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Cannabidiol is a metabolite present in Cannabis with several pharmacological properties, 
including neuroprotection, anti-convulsive, antimicrobial, antinociceptive, and anti-inflammatory. 
Although these activities are promising for drug development and clinical uses, the neuroprotective 
action is the most investigated, while the anti-inflammatory and antinociceptive mechanisms are 
not fully known. Therefore, this brief review aims to report the knowledge advances over the last 
3 decades regarding the anti-inflammatory and anti-nociceptive/analgesic properties of cannabidiol 
and its derivatives or analogues designed as novel drug candidates. Recent studies of the mechanisms 
of action underlying the anti-inflammatory effects of cannabidiol have revealed its interaction 
with different inflammatory mediators, including cannabinoid receptor 1 and cyclooxygenase 2, 
among others. On the other hand, there is a lack of information related to the analgesic activity of 
cannabidiol, with some reports pointing out the involvement only of transient receptor potential 
vanilloid receptors. In addition, several cannabidiol derivatives and structural analogues with 
anti-inflammatory and antinociceptive activities have been described, but their mechanisms of 
action have not yet been fully elucidated. Therefore, it is clear that greater efforts are still needed 
to unravel the mechanisms involved in such activities of great interest in drug discovery.

Keywords: cannabidiol, anti-inflammatory activity, analgesic activity, cannabinoids

1. Introduction

The use of Cannabis can be traced to around 2900 B.C. 
in China, where it was used to treat inflammation and pain.1 
Cannabinoids are one class of the many other compounds 
present in Cannabis species. They can be divided into 
endogenous, synthetic, and phytocannabinoids, such as 
Δ9-tetrahydrocannabinol (Δ9-THC, 1) and cannabidiol 
(CBD, 2, Figure 1).2  Adams et al.3  isolated the CBD (2) 
for the first time in 1940, while its structure was elucidated 
only in 1963.4 CBD (2) is a lipidic structure, with a 
molecular architecture based on an alkyl-resorcinol (AR) 
fragment connected to a monoterpene subunit,5 varying 
in the stereochemistry and diverse functionalization, and 

(–)-CBD ((–)-2) is the naturally occurring stereoisomer in 
Cannabis, whereas (+)-CBD (+-(2)) is obtained only by 
organic synthesis.6

Cannabinoids can act in the immune system, 
central nervous system (CNS), endocrine and digestive 
systems,7 showing anxiolytic and anesthetic activities.5 
Pharmacokinetics and medicinal effects of this class depend 
on the formulation and route of administration, as well 
as the bioavailability.8 Regarding the anti-inflammatory 
activity of CBD (2), it has been described in in vivo and 
in vitro studies, as a result of an inhibition of nitric oxide 
synthase (NOS), as well as nitric oxide (NO), tumor 

Figure 1. Chemical structure of THC (1) and (–)-CBD (2).
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necrosis factor-alpha (TNF-α), and interleukin 1-β (IL-1β).9 
More detailed biomarkers related to CBD (2) will be 
covered in this review.

The cannabinoid 1 (CB1) receptor is the most relevant 
cannabinoid target in the CNS, exerting a central role by 
blocking the Ca2+ influx in the pre-synaptic nerve and 
interfering in the release of some neurotransmitters, such 
as glutamate. CB1 is more widespread throughout the 
body with a particular expression in nociceptive areas of 
the central nervous system and spinal cord,9 having CBD 
(2) as its noncompetitive allosteric modulator.10,11 The 
cannabinoid 2 (CB2) receptor is more prominent in lymphatic 
and immune tissues and plays an important role in the 
modulation of pain and inflammatory processes. CBD (2) so 
interacts with the protein G55 receptor (GPR55), transient 
receptor potential vanilloid  (TRPV), and peroxisome 
proliferator-activated receptor gamma  (PPARγ).12 In 

Table 1 we summarize some information about the different 
activities of CBD (2) which are discussed in this review, 
as well as the possible mechanism of action associated to 
different pathologies.

