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A B S T R A C T

Neurodegenerative diseases are a group of disorders characterized by progressive degeneration of discrete groups 
of neurons causing severe disability. The main risk factor is age, hence their incidence is rapidly increasing 
worldwide due to the rise in life expectancy. Although the causes of the disease are not identified in about 90% of 
the cases, in the last decades there has been great progress in understanding the basis for neurodegeneration. 
Different pathological mechanisms including oxidative stress, mitochondrial dysfunction, alteration in proteo
stasis and inflammation have been addressed as important contributors to neuronal death. Despite our better 
understanding of the pathophysiology of these diseases, there is still no cure and available therapies only provide 
symptomatic relief. In an effort to discover new therapeutic approaches, natural products have aroused interest 
among researchers given their structural diversity and wide range of biological activities. In this review, we focus 
on three plant-derived compounds with promising neuroprotective potential that have been traditionally used by 
folk medicine: the flavonoid quercetin (QCT), the phytocannabinoid cannabidiol (CBD)and the tryptamine N,N- 
dimethyltryptamine (DMT).

These compounds exert neuroprotective effects through different mechanisms of action, some overlapping, but 
each demonstrating a principal biological activity: QCT as an antioxidant, CBD as an anti-inflammatory, and 
DMT as a promoter of neuroplasticity. This review summarizes current knowledge on these activities, potential 
therapeutic benefits of these compounds and their limitations as candidates for neuroprotective therapies. We 
envision that treatments with QCT, CBD, and DMT could be effective either when combined or when targeting 
different stages of these diseases.

Introduction

Neurodegenerative diseases (NDs) are a heterogeneous group of 
complex disorders characterized by progressive degeneration of 
vulnerable neuronal populations in the central nervous system (CNS). 
Examples of NDs include Alzheimer’s disease (AD), Parkinson’s disease 
(PD), multiple sclerosis (MS), and many others, each differing in their 
clinical and neuropathological characteristics. AD is the most prevalent 
ND, characterized by memory loss and other cognitive impairments 
associated with the degeneration of hippocampal and cortical regions. 
The presence of amyloid-β peptide (Aβ) deposits and neurofibrillary 
tangles of hyperphosphorylated Tau protein are the histological 

hallmarks of this disease (Erkkinen et al., 2018). On the other hand, PD, 
the second most common neurodegenerative disease, is distinguished by 
motor symptoms resulting from the degeneration of dopaminergic 
neurons in the Substantia Nigra (SN) that project to the striatum. In this 
case, the distinctive feature is the presence of intracellular inclusions 
enriched in the protein α-synuclein called Lewy bodies (Erkkinen et al., 
2018). MS is an autoimmune demyelinating disease that can affect 
different regions of the CNS, with diverse symptoms depending on the 
affected area (Dobson and Giovannoni, 2019).

Although some NDs are associated with genetic alterations as 
monogenic causes, most cases are sporadic forms, and the exact patho
genesis remains unclear. It has been proposed that in sporadic cases, the 
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disease results from a complex multifactorial interaction among genetic, 
epigenetic, and environmental factors. At the cellular level, several 
common pathological mechanisms in NDs are known to participate in 
the cascade of events leading to neuronal death, including metabolic 
processes and mitochondrial dysfunction, increased oxidative damage, 
defects in the proteasome system, changes in iron and calcium meta
bolism, loss of synaptic connections, excitotoxicity, and inflammation 
(Sanghai and Tranmer, 2023).

NDs represent a significant health problem worldwide, affecting 
millions of people (Erkkinen et al., 2018). The prevalence and incidence 
of these diseases rise dramatically with age, and their burden on society 
is expected to grow substantially in the coming years as the population’s 
lifespan continues to increase (Hou et al., 2019). For example, the World 
Alzheimer Report estimated that in 2019, there were 50 million people 
living with dementia (with an estimated 70 % of these cases being AD), 
with this number projected to increase to 152 million by 2050 
(Alzheimer’s Disease International World Alzheimer Report, 2019). On 
top of this, no effective therapeutics have been developed for NDs 
(Erkkinen et al., 2018). Current therapies aim to alleviate symptoms 
and/or provide palliative care rather than cure, halt, or slow the pro
gression of the disease. Furthermore, many approved treatments suffer 
from severe side effects and/or are not accessible to the broader society 
(Hussain et al., 2018). Therefore, there is an urgent need to develop 
effective alternative treatments to manage NDs.

Over the last few decades, the therapeutic properties of numerous 
compounds capable of increasing neuron survival have been investi
gated, potentially serving as a basis for developing novel neuro
protective interventions. In this context, natural products, mainly 
derived from plants, have emerged as valuable structures in the search 
for new neuroprotective drugs due to their diverse mechanisms of action 
that could impact the various cellular processes involved in neuro
degeneration. Historically, natural products have played a key role in 
drug discovery, with about 50 % of medications approved from 1981 to 
2019 having natural origins (i.e. semi-synthetic, mimics of natural 
compounds and natural entities and derivatives) (Newman and Cragg, 
2020). Natural products are structurally “optimized” by evolution to 
fulfill particular biological functions, including regulating endogenous 
defense mechanisms and interacting (often competing) with other or
ganisms. Additionally, knowledge related to traditional medicine has 
been a major input in the investigation of medicinal plants and the 
production of pharmaceuticals. About 80 % of plant-based medicines are 
consistent with their original ethnopharmacological functions (Dias 
et al., 2012). Diverse plant-derived compounds have been reported to 
exhibit antioxidant, anti-inflammatory, anti-aggregation, anti- 
cholinesterase, and anti-apoptotic properties, all of which are impor
tant in preserving the structure and function of the nervous system 
(Shoaib et al., 2023). Therefore, the diverse mechanisms of action and 
the potential of plant-derived compounds to mitigate neurodegenerative 
processes make them strong candidates for developing neuroprotective 
therapies. In this review, we will focus on three natural products derived 
from plants traditionally used in folk medicine and belonging to 
different classes, with promising biomedical applications: the flavonoid 
quercetin (QCT), the cannabinoid cannabidiol (CBD), and the 

psychedelic N,N-dimethyltryptamine (DMT) (Fig. 1). These compounds, 
like other natural products, exhibit a wide variety of pharmacological 
properties. They exert neuroprotective effects through distinct mecha
nisms of action, some overlapping, but each demonstrating a principal 
biological activity: antioxidant for QCT, anti-inflammatory for CBD, and 
neuroplastic for DMT. We will discuss these actions in the context on 
NDs and the challenges for their translation of these compounds to the 
clinic. We envision that treatments with QCT, CBD, and DMT could be 
effective either when combined or when targeting different stages of 
these diseases.

