression: a randomized placebo- 
controlled trial. Psychol. Med. 49 (4), 655–663.

Paydary, K., DeLuca, A., Aggarwal, R., et al., 2023. Enrollment barriers for molecular 
targeted trials. JAMA Oncol. 9 (6), 863–864.

Perkins, D., Pagni, B.A., Sarris, J., et al., 2022. Changes in mental health, wellbeing and 
personality following ayahuasca consumption: results of a naturalistic longitudinal 
study. Front. Pharmacol. 13, 884703.

Petit, A.C., Quesseveur, G., Gressier, F., et al., 2014. Converging translational evidence 
for the involvement of the serotonin 2A receptor gene in major depressive disorder. 
Prog. Neuro-Psychopharmacol. Biol. Psychiatry 54, 76–82.

Rainer, K., Katrin, H.P., Milan, S., et al., 2015. Psilocybin-induced decrease in amygdala 
reactivity correlates with enhanced positive mood in healthy volunteers. Biol. 
Psychiatry 78 (8), 572–581.

Raison, C.L., Sanacora, G., Woolley, J., et al., 2023. Single-dose psilocybin treatment for 
major depressive disorder: a randomized clinical trial. JAMA 330 (9), 843–853.

Raval, N.R., Johansen, A., Donovan, L.L., et al., 2021. A single dose of psilocybin 
increases synaptic density and decreases 5-HT(2A) receptor density in the pig brain. 
Int. J. Mol. Sci. 22 (2), 835.

Roseman, L., Nutt, D.J., Carhart-Harris, R.L., 2017. Quality of acute psychedelic 
experience predicts therapeutic efficacy of psilocybin for treatment-resistant 
depression. Front. Pharmacol. 8, 974.

Roseman, L., Demetriou, L., Wall, M.B., et al., 2018. Increased amygdala responses to 
emotional faces after psilocybin for treatment-resistant depression. 
Neuropharmacology 142, 263–269.

Rosenblat, J.D., Leon-Carlyle, M., Ali, S., et al., 2023. Antidepressant effects of psilocybin 
in the absence of psychedelic effects. Am. J. Psychiatry 180 (5), 395–396.

Ross, S., Bossis, A., Guss, J., et al., 2016. Rapid and sustained symptom reduction 
following psilocybin treatment for anxiety and depression in patients with life- 
threatening cancer: a randomized controlled trial. J. Psychopharmacol. 30 (12), 
1165–1180.

Ryskamp, D.A., Korban, S., Zhemkov, V., et al., 2019a. Neuronal sigma-1 receptors: 
signaling functions and protective roles in neurodegenerative diseases. Front. 
Neurosci. 13, 862.

Ryskamp, D., Wu, L., Wu, J., et al., 2019b. Pridopidine stabilizes mushroom spines in 
mouse models of Alzheimer’s disease by acting on the sigma-1 receptor. Neurobiol. 
Dis. 124, 489–504.

Sabanovic, M., Lazari, A., Blanco-Pozo, M., et al., 2024. Lasting dynamic effects of the 
psychedelic 2,5-dimethoxy-4-iodoamphetamine ((+/− )-DOI) on cognitive 
flexibility. Mol. Psychiatry 29 (6), 1810–1823.

Schmid, Y., Liechti, M.E., 2018. Long-lasting subjective effects of LSD in normal subjects. 
Psychopharmacology 235 (2), 535–545.

Schmid, Y., Enzler, F., Gasser, P., et al., 2015. Acute effects of lysergic acid diethylamide 
in healthy subjects. Biol. Psychiatry 78 (8), 544–553.

Sekssaoui, M., Bockaert, J., Marin, P., et al., 2024. Antidepressant-like effects of 
psychedelics in a chronic despair mouse model: is the 5-HT(2A) receptor the unique 
player? Neuropsychopharmacology 49 (4), 747–756.

Shao, L.X., Liao, C., Gregg, I., et al., 2021. Psilocybin induces rapid and persistent growth 
of dendritic spines in frontal cortex in vivo. Neuron 109 (16), 2535–2544 e2534. 

Sidney, H.K., 2008. Core symptoms of major depressive disorder: relevance to diagnosis 
and treatment. Dialogues Clin. Neurosci. 10 (3), 271–277.

Sloshower, J., Skosnik, P.D., Safi-Aghdam, H., et al., 2023. Psilocybin-assisted therapy 
for major depressive disorder: an exploratory placebo-controlled, fixed-order trial. 
J. Psychopharmacol. 37 (7), 698–706.

Szabo, A., 2015. Psychedelics and immunomodulation: novel approaches and 
therapeutic opportunities. Front. Immunol. 6, 358.

Szabo, A., Kovacs, A., Riba, J., et al., 2016. The endogenous hallucinogen and trace 
amine N,N-dimethyltryptamine (DMT) displays potent protective effects against 
hypoxia via sigma-1 receptor activation in human primary iPSC-derived cortical 
neurons and microglia-like immune cells. Front. Neurosci. 10, 423.

Szara, S., 1956. Dimethyltryptamin: its metabolism in man; the relation to its psychotic 
effect to the serotonin metabolism. Experientia 12 (11), 441–442.

Takahashi, K., Tsuji, M., Nakagawasai, O., et al., 2024. Polarization to M1-type microglia 
in the hippocampus is involved in depression-like behavior in a mouse model of 
olfactory dysfunction. Neurochem. Int. 175, 105723.