In the view of clinical uses, there are currently two 
cannabinoid-based medicines approved for the treatment 
of chronic pain in the USA, Canada, and several European 
countries, namely Sativex, based on mixed natural extracts 
of Δ9-THC (1) and CBD (2), and Epidiolex, containing 
only CBD (2).10 It has also been proposed that CBD (2), 
as well as other cannabinoids, may have drug-drug and 
dose-response interactions, but this is not fully understood, 
with a notable lack of information on this aspect related 
to cannabinoids.8

Therefore, this review aims to report the contribution 
of biological sciences and medicinal chemistry efforts in 
the comprehension of the pharmacological basis of the 

Table 1. Activities of CBD (2), possible mechanisms of action, and associated pathologies

Activity Possible mechanism of action Pathology Target; potency

Anti-inflammatory

inhibition of nitric oxide synthase (iNOS) and 
nitric oxide (NO), TNF-alpha inhibition and IL-1β 

inhibition;9 
inverse agonism of GPR12, GPR6, and GPR3;13,14 

activation of CB2 and A2A receptors, reducing 
inflammatory mediators (IL-6, COX-2, TNF-α, 

and iNOS). Reduction of pro-inflammatory 
cytokines (IL-4, IL-5, and IL-13, of the matrix 
metalloproteinases (MMPs) 3 and 13, and p38 
mitogen-activated protein kinase (p38 MAPK); 

competitive inhibition of ENT;15 
agonism of PPARγ, inhibition of NF-κB, 

interaction with Nrf215-19

Alzheimer’s disease (AD), 
Parkinson’s disease (PD), 

cancer and infertility
PPARγ; EC50 > 25 μM20

Anti-nociception/analgesic

agonism on the capsaicin receptor TRPV1; 
modulation of several pro-inflammatory mediators, 
such as IL-2, IL-4, and interferon-γ (IFN-γ);15,21,22 

prevention of opening of the voltage-gated sodium 
channel (Nav)23-25

chronic neuroinflammation, 
neuropathic pain, and 

fibromyalgia

Nav1.1/7; potency: 
1.9 to 3.8 μM23

Neuroprotection and chronic 
diseases

THC and CBD reduced NMDA, AMPA, and kainate 
through a different mechanism from the glutamate 

receptor;26 
downregulation of GSK-3β, inhibiting the 

WNT/β-catenin pathway; or the upregulate of 
WNT/β-catenin pathway by the downregulation of 

caspase36

PD and AD GPR55; EC50: 445 nM27

Neurological and 
neuropsychiatric disorders

5-HT1A agonism, as well as adenosine G protein-
coupled (GPR55, 18, and 19), TRPV2, TRPV3 and 

TRPV4 receptors;28 
interaction with the Cys-loop superfamily of 

ligand-gated ion channels through GABAA receptor, 
5-HT3Rs, and glycine receptor (GlyRs)29

depression and other behavioral-
related pathologies

CB1; Ki: 1.459 ± 0.159 μM30 
CB2; Ki: 0.372 ± 0.058 μM30 
FAAH; IC50 53.2 ± 11.3 μM30

TNF: tumor necrosis factor; IL: interleukin; GPR12, GPR6, GPR3, GPR55; adenosine protein G12, 6, 3, 55 receptor; CB2, CB1: cannabinoid 2 and 1; A2A: 
adenosine receptor A2A; COX-2: cyclooxygenase-2; ENT: balanced nucleoside transporter; PPARγ: peroxisome proliferator-activated receptor gamma; 
NF-κB: nuclear factor kappa B; Nrf2: nuclear erythroid-related factor 2; EC50: half-maximal effective concentration; TRPV: transient vanilloid receptor 
potential; THC:  tetrahydrocannabinol; CBD: cannabidiol; NMDA: N-methyl-D-aspartate; AMPA: amino-3-hydroxy-5-methyl-4 isoxazoleproprionate; 
GSK-3β: glycogen synthase kinase 3β; WNT: signaling pathways are a group of intercellular signal transduction pathways, Wnt is a linguistic blend of the 
names Wingless and Int-1; 5-HT1A: 5-hydroxytryptamine type 1A receptor; GABAA: type A aminobutyric acid receptor; 5-HT3R: 5-hydroxytryptamine 
type 3 receptor; Ki: inhibitory constant; FAAH: fatty acid amide hydrolase; IC50: half-maximal inhibitory concentration.
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anti-inflammatory and antinociceptive activity of CBD (2) 
during the last three decades, as well as numerous synthetic 
CBD-based analogues and derivatives designed as novel 
potential innovative anti-inflammatory and analgesic drug 
candidate prototypes. For such a goal, PubMed, Scopus, and 
SciFinder were used as electronic databases for searching 
literature data related to the pharmacology of CBD (2) as 
an anti-inflammatory and antinociceptive agent, covering 
the last 3 decades period (1993-2023). Literature data 
were accessed by using the terms “CBD”, “Cannabidiol”, 
“Cannabidiol derivatives” and “Cannabidiol analogues” in 
combination with “anti-inflammatory”, “antinociceptive” 
and “analgesic” as keywords. Inclusion criteria were 
applied for studies that addressed the synthesis and/or 
evaluation of CBD analogues. Exclusion criteria were 
applied for (i) studies that addressed other compounds 
present in Cannabis; (ii) studies that excluded synthetic 
analogues; (iii) gray literature (e.g., thesis and dissertations, 
books, unpublished works). The results were grouped and 
discussed into the first (1993-2003), second (2004-2013), 
and third (2014-2023) decades separately along the text.