QCT antioxidative stress properties in NDs

Several mechanisms have been proposed to contribute to the pa
thology associated with NDs (Sanghai and Tranmer, 2023). Among 
these, oxidative stress (OS) is considered one of the leading causes of 
neuronal damage (Morén et al., 2022). OS occurs when reactive oxygen 
and nitrogen species (ROS and RNS, respectively) accumulate in cells 
due to an imbalance between their production and the ability of cellular 
systems to detoxify these reactive products. OS causes damage to pro
teins, lipids and DNA, affecting cellular homeostasis and eventually 
leading to cell death (Valko et al., 2007).

The brain is especially vulnerable to OS due to several factors 
(Cobley et al., 2018). For instance, it consumes about 20 % of the body’s 
oxygen despite accounting for only about 2 % of the body’s weight. This 
high oxygen demand, needed to support ATP production for brain 
metabolism, is associated with the generation of ROS as byproducts of 
oxidative phosphorylation. Additionally, the brain contains high levels 
of transition metals like iron and copper, which can catalyze the pro
duction of ROS through Fenton and Haber-Weiss reactions. Some as
pects inherent to the nervous system’s function, like the use of calcium 
transients to release neurotransmitters and the metabolism of some 
neurotransmitters (e.g., dopamine), are also associated with the gener
ation of free radicals. Compared to other organs, the brain produces 
more free radicals and has relatively low levels of antioxidant enzymes 
like superoxide dismutase (SOD), catalase (CAT), and glutathione 
peroxidase (GPx). It also possesses high amounts of polyunsaturated 
fatty acids that are particularly susceptible to free radical-mediated 
oxidative damage (Ng et al., 2022).

Moreover, other pathological mechanisms that participate in 
neurodegenerative diseases, such as mitochondrial damage, neuro
inflammation and altered proteostasis, are induced by and promote 
oxidative stress. All these processes lead to neuronal damage and loss of 
connectivity (Jellinger, 2010).

Given this, it is not surprising that several lines of evidence indicate 
that OS is a key contributor to neuronal death in NDs. Compounds 
capable of counteracting the production of free radicals are proposed as 
potential neuroprotectants (Morén et al., 2022).

QCT (3,3́,4́,5,7-pentahydroxyflavone) (Fig. 1) belongs to the group 
of flavonoids, a family of polyphenolic compounds produced by plants 
as secondary metabolites, serving diverse functions such as pigmenta
tion, UV protection, defense against microorganisms and predators, and 
signaling between plants, among others (Santos et al., 2017; Mathesius, 

Fig. 1. Molecular structure of Quercetin (QCT) as found in Achyrocline satureioides (A), of Cannabidiol (CBD) as found in Cannabis sativa (B) and of N,N-dimeth
yltryptamine (DMT) as found in Psychotria viridis (C).
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2018). Today more than 10,000 flavonoids have been identified, among 
which, QCT is the most studied. QCT is found in several fruits and 
vegetables (Sultana and Anwar, 2008) in its glycosylated form (glycone) 
and has attracted attention because of its potent antioxidant activity (Xu 
et al., 2019; Zhang et al., 2011), and its ant-iviral (Di Petrillo et al., 
2022), anti-cancer (Reyes-Farias and Carrasco-Pozo, 2019); anti- 
inflammatory (Chiang et al., 2023), and immunomodulatory 
(Manjunath and Thimmulappa, 2022) properties. Interestingly, in the 
South American native species of Marcela (Achyrocline satureioides), a 
plant widely used in traditional medicine, QCT is present in high 
amounts in its free form (aglycone). This particularity has been associ
ated with Marcelás neuroprotective properties in cellular models 
(Arredondo et al., 2004; Bianchi et al., 2023).

Numerous studies have demonstrated QCT́s neuroprotective actions 
in the CNS (Dajas et al., 2015). For example, it improved memory def
icits and cognitive impairments, and reduced Aβ and Tau pathology in 
AD models (Zhang et al., 2020; Qi et al., 2020; Yu et al., 2020; Wang 
et al., 2022). QCT also ameliorated motor behavior alterations and 
nigrostriatal degeneration in PD́s models (de Oliveira Vian et al., 2024) 
and reduced demyelination, increased remyelination, and improved 
locomotor activity in experimental models of MS (Javanbakht et al., 
2023). The neuroprotective properties of QCT in rodents were observed 
when administered in different formulations, routes, treatment sched
ules, and concentrations (de Oliveira Vian et al., 2024).

As previously stated, QCT has multiple biological activities, but its 
beneficial properties are mainly attributed to its capacity to counteract 
OS. Several reports show the ability of QCT to restrict the production of 
free radicals, reduce the oxidation of biomolecules and increase/restore 

the levels of antioxidant enzymes, both in experimental cellular para
digms of neurodegeneration (Zhang et al., 2020; Yu et al., 2020; Ansari 
et al., 2009; Suematsu et al., 2011; Echeverry et al., 2015; Chen et al., 
2016; Ho et al., 2022) and in in vivo models of NDs (Kanter et al., 2016; 
Bahar et al., 2017; Li et al., 2019; Madiha et al., 2021; Alaqeel et al., 
2022).

QCT does not bind to any specific receptor at the cellular surface, but 
its lipophilic properties allow the molecule to rapidly internalize into the 
cytoplasm and nucleus (Arredondo et al., 2010), where it can modulate 
OS by direct and indirect mechanisms. Structure-activity studies have 
shown that QCT presents optimal molecular characteristics that make 
this compound a potent direct scavenger of free radicals: it presents two 
antioxidant pharmacophores within the molecule, i.e., the catechol 
group in the B ring and the OH group at position 3 of the AC ring (Fig. 1). 
In fact, QCT is the most potent direct antioxidant within the flavonoid 
family and presents a higher free radical scavenger capacity than the 
standard antioxidants trolox and ascorbic acid (Kim et al., 2002). In the 
process of scavenging free radicals, QCT oxidizes into products like 
semiquinone radicals and quinones that have potential pro-oxidant ac
tivities (Boots et al., 2008). Such compounds might be involved in 
another important antioxidant effect of QCT, the activation of the Nu
clear factor (erythroid-derived 2)-like 2 (Nrf2) pathway (Fig. 2). This 
pathway is activated upon mild OS, resulting in the translocation of the 
transcription factor Nrf2 to the nucleus, where it binds to cis-acting 
antioxidant response elements (ARE) and promotes the transcription of 
over 250 genes involved in diverse processes of cytoprotection (Dodson 
et al., 2019). Among them, key antioxidant proteins are regulated, 
including gamma-glutamate-cysteine ligase catalytic subunit, 