Torres-Platas, S.G., Cruceanu, C., Chen, G.G., et al., 2014. Evidence for increased 
microglial priming and macrophage recruitment in the dorsal anterior cingulate 
white matter of depressed suicides. Brain Behav. Immun. 42, 50–59.

Uthaug, M.V., van Oorsouw, K., Kuypers, K.P.C., et al., 2018. Sub-acute and long-term 
effects of ayahuasca on affect and cognitive thinking style and their association with 
ego dissolution. Psychopharmacology 235 (10), 2979–2989.

Uthaug, M.V., Mason, N.L., Toennes, S.W., et al., 2021. A placebo-controlled study of the 
effects of ayahuasca, set and setting on mental health of participants in ayahuasca 
group retreats. Psychopharmacology 238 (7), 1899–1910.

Vamvakopoulou, I., Narine, K., Campbell, I., et al., 2023. Mescaline: the forgotten 
psychedelic. Neuropharmacology 222, 109294.

Werle, I., Nascimento, L.M.M., Dos Santos, A.L.A., et al., 2024. Ayahuasca-enhanced 
extinction of fear behaviour: role of infralimbic cortex 5-HT(2A) and 5-HT(1A) 
receptors. Br. J. Pharmacol. 181 (11), 1671–1689.

X.-Q. Zhang et al.                                                                                                                                                                                                                               Pharmacology, Biochemistry and Behavior 256 (2025) 174099 

8 

http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0320
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0320
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0325
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0325
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0325
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0330
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0330
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0335
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0335
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0335
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0340
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0340
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0340
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0345
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0345
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0345
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0350
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0350
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0355
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0355
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0355
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0360
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0365
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0365
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0365
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0370
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0370
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0370
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0375
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0375
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0375
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0380
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0380
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0380
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0385
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0385
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0385
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0390
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0390
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0395
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0395
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0395
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0400
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0400
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0405
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0405
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0410
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0410
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0410
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0415
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0415
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0420
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0420
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0425
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0425
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0425
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0430
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0430
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0435
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0435
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0435
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0440
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0440
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0440
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0440
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0445
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0445
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0450
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0450
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0455
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0455
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0455
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0460
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0460
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0460
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0465
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0465
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0465
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0470
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0475
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0475
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0475
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0480
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0480
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0480
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0485
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0485
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0490
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0490
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0490
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0495
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0495
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0500
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0500
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0500
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0505
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0505
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0510
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0510
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0510
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0515
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0515
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0515
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf3000
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf3000
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf3000
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0520
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0520
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0525
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0525
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0525
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0530
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0530
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0530
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0535
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0535
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0535
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0540
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0540
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0545
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0545
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0545
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0545
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0550
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0550
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0550
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0555
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0555
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0555
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0560
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0560
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0560
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0565
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0565
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0570
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0570
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0575
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0575
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0575
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0580
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0580
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0585
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0585
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0590
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0590
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0590
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0595
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0595
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0600
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0600
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0600
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0600
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0605
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0605
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0610
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0610
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0610
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0615
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0615
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0615
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0620
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0620
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0620
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0625
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0625
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0625
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0630
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0630
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0635
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0635
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0635


Winkelman, M.J., Szabo, A., Frecska, E., 2023. The potential of psychedelics for the 
treatment of Alzheimer’s disease and related dementias. Eur. 
Neuropsychopharmacol. 76, 3–16.

Wu, Z., Li, L., Zheng, L.T., et al., 2015. Allosteric modulation of sigma-1 receptors by 
SKF83959 inhibits microglia-mediated inflammation. J. Neurochem. 134 (5), 
904–914.

Xiangting, Z., Yingjie, D., Yishan, Y., et al., 2024. Psilocybin promotes neuroplasticity 
and induces rapid and sustained antidepressant-like effects in mice. 
J. Psychopharmacol. 38 (5), 489–499.

Yoshimura, R., Okamoto, N., Chibaatar, E., et al., 2023. The serum brain-derived 
neurotrophic factor increases in serotonin reuptake inhibitor responders patients 
with first-episode, drug-naive major depression. Biomedicines 11 (2), 584.

Yuan, M., Yang, B., Rothschild, G., et al., 2023. Epigenetic regulation in major depression 
and other stress-related disorders: molecular mechanisms, clinical relevance and 
therapeutic potential. Signal Transduct. Target. Ther. 8 (1), 309.

Zanikov, T., Gerasymchuk, M., Ghasemi Gojani, E., et al., 2023. The effect of combined 
treatment of psilocybin and eugenol on lipopolysaccharide-induced brain 
inflammation in mice. Molecules 28 (6), 2624.

X.-Q. Zhang et al.                                                                                                                                                                                                                               Pharmacology, Biochemistry and Behavior 256 (2025) 174099 

9 

http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0640
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0640
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0640
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0645
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0645
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0645
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0650
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0650
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0650
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0655
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0655
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0655
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0660
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0660
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0660
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0665
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0665
http://refhub.elsevier.com/S0091-3057(25)00146-7/rf0665

	Advancements in psychedelic research: Effects, mechanisms, and therapeutic potential as emerging antidepressants
	1 Introduction
	2 Definition and classification of psychedelics
	3 The therapeutic effects of psychedelics on MDD
	4 Mechanisms of psychedelics in the treatment of MDD
	4.1 Generation and impact of mystical experiences
	4.2 Changes in synaptic plasticity and neurogenesis
	4.3 Connectivity alterations in the brain as a whole or within specific subregions
	4.4 Anti-inflammatory and immunomodulatory effects

	5 Conclusion
	CRediT authorship contribution statement
	Funding
	Declaration of competing interest
	Data availability
	References