1.1. 1993-2003: the first decade of pharmacological 
studies on the potential of CBD as an analgesic and anti-
inflammatory drug candidate

From 1993 to 2003, ten papers were selected, with 
only three approaching the pharmacology and metabolism 
of CBD (2), but none of them related to CBD’s anti-
inflammatory and antinociceptive mechanism. 

In  1995 ,  Yamamoto  e t  a l . 31 repor ted  tha t 
CBD  (2) was capable of inactivating enzymes of the 
cytochrome P450 (CYP450) family, especially CYP2C11, 
2A, and 3A subfamilies in animals, and CYP2C29 in 
human hepatic microsomes, providing information about 
CBD’s metabolism. In 1999, Emil Pop11 investigated some 
natural and synthetic cannabinoid ligands to understand the 
potential medicinal use of these compounds by modulation 
of CB1 and CB2 receptors, focusing on the neuroprotective 
activity, such as protection against toxic levels of glutamate 
(CBD (2), 10 mM).32 In his review,11 this author states 
that cannabinoids have antinociceptive activity, possible 
due to interaction with CBs. Despite those findings, the 
mechanism of action had only been proposed, requiring 
further studies. 

However, prejudice and unreliable reports contributed 
to the avoidance of clinical use of cannabinoids, even 
though there were clinical protocols that avoided the 
application of THC. Until the 2000s, there were reports 
of CBD’s analgesic and anti-inflammatory activities,33 
including data from patients with improved conditions 

related to depression and anxiety, as well as reports of 
neuroprotection.34 However, the slow elimination of 
cannabinoids was cited33 as a relevant obstacle to the safety 
of their use, which may vary according to the route of 
administration. This occurs because cannabinoids quickly 
enter the bloodstream due to their lipophilicity, being 
quickly absorbed and converted into their metabolites.33

Regarding neuroprotection, one study identified 
that THC (1) and CBD (2) reduced toxicity mediated 
by N-methyl-D-aspartate (NMDA), amino-3-hydroxy-
5-methyl-4 isoxazoleproprionate (AMPA), and kainate 
through a different mechanism from the glutamate 
receptor. In the glutamatergic-based mechanism there is 
the involvement of cannabinoid receptors in the reduction 
of reactive oxygen species (ROS), while THC (1) and 
CBD (2) seem to reduce toxicity independently of these 
receptors.26 A possible anti-inflammatory activity was 
also suggested despite the complexity and multifactorial 
aspects of this condition since some studies identified 
that CBD (2) could effectively suppress TNF production. 
Regarding cannabinoid receptors, both anticonvulsant and 
anti-inflammatory activities seemed to be stereospecific, 
once (+)-CBD and its analogues favorably bind to CB1 
and CB2 receptors, as opposed to (–)-CBD (2) that could 
not bind to either of them. It is known that CBD (2) does 
not act through the modulation of CB receptors, suggesting 
that there could be other receptors responsible for its anti-
inflammatory properties.35

In 2003, a review paper published by Grotenhermen36 
summarized and discussed the state-of-art of CBD  (2) 
pharmacokinetics, making it possible to identify some 
physicochemical similarities to THC (1), and that 
their different effects could be a result of higher brain 
concentrations of unchanged CBD (2) in comparison to 
THC (1).35,36 However, the author focused only on the ability 
of THC (1) to modulate CB1 and CB2, evidencing that its 
effects in activation of the CB1 are similar to marijuana, and 
that activation of the CB2 induces analgesic, antineoplastic, 
and anti-inflammatory responses, suggesting also the 
existence of other subtypes of cannabinoid receptors. In this 
sense, other types of receptors, such as transient receptor 
potential (TRP), which include vanilloid receptors (TRPV1, 
TRPV2, TRPV3, TRPV4, among others),37,38 seems to 
play individual or synergic roles in the pharmacological 
effects of CBD (2) as antiepileptic, anti-inflammatory, 
neuroprotective, antitumor, anxiolytic, and antimicrobial 
agent.36