Fig. 2. Schematic representation of the main pathways involved in Quercetin’s (QCT) antioxidant properties. ARE, antioxidant response element; CAT, catalase; 
FOXO, Forkhead box O; GST, glutathione S-transferases; GPx1, glutathione peroxidase-1; HO-1, heme-oxygenase 1; IκB, inhibitor of κB; KEAP, Kelch ECH associating 
protein 1; NF-κB, Nuclear factor kappa B; Nrf2, Nuclear factor (erythroid-derived 2)-like 2; PGC1α, peroxisome proliferator-activated receptor gamma coactivator-1 
alpha; Prx, peroxiredoxins; ROS, reactive oxygen species; RNS, reactive nitrogen species; SOD, superoxide dismutase; Srx, sulfiredoxin. Created with BioRender.com.
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glutathione S-transferases, GPx, heme oxygenase-1, SOD, CAT, sulfir
edoxin, and thioredoxin (Saha et al., 2020) (Fig. 2). QCT also modulates 
other intracellular signaling pathways that might indirectly contribute 
to its antioxidant properties. For example, it inhibits the activity of 
nuclear factor kappa B (NF-κB), a potent pro-inflammatory transcription 
factor (Shi et al., 2013) (Fig. 2). Given that neuroinflammation promotes 
the generation of ROS and RNS, QCT antiinflammatory action results in 
reduced OS (Bordt and Polster, 2014). Finally, another target of QCT 
that has been associated with its antioxidant effects are sirtuins (SIRTs), 
a family of proteins with histone deacetylase activity that are key reg
ulators of cellular metabolism (Ungurianu et al., 2024). Activation of 
SIRT1 and 6 by QCT deacetylates certain key cellular effectors like 
Forkhead box O (FOXO) factors and peroxisome proliferator-activated 
receptor gamma coactivator-1 alpha (PGC1α), which potentiate 
several cellular antioxidant defense mechanisms indirectly, including 
the induction of the antioxidant enzymes SOD2 and CAT, the improve
ment of mitochondrial function, the activation of the Nrf2 pathway, and 
the inhibition of NF-κB (Ungurianu et al., 2024; Singh et al., 2018) 
(Fig. 2).

Several studies have associated the modulation of these pathways 
with the beneficial effects of QCT in preclinical models of NDs. For 
example, in cellular models of neurodegeneration, QCT prevented ROS 
production, stimulated SIRT1 and Nrf2 pathways, increased the levels of 
glutathione (GSH) and antioxidant enzymes, and reduced the levels of 
NF-κB (Yu et al., 2020.; Bahar et al., 2017; Arredondo et al., 2010; 
Yammine et al., 2020; Mrvová et al., 2015; Han et al., 2021). In in vivo 
studies, QCT neuroprotective effects were associated to the reduction in 

OS, activation of SIRT1 and Nrf2 pathways and the attenuation of the 
NF-κB activation (Li et al., 2019; Josiah et al., 2022; Lazo-Gomez and 
Tapia, 2017; Lin et al., 2022).

In summary, QCT exerts neuroprotective effects by targeting OS 
through several mechanisms (Fig. 2), and thus, it could be a promising 
compound for the treatment of NDs.

CBD’s anti-inflammatory properties in NDs

Emerging evidence also suggests that inflammation is one of the 
main factors contributing significantly to NDs progression. Microglial 
cells play an important role in the healthy brain by serving as the first 
responders to injury or disease, and they are key mediators in the in
flammatory process. (Wendimu and Hooks, 2022). Traditionally, these 
cells were simply classified into two opposing phenotypes, M1 (pro-in
flammatory) and M2 (anti-inflamatory), although today it is known that 
there is a great diversity of phenotypes (Wang et al., 2023). Generally, 
microglial cells activate to induce an inflammatory process to clear the 
threats. In this process, an interplay between pro- and anti-inflammatory 
factors is key. Under pathological conditions due to persistent stress 
exposure, exacerbated by the aging process, the pro-inflammatory 
microglia phenotype predominates leading to long lasting neuro
inflammation (Wendimu and Hooks, 2022). This process is at the core of 
NDs.

Microglia recognizes damage- or pathogen-associated molecular 
patterns (DAMPs or PAMPs, respectively) through specific receptors 
such as toll-like receptors (TLRs), scavenger receptors and the cytosolic 

Fig. 3. Schematic representation of the main pathways involved in Cannaidiol’s (CBD) anti-inflammatory properties. A2AR, adenosine receptor 2A; ATP, adenosine 
triphosphate; ENT1, adenosine transporter 1; IκB, inhibitor of κB; IL-1β, interleukin 1 beta; NRLP3, NLR family pyrin domain containing 3; NF-κB, Nuclear factor 
kappa B; P2X7, purinergic receptor P2X7; PAMP, pathogen-associated molecular patterns; PPARγ, peroxisome proliferator-activated receptor gamma; ROS, reactive 
oxygen species; TLRs, toll-like receptors. Created with BioRender.com.
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NOD-like receptors (NLRs). TLRs are the most studied but, in the last 
decades the NLRs, particularly the NLRP3 (NLR family pyrin domain 
containing 3), have achieved a lot of interest (Chen et al., 2023). NLRP3 
is the sensor protein that gives name to the NLRP3 inflammasome, a 
multiprotein complex that plays a key role in the amplification of the 
inflammatory response. Its activation is unique in the sense that it in
volves a two-step process (Fig. 3). The first step implies the activation of 
the transcription factor NF-κB leading to the upregulation of several 
anti-inflammatory genes including NLRP3 inflammasome-related ones 
(i.e. pro-IL-1β, caspase-1, NLRP3) (Yang et al., 2019). This is followed by 
a second step of activation triggered by DAMPs that induces the oligo
merization and activation of the NLRP3 inflammasome. This results in 
the production and release of the pro-inflammatory cytokines inter
leukin (IL) − 1β and IL-18 by caspase-1, the proteolytic unit of the 
inflammasome (Chen et al., 2023; Yang et al., 2019). High levels of IL-1β 
and IL-18 amplifies the inflammatory response by recruiting and acti
vating microglia and astrocytes, which in turn release these and other 
pro-inflammatory mediators like tumor necrosis factor alpha (TNF-α), 
IL-6, nitric oxide (NO), and proteases (Kwon and Koh, 2020). These 
activated cells can be detected in many neurodegenerative conditions 
and are considered to be crucial for the establishment of a chronic in
flammatory environment, leading to neuronal dysfunction and eventu
ally neurodegeneration (Kempuraj et al., 2016; Kwon and Koh, 2020). 
The central role of NLRP3 inflammasomes in neuroinflammatory 
response makes it an attractive drug target for NDs.

CBD (2-[(1R,6R)-6-Isopropenyl-3-methylcyclohex-2-en-1-yl]-5-pen
tylbenzene-1,3-diol) is a primary non-psychotropic terpenophenolic 
compound isolated from the plant Cannabis sativa (ElSohly and Slade, 
2005; Echeverry et al., 2021) (Fig. 1). The experience of humanity with 
this plant has been meaningful and diverse, with evidence of its use 
dating back to around 1700 BCE (Pisanti and Bifulco, 2019). The plant, 
originated in Central Asia, was introduced to Latin America in the 16th 
century, where it has been used for medicinal and recreational purposes. 
Due to its psychotropic effect, the use of Cannabis sativa has been 
restricted since the 19th century in Latin America, but currently, the 
policies regarding its use (mainly for medicinal purposes) have become 
more permissive.

The therapeutic potential of CBD for a wide variety of conditions has 
been under clinical investigation for several years (Fernández-Ruiz 
et al., 2013; Campos et al., 2016; Singh et al., 2023; Peres et al., 2018). 
Regarding NDs, most of the evidence related to its neuroprotective ac
tions has been investigated at the preclinical level (Bhunia et al., 2022; 
Calapai et al., 2019). For example, CBD has shown to be neuroprotective 
in several cellular and in vivo experimental models of AD, PD and MS 
(Echeverry et al., 2021; Bhunia et al., 2022; Cassano et al., 2020; Iuvone 
et al., 2004; Jones and Vlachou, 2020; Mecha et al., 2013; de Viana 
et al.., 2022; Rieder, 2020; Echeverry et al., 2024). Many of these studies 
suggest that the effects of CBD arise from the modulation of various 
signaling molecules, including the endocannabinoid system (ECS) (Ibeas 
Bih et al., 2015; Echeverry et al., 2023). The ECS is a neuromodulatory 
system that plays important roles in CNS development, synaptic plas
ticity, and the response to endogenous and environmental insults. 
Endocannabinoids exert these actions through the two cannabinoid re
ceptors CB1 and CB2. Most studies have indicated that, although CBD 
has low affinity for CB1 and CB2 receptors (Pertwee, 2008), it can 
activate them indirectly by modulating the levels of the endocannabi
noids (McPartland et al., 2015). In addition, it has been reported that 
CBD modulates multiple targets, including transient receptor potential 
(TRP) channels, adenosine receptors, serotonin receptors (5-HTR) and 
peroxisome proliferator activated receptors (PPARs) (Ibeas Bih et al., 
2015; Echeverry et al., 2023). Particularly, one of the main actions of 
CBD is its anti-inflammatory property (Leonard and Aricioglu, 2023; 
Robaina Cabrera et al., 2021), which is proposed to be crucial in CBD́s 
neuroprotective effect. The first report on the potential effect of CBD in 
neuroinflammation is dated in 2003 and addressed its ability to modu
late microglial cell migration in vitro (Walter et al., 2003). Several 

subsequent studies have shown that CBD is capable of restoring neuro
inflammatory markers in different in vivo models of NDs. For example, 
CBD decreased neuroinflammation induced by injection of Aβ through 
downregulating IL-1β, IL-6 and inducible NO-synthase (iNOS) levels in 
mice (Esposito et al., 2007; Martín-Moreno et al., 2011). In a PD mice 
model, CBD increased the levels of the anti-inflammatory cytokine IL- 
10, and decreased the levels of TNF-α, IL-1β and IL-6 and NLRP3 
inflammasome components (Wang et al., 2022). In a model of MS, CBD 
ameliorated motor deficits and reduced microglial activation and pro- 
inflammatory cytokine production. These effects were partially attrib
uted to the adenosine A2A receptors (A2AR) (Mecha et al., 2013). In this 
regard, it has been suggested that CBD may modulate A2A receptors 
through the inhibition of the adenosine transporter 1 (ENT1) which 
results in the accumulation of adenosine (Carrier et al., 2006).

Regarding the intracellular molecular mechanisms that underlie CBD 
anti-inflammatory actions, the NF-κB pathway is key. In this sense, CBD 
decreased the production and release of pro-inflammatory cytokines and 
other inflammatory mediators from activated glial cells by reducing the 
activity of the NF-kB pathway (Kozela et al., 2010; Juknat et al., 2016; 
dos-Santos-Pereira et al., 2020). In line with this, the activation of 
peroxisome proliferator-activated receptor gamma (PPARγ) by CBD 
prevents the NF-kB signaling pathway, thus inhibiting the transcription 
of pro-inflammatory genes and cytokines such as TNFα, IL-1 β and IL-6 
(O’Sullivan, 2016; Sonego et al., 2021). Other studies have indicated 
that CBD also interferes with the second step of the NLRP3 inflamma
some activation by attenuating DAMPs levels (Hartmann et al., 2023). 
For example, it has been proposed that CBD has antioxidant properties 
(directly or through Nrf2 activation) reducing free radicals levels 
(Atalay Ekiner et al., 2022). Besides, it can attenuate the signal of 
damage mediated by adenosine triphosphate (ATP) by inhibiting the 
purinergic receptors P2X7 (Liu et al., 2020). Finally, CBD can directly 
inhibit caspase-1, downregulating the production of pro-inflammatory 
cytokines (Liu et al., 2021) (Fig. 3).

The preclinical findings previously exposed suggest that CBD could 
provide neuroprotection through attenuation of pro-inflammatory 
cascades.

DMT’s neuroplastic properties in NDs

In recent years, it has been proposed that impaired neuroplasticity is 
a critical pathological mechanism underlying NDs (Yuan et al., 2020). 
The term neuroplasticity refers to the brain’s ability to change 
constantly throughout an individual’s life, regulating functions like 
learning, memory, perception, understanding or self-awareness (Arendt, 
2004; Toricelli et al., 2021). The cellular events that underlie these 
adaptive behaviors are morphological or functional changes in neurons 
and synapses. The main molecular events that drive neuroplasticity are 
the expression of synaptic proteins and trophic factors, like Brain 
Derived Neurotrophic Factor (BDNF), which impact at a cellular level by 
regulating synaptic strength, neurite sprouting (neuritogenesis) and the 
generation of new nerve cells (neurogenesis) or synapses 
(synaptogenesis).

Along with non-pathological aging, cognitive functions tend to 
decline and this can be attributed, at least in part, to changes in neuronal 
connectivity due to loss of spine density and dendritic branches as well 
as progressive neuronal loss. However, in NDs these events are exacer
bated (Burke and Barnes, 2006; Castelli et al., 2019). Evidence is 
accumulating that in these diseases, the disruption of neuronal con
nectivity and loss of synapses may precede the death of neurons (Knight 
and Verkhratsky, 2010; Taoufik et al., 2018; Wareham et al., 2022). For 
instance, synaptic deficits in the hippocampus and neocortex is consid
ered an early change and the major structural correlate of cognitive 
dysfunction in AD, preceding Aβ deposits formation and brain atrophy 
(Arendt, 2004; Sciaccaluga et al., 2021).