As a result  of extensive biological  studies 
about cannabinoid receptors,  anandamide and 
2-arachidonylglycerol were recognized as two of the 
main endogenous ligands for CB1 and CB2, the so-called 
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endocannabinoids. Those endocannabinoid ligands are 
released through a stimulus-dependent mechanism, and 
show different affinities for such receptors,11,39 serving as 
inspiration for the design of several synthetic cannabinoids 
with increased affinity and selectivity.36

1.2. 2004-2013: the second decade of pharmacological 
studies on the potential of CBD as an analgesic and anti-
inflammatory drug candidate

In the second decade, covering the period of 2004 to 
2013, it was found 95 papers reported studies of CBD (2) 
and other phytocannabinoids as bioactive compounds, but 
only three were addressed to the pharmacology of CBD (2). 
Among these, Pertwee and co-workers40-42 reviewed the 
aspects of some phytocannabinoids, highlighting the low 
affinity of CBD (2) for CB1 and CB2 receptors, interacting 
only in the [3H]CP55940 region. Further studies make clear 
that this interaction was sufficient to antagonize these two 
receptors (KB = 79 nM for CB1 and 138 nM for CB2, 
where KB is intrinsic binding constant) in a non-competitive 
manner, acting as an inverse agonist when in insufficient 
concentrations to bind to the orthosteric sites. In addition, 
the authors40 showed that CBD was capable of acting as an 
inverse agonist of CB2, showing anti-inflammatory activity, 
and reinforced that different mechanisms of action should 
be enlightened as responsible for such activity.

De Petrocellis and Di Marzo43 investigated the action 
of cannabinoids in non-CB1 and CB2 receptors, such 
as G-protein-coupled receptors (GPCR) and transient 
receptor potential channels (TRPC), which mediates some 
responses related to the known ‘tetrad effects’ of THC (1), 
as well as in antinociception and molecular modulation 
of anti-inflammatory cytokines. CBD (2) showed high 
ability for interaction with GPR55 (half-maximal effective 
concentration (EC50) = 350 nM; [Ca2+]i mobilization 10 μM),  
TRPV1 (EC50 = 3.5 ± 0.3 μM), TRPV2 (EC50 = 3.7 μM),  
TRPM8 (EC 50 =  80  ±  10  nM) ,  and  TRPA1 
(EC50  =  96  ±  12  nM),43 corroborating some previous 
findings reported by Pertwee and co-workers40,41,44 about 
the potential ability of CBD (2) to bind in receptors other 
than CB1 and CB2.

In 2008, Luzi et al.45 published a study related to 
Cannabis and its effects on psychosis. Based on an in vivo 
study of behavioral changes in rats, it was proposed that 
CBD (2) (15-480 mg kg–1) could exert antipsychotic activity, 
with greater activity and lower toxicity than other clinical 
antipsychotics such as haloperidol (0.062-1.0  mg  kg–1), 
even though the mechanism of this activity was unclear.45,46 
One year later, Lader47 published a revision of the 
pharmacological aspects of marijuana addiction and several 

physiological effects of CBD (2), including tachycardia, 
increased blood pressure, relaxation, and euphoria, 
highlighting the lack of detailed and comprehensive 
information on the pharmacology of CBD (2).

1.3. 2014-2023: the third decade of pharmacological 
studies on the potential of CBD as an analgesic and anti-
inflammatory drug candidate

In the last decade (2014-2023), we observed an 
exponential increase in publications related to the 
pharmacology, toxicology, and medicinal uses of CBD (2), 
besides other several studies on biotechnological and 
biological studies for improved production of Cannabis 
derivatives and CBD-enriched plant variants, reaching 
more than 587 publications in different scientific journals. 
However, despite a strong interest in CBD (2) as a potential 
multifunctional active metabolite, only five publications 
addressed its anti-inflammatory and antinociceptive