In this context, compounds capable of modulating such 
neuroplasticity-related events arise as a promising strategy for novel 
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therapies at early stages of NDs (Yuan et al., 2020; Toricelli et al., 2021; 
Colavitta and Barrantes, 2023; Smith, 2013).

DMT (2-(1H-Indol-3-yl)-N,N-dimethylethanamine) (Fig. 1) is a ter
tiary indolealkylamine naturally produced by many plants and animals, 
including humans (Cameron and Olson, 2018; Dean et al., 2019). It is 
the psychedelic component of a variety of teas, snuffs and decoctions 
that have been used for centuries with cultural, religious and medicinal 
purposes in Latin America (Dobkin de Rios, 1992). Such is the case of 
Ayahuasca, the ancient beverage traditionally used by indigenous peo
ples in the Amazon, which in recent years has gained scientific interest 
given the increasing evidence of its potential therapeutic applications to 
treat mental disorders (de Osório et al., 2015; Domínguez-Clavé et al., 
2022; Palhano-Fontes et al., 2019; Sanches et al., 2016; Zeifman et al., 
2021; González et al., 2019; Lafrance et al., 2017; Apud, 2021; Apud, 
2020; Barbosa et al., 2018; Fábregas et al., 2010).

Additionally to its subjective psychedelic effects on conscious expe
rience, DMT has shown other effects in the CNS such as antidepressant- 
like activity (Cameron and Olson, 2018; Cameron et al., 2019), anti- 
hypoxic/anti-ischemic actions, (Nardai et al., 2019; Szabo et al., 2016; 
Szabó et al., 2021) and neuroprotective effects (Cheng et al., 2024) 
evidenced in preclinical models.

The mechanisms that mediate these effects are still not fully under
stood, but recent evidence links DMT’s ability to promote neuronal 
plasticity-related events to its beneficial effects on brain health. In this 
regard, Ly et al. reported in 2018 for the first time the neuroplasticity- 
promoting effects of DMT evidenced by an increased number and 
length of dendrites in cortical cultures and an increased density in 
dendritic spines of pyramidal neurons in rats (Ly et al., 2018). They 

evaluated possible mediators of this effect and found that the tyrosine 
receptor kinase B (TrkB; the BDNF receptor), the 5-HT2AR and the 
mammalian target of rapamycin (mTOR) pathway are key (Ly et al., 
2018) (Fig. 4).

TrkB stimulation activates at least one of its main intracellular cas
cades that can modulate neuroplasticity: the phosphatidylinositol 3-ki
nase (PI3K)/Akt pathway, the mitogen-activated protein kinase 
(MAPK)/extracellular signal-regulated kinase (Erk) pathway, or the 
activation of the phospholipase C gamma (PLCγ) pathway (Chao, 2003; 
Reichardt, 2006) (Fig. 4). The PI3K/Akt pathway has many downstream 
targets, one of which is mTOR (Reichardt, 2006; Kumar et al., 2005), a 
protein kinase that plays a major role in cell growth and synaptogenesis 
(Hoeffer and Klann, 2010) and upregulates TrkB (Hou et al., 2017). In 
turn, the Erk could affect neuroplasticity through activation of the 
transcription factor cyclic AMP response-binding protein (CREB), pro
moting the expression of genes that are essential for neuronal differen
tiation and survival (Park and Poo, 2013). Finally, PLCγ pathway leads 
to CREB activation and calcium signaling through the generation of 
inositol-1,4,5-triphosphate (IP3) and diacylglycerol (DAG) (Reichardt, 
2006).

It is still not clear how DMT modulates TrkB receptor or mTOR 
pathway, but it has been reported that some psychedelics may be able to 
directly agonize TrkB, though this has not been addressed for DMT 
specifically (Moliner et al., 2023).

On the other hand, the 5-HT2AR has been considered central in 
psychedelic research since the hallucinogenic effect of “classical psy
chedelics” like DMT has been attributed to this agonistic action (Duan 
et al., 2024; Nichols, 2004; Nichols, 2016). However, the role of 5- 

Fig. 4. Schematic representation of the main pathways involved in N,N-dimethyltryptamine (DMT) neuroplasticity promoting properties. 5-HT2A -R/5-HT2B -R/5- 
HT7 -R, serotonin receptors 2A, 2B and 7, respectively; CaMKII, calcium/calmodulin-dependent protein kinase II; CREB, cyclic AMP response-binding protein; DAG, 
diacylglycerol; Erk1/2, extracellular signal-regulated kinase 1/2; IP3, inositol-1,4,5-triphosphate; IP3R, inositol-1,4,5-triphosphate receptor; MEK1/2, mitogen 
activated protein kinase kinases 1/2; mTOR, mammalian target of rapamycin; PI3K/Akt, phosphatidylinositol 3-kinase/Akt; PKC, protein kinase C; PLCβ/PLCγ, 
phospholipase C beta and gamma, respectively; S1R, sigma 1 receptor; TrkB, tyrosine receptor kinase B. Created with BioRender.com.
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HT2AR extends to numerous physiological and pathological processes, 
including learning and memory. The 5-HT2AR could mediate neuro
plastic changes through the activation of Akt/mTOR signaling pathway 
(Kumar et al., 2005; Schmid and Bohn, 2010) and, via phospholipase C 
beta (PLCβ), through the activation of the Erk/CREB pathway and cal
cium signaling (Jaggar and Vaidya, 2018; Ueda et al., 1996). In addition, 
5-HT2AR activation may upregulate BDNF, and under certain conditions, 
allosterically modulate TrkB (Chao, 2003; Di Liberto et al., September 
2018; Ilchibaeva et al., 2022) (Fig. 4).

Regarding other targets of DMT relevant to neuroplasticity, this 
psychedelic compound has the ability to agonize the sigma-1 receptor 
(S1R) (Fontanilla et al., 2009). S1Rs regulate calcium signaling between 
the endoplasmic reticulum and mitochondria, where it mostly resides, 
by modulating the IP3 receptor (IP3R) (Fig. 4) and play important roles 
in brain plasticity (Crouzier et al., 2020; Ishima et al., 2008; Nishimura 
et al., 2008; Takebayashi et al., 2002; Terada et al., 2018; Moriguchi 
et al., 2013; Sha et al., 2013). Indeed it has been reported that DMT, 
through its action on S1R, promotes adult neurogenesis both in vitro and 
in vivo (Morales-Garcia et al., 2020). Finally, though no reports were 
found specifically for DMT, some S1-R agonists upregulate TrkB receptor 
signaling (Cobos et al., 2009; Ryskamp et al., 2019) and it has been 
reported that S1-R directly interacts with the TrkB receptor mediating 
neuronal differentiation of cerebellar granule neurons (Kimura et al., 
2013). This provides an additional mechanism by which DMT could 
modulate neuroplasticity (Fig. 4).

Considering DMT’s pharmacology, it is worth mentioning its 
agonistic action on the 5-HT2BR and 5-HT7R which could also contribute 
to its neuroplastic effects. The 5-HT2BR can activate PLCβ, whereas 5- 
HT7-R can activate Erk, Akt and TrkB, which have shown to be relevant 
in neuroplasticity, as previously mentioned (Quintero-Villegas and 
Valdés-Ferrer, 2022; Wang et al., 2021). Moreover, 5-HT7-R is highly 
expressed in the hippocampal neurons, making it an interesting phar
macological target for AD (Quintero-Villegas and Valdés-Ferrer, 2022; 
Thomas and Hagan, 2004) (Fig. 4).

In spite of the evidence exposed so far regarding DMT and its 
neuroplasticity-promoting actions, it has been reported that in an AD 
mouse model DMT impaired neurogenesis (Borbély et al., 2022). On the 
other hand, DMT has shown S1R-dependent neuroprotective action in a 
different mouse model of AD (Cheng et al., 2024). As it can be noticed, 
the research around DMT, its neuroplasticity-related effects and the 
molecular mechanisms involved is new and growing consistently. Hence 
it should not surprise us to find results that seem contradictory or not 
fully explicable, yet. This clearly shows the richness of psychedelic 
research today as well as the need to dig deeper into their fascinating 
effects on the CNS and their therapeutic potential for NDs.

Translational challenges in the use of QCT, CBD and DMT for the 
treatment of NDs

As stated previously, there is extensive preclinical evidence indi
cating the therapeutic potential of QCT, CBD and DMT. However, 
further studies are required to evaluate its effectiveness for the treat
ment of NDs.

QCT is not approved as a drug for medical use, but several dietary 
supplements containing this compound are available in the market (Vida 
et al., 2019). QCT supplements are consumed for various reasons, 
including boosting the immune system, reducing blood pressure, and 
preventing cardiovascular diseases and cancer. However, data sup
porting the safety of long term usage of these supplements is still lacking 
(Andres et al., 2018). On the other hand, the first CBD-based products 
were approved in 2018 by the U. S. Food and Drug Administration 
(FDA), indicated for the treatment of refractory seizure conditions 
(Devinsky et al., 2017). Other products of CBD in combination with THC 
are indicated for managing spasticity and pain in MS (Haddad et al., 
2022). Many countries including Uruguay, have approved similar 
products for these diseases. CBD oils or supplements are available in the 

market and consumed to help with conditions such as chronic pain, 
inflammation, migraines, epilepsy, autoimmune diseases, depression, 
and anxiety (https://www.fda.gov/news-events/public-health-focus/ 
fda-regulation-cannabis-and-cannabis-derived-products-including-ca 
nnabidiol-cbd). However, in many South American countries, including 
Uruguay, this kind of products are strictly regulated (https://ircca.gub. 
uy/marco-normativo). The situation is quite different for DMT, a com
pound classified as a Schedule I drug under the United Nations 1971 
Convention on Psychotropic Substances (https://www.un-ilibrary. 
org/content/books/9789210555845s003-c001). This means that DMT 
is closely monitored and its use restricted to scientific research world
wide. However, natural materials containing DMT, like Ayahuasca, are 
not included in this Convention and hence, some countries, particularly 
in Latin America, have laws specifically addressing its possession or use. 
For example, in Peru, Ayahuasca is considered cultural heritage and 
therefore is legal, whereas in Uruguay there are legal vacuums or sub
tleties (Scuro and Apud, 2015).

Regarding clinical trials assessing QCT, CBD and DMT in NDs, a 
search in the National Institutes of Health database (ClinicalTrials.gov) 
showed very different situations for the three compounds. In the case of 
QCT, there are five clinical trials listed related to AD (NCT04063124, 
NCT04785300, NCT06470061, NCT05422885 and NCT04685590). In 
all these trials, QCT is administered in combination with other drug(s) 
and are in phase I or phase II. For CBD, there are three clinical trial 
related to PD (NCT02818777, NCT03582137, NCT05106504), four 
related to AD (NCT05822362, NCT06014424, NCT04075435, 
NCT06570928) and one related to Huntington’s disease 
(NCT01502046). Most of them are in phase II. Regarding DMT, there are 
still no trials ongoing for NDs. However, there are several clinical trials 
registered in phase I, evaluating dosage and safety of DMT in healthy 
patients (NCT04353024, NCT0453023, NCT05384678, NCT05573568, 
NCT05695495, NCT059001012), which could set the bases for the po
tential use of DMT in NDs.

The transition of these compounds to clinical applications is prom
ising but faces numerous obstacles, including low bioavailability, 
elucidation of complex mechanisms of action, drug interactions, dosage 
standardization, limited clinical evidence and, in the case of CBD and 
DMT, legal regulation considerations. One of the main challenges facing 
the clinical use of QCT for NDs is its poor bioavailability and low solu
bility in water. Even though QCT crosses the blood brain barrier, studies 
in rats and pigs have shown very low QCT levels in the brain after its 
administration, most probably due to extensive metabolization (Nardai 
et al., 2019; Dajas et al., 2003; de Boer et al., 2005). Strategies such as 
the use of different formulations like nanoencapsulation, mucoadhesive 
nanoemulsions, gels and other improved delivery systems have been 
proposed to overcome this limitation, but robust clinical validation is 
still required (Xu et al., 2019; de Oliveira Vian et al., 2024). Regarding 
CBD, even though its high liposolubility results in its accumulation in 
the brian (an important characteristic for the treatment of NDs) (Calapai 
et al., 2020), CBD presents poor bioavailability (6–19 %) upon oral 
administration mainly due to its extensive first-pass metabolism. 
(Chayasirisobhon, 2021; Huestis, 2005). Like for QCT, several tech
niques have been developed to improve the CBD’s bioavailability. Some 
examples are polymer-based CBD inclusion complexes, lipid-based for
mulations, and/or nanoformulations administered via different routes 
(Hossain et al., 2023). Finally, the clinical application of DMT for NDs 
still has a long way ahead. Among other translational obstacles, DMT 
does not reach the brain when administered orally due to its metabolic 
degradation in the liver (Carbonaro and Gatch, 2016; Strassman, 1996). 
This bioavailability issue can be solved by changing the administration 
route to injected or inhaled, which shows as an additional advantage the 
short acute duration of its psychedelic effect (Timmermann et al., 2024). 
Development of DMT analogues that retain its neuroprotective or neu
roplastic properties without inducing psychedelic effects could be a 
promising avenue, but this requires extensive research and a deeper 
understanding of the underlying mechanisms (Dunlap et al., 2020). 
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Besides, it is controversial whether the subjective effect is needed for the 
therapeutic outcome, as participants frequently rate their psychedelic 
experiences as among the most meaningful of their entire lives (further 
reading on this matter in Yaden and Griffiths, 2021). In all, DMT’s 
therapeutic potential, though promising, still needs further investigation 
of its molecular mechanisms and, as for other psychedelics, the devel
opment of proper and safe environments for its medical application.

Another aspect to consider when incorporating these compounds 
into therapies for NDs is their different mechanisms of action that 
mainly target certain pathophysiological processes and the particular
ities of each disease. Thus, combination therapies might yield better 
results than using the isolated compounds. Additionally, it is possible 
that one compound may perform better for a particular stage of a dis
ease. For example, given that MS is an autoimmune NDs, immuno
modulators are the standard therapeutic approach. However, other 
therapeutic strategies that consider the evolution of the disease could be 
of interest. In MS, after the initial autoimmune phase that destroys the 
myelin, an important oxidative response is triggered. Thus, the combi
nation of immunomodulators like CBD with antioxidants like QCT could 
be an innovative approach. Furthermore, the incorporation of a 
neuroplasticity-promoting compound like DMT could contribute to 
stimulating neural tissue repair and connectivity. Better mapping of the 
molecular mechanisms involved in the onset and progression of each 
NDs could be a valuable tool to design more successful treatments.

Conclusions and perspectives

While QCT, CBD and DMT offer promising prospects for the treat
ment of NDs, translating these compounds from the laboratory to the 
clinic presents significant challenges. Improving bioavailability, opti
mizing formulations and routes of administration, standardizing doses 
and administration regimens, evaluating drug interactions and over
coming ethical barriers are crucial aspects that must be addressed 
through multidisciplinary research and rigorous clinical trials. Overall, 
compared to QCT and CBD, clinical research on DMT is still in its early 
stages, and its application for NDs has a longer way to go.
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dos-Santos-Pereira, M., Guimarães, F.S., Del-Bel, E., Raisman-Vozari, R., Michel, P.P., 
2020. Cannabidiol prevents LPS-induced microglial inflammation by inhibiting 
ROS/NF-κB-dependent signaling and glucose consumption. Glia 68 (3), 561–573. 
DOI: 10.1002/glia.23738.

Duan, W., Cao, D., Wang, S., Cheng, J., 2024. Serotonin 2A receptor (5-HT2AR) agonists: 
psychedelics and non-hallucinogenic analogues as emerging antidepressants. Chem. 
Rev. 124 (1), 124–163. https://doi.org/10.1021/acs.chemrev.3c00375.

Dunlap, L.E., Azinfar, A., Ly, C., Cameron, L.P., Viswanathan, J., Tombari, R.J., Myers- 
Turnbull, D., Taylor, J.C., Grodzki, A.C., Lein, P.J., Kokel, D., Olson, D.E., 2020. 
Identification of psychoplastogenic N, N-dimethylaminoisotryptamine (IsoDMT) 
analogues through structure-activity relationship studies. J. Med. Chem. 63 (3), 
1142–1155. https://doi.org/10.1021/acs.jmedchem.9b01404.

Echeverry, C., Arredondo, F., Martínez, M., Abin-Carriquiry, J.A., Midiwo, J., Dajas, F., 
2015. Antioxidant activity, cellular bioavailability, and iron and calcium 
management of neuroprotective and nonneuroprotective flavones. Neurotox. Res. 27 
(1), 31–42. https://doi.org/10.1007/s12640-014-9483-y.

Echeverry, C., Prunell, G., Narbondo, C., de Medina, V.S., Nadal, X., Reyes-Parada, M., 
Scorza, C., 2021. A comparative in vitro study of the neuroprotective effect induced 
by cannabidiol, cannabigerol, and their respective acid forms: relevance of the 5- 
HT1A receptors. Neurotox. Res. 39 (2), 335–348. https://doi.org/10.1007/s12640- 
020-00277-y.

Echeverry, C., Fagetti, J., Reyes-Parada, M., Scorza, C., 2023. Neuroprotection by the 
cannabis-related products, cannabidiol and cannabigerol, and their associated 
mechanisms of action. In Medicinal Usage of Cannabis and Cannabinoids; Elsevier 
197–205. https://doi.org/10.1016/B978-0-323-90036-2.00039-9.

Echeverry, C., Richeri, A., Fagetti, J., Martínez, G.F., Vignolo, F., Prunell, G., Cuñetti, L., 
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Hartmann, A., Vila-Verde, C., Guimarães, F.S., Joca, S.R., Lisboa, S.F., 2023. The NLRP3 
inflammasome in stress response: another target for the promiscuous cannabidiol. 
Curr. Neuropharmacol. 21 (2), 284–308. https://doi.org/10.2174/ 
1570159X20666220411101217.

Ho, C.-L., Kao, N.-J., Lin, C.-I., Cross, T.-W.-L., Lin, S.-H., 2022. Quercetin Increases 
mitochondrial biogenesis and reduces free radicals in neuronal SH-SY5Y cells. 
Nutrients 14 (16), 3310. https://doi.org/10.3390/nu14163310.

Hoeffer, C.A., Klann, E., 2010. MTOR signaling: at the crossroads of plasticity, memory 
and disease. Trends Neurosci 33 (2), 67–75. https://doi.org/10.1016/j. 
tins.2009.11.003.

Hossain, K.R., Alghalayini, A., Valenzuela, S.M., 2023. Current challenges and 
opportunities for improved cannabidiol solubility. Int. J. Mol. Sci. 24 (19), 14514. 
https://doi.org/10.3390/ijms241914514.

Hou, Y., Dan, X., Babbar, M., Wei, Y., Hasselbalch, S.G., Croteau, D.L., Bohr, V.A., 2019. 
Ageing as a risk factor for neurodegenerative disease. Nat. Rev. Neurol. 15 (10), 
565–581. https://doi.org/10.1038/s41582-019-0244-7.

Hou, X.Y., Hu, Z.L., Zhang, D.Z., Lu, W., Zhou, J., Wu, P.F., Guan, X.L., Han, Q.Q., 
Deng, S.L., Zhang, H., Chen, J.G., Wang, F., 2017. Rapid antidepressant effect of 
hydrogen sulfide: evidence for activation of MTORC1-TrkB-AMPA receptor 
pathways. Antioxid. Redox Signal. 27 (8), 472–488. https://doi.org/10.1089/ 
ars.2016.6737.

Huestis, M.A., 2005. Pharmacokinetics and metabolism of the plant cannabinoids, δ 9- 
tetrahydrocannibinol. Cannabidiol and Cannabinol 657–690. https://doi.org/ 
10.1007/3-540-26573-2_23.

Hussain, R., Zubair, H., Pursell, S., Shahab, M., 2018. Neurodegenerative diseases: 
regenerative mechanisms and novel therapeutic approaches. Brain Sci. 8 (9). 
https://doi.org/10.3390/brainsci8090177.

C. Echeverry et al.                                                                                                                                                                                                                              Neuroscience 566 (2025) 149–160 

157 

https://doi.org/10.1186/s11658-023-00462-9
https://doi.org/10.1186/s13195-024-01462-3
https://doi.org/10.1186/s13195-024-01462-3
https://doi.org/10.3390/ijms24076328
https://doi.org/10.1016/j.redox.2018.01.008
https://doi.org/10.1016/j.redox.2018.01.008
https://doi.org/10.2174/157015908787386113
https://doi.org/10.3390/pharmaceutics15082052
https://doi.org/10.3390/pharmaceutics15082052
https://doi.org/10.1016/j.euroneuro.2020.08.010
https://doi.org/10.1016/j.neuint.2015.07.002
https://doi.org/10.1093/jn/135.7.1718
https://doi.org/10.1093/jn/135.7.1718
https://doi.org/10.1111/bcpt.14011
https://doi.org/10.1111/bcpt.14011
https://doi.org/10.1590/1516-4446-2014-1496
https://doi.org/10.1590/1516-4446-2014-1496
https://doi.org/10.1159/000527335
https://doi.org/10.1159/000527335
https://doi.org/10.1038/s41598-019-45812-w
https://doi.org/10.1038/s41598-019-45812-w
https://doi.org/10.1056/NEJMoa1611618
https://doi.org/10.1056/NEJMoa1611618
https://doi.org/10.1016/j.neuropharm.2018.11.018
https://doi.org/10.1016/j.neuropharm.2018.11.018
https://doi.org/10.1002/ptr.7309
https://doi.org/10.3390/metabo2020303
https://doi.org/10.3390/metabo2020303
https://doi.org/10.1111/ene.13819
https://doi.org/10.1146/annurev-pharmtox-010818-021856
https://doi.org/10.1146/annurev-pharmtox-010818-021856
https://doi.org/10.1002/HUP.2807
https://doi.org/10.1021/acs.chemrev.3c00375
https://doi.org/10.1021/acs.jmedchem.9b01404
https://doi.org/10.1007/s12640-014-9483-y
https://doi.org/10.1007/s12640-020-00277-y
https://doi.org/10.1007/s12640-020-00277-y
https://doi.org/10.1016/B978-0-323-90036-2.00039-9
https://doi.org/10.1089/can.2022.0289
https://doi.org/10.1089/can.2022.0289
https://doi.org/10.1016/j.lfs.2005.09.011
https://doi.org/10.1016/j.lfs.2005.09.011
https://doi.org/10.1101/cshperspect.a033118
https://doi.org/10.1038/sj.bjp.0707337
https://doi.org/10.1016/j.drugalcdep.2010.03.024
https://doi.org/10.1111/j.1365-2125.2012.04341.x
https://doi.org/10.1126/science.1166127
https://doi.org/10.1126/science.1166127
https://doi.org/10.1177/0030222817710879
https://doi.org/10.1177/0030222817710879
https://doi.org/10.3390/life12050682
https://doi.org/10.1016/j.redox.2021.102010
https://doi.org/10.1016/j.redox.2021.102010
https://doi.org/10.2174/1570159X20666220411101217
https://doi.org/10.2174/1570159X20666220411101217
https://doi.org/10.3390/nu14163310
https://doi.org/10.1016/j.tins.2009.11.003
https://doi.org/10.1016/j.tins.2009.11.003
https://doi.org/10.3390/ijms241914514
https://doi.org/10.1038/s41582-019-0244-7
https://doi.org/10.1089/ars.2016.6737
https://doi.org/10.1089/ars.2016.6737
https://doi.org/10.1007/3-540-26573-2_23
https://doi.org/10.1007/3-540-26573-2_23
https://doi.org/10.3390/brainsci8090177


Ibeas Bih, C., Chen, T., Nunn, A.V.W., Bazelot, M., Dallas, M., Whalley, B.J., 2015. 
Molecular targets of cannabidiol in neurological disorders. Neurotherapeutics 12 (4), 
699–730. https://doi.org/10.1007/s13311-015-0377-3.

Ilchibaeva, T., Tsybko, A., Zeug, A., Müller, F.E., Guseva, D., Bischoff, S., Ponimaskin, E., 
Naumenko, V., 2022. Serotonin receptor 5-HT2A regulates TrkB receptor function in 
heteroreceptor complexes. Cells 11 (15). https://doi.org/10.3390/cells11152384.

Ishima, T., Nishimura, T., Iyo, M., Hashimoto, K., 2008. Potentiation of nerve growth 
factor-induced neurite outgrowth in PC12 cells by donepezil: role of sigma-1 
receptors and IP3 receptors. Prog. Neuropsychopharmacol. Biol. Psychiatry 32 (7), 
1656–1659. https://doi.org/10.1016/j.pnpbp.2008.06.011.

Iuvone, T., Esposito, G., Esposito, R., Santamaria, R., Di Rosa, M., Izzo, A.A., 2004. 
Neuroprotective effect of cannabidiol, a non-psychoactive component from cannabis 
sativa , on β-amyloid-induced toxicity in PC12 cells. J. Neurochem. 89 (1), 134–141. 
https://doi.org/10.1111/j.1471-4159.2003.02327.x.

Jaggar, M., Vaidya, V.A., 2018. 5-HT2A Receptors and BDNF regulation: implications for 
psychopathology. In 5-HT2A Receptors in the Central Nervous System; Guiard, B., Di 
Giovanni, G., Eds.; Humana Press Inc., Vol. 32, pp 395–438. DOI: 10.1007/978-3- 
319-70474-6_17.

Javanbakht, P., Yazdi, F. R., Taghizadeh, F., Khadivi, F., Hamidabadi, H. G., Kashani, I. 
R., Zarini, D., Mojaverrostami, S., 2023. Quercetin as a possible complementary 
therapy in multiple sclerosis: anti-oxidative, anti-inflammatory and remyelination 
potential properties. Heliyon. Elsevier Ltd November 1, DOI: 10.1016/j. 
heliyon.2023.e21741.

Jellinger, K.A., 2010. Basic mechanisms of neurodegeneration: a critical update. J. Cell 
Mol. Med. 14 (3), 457–487. https://doi.org/10.1111/j.1582-4934.2010.01010.x.
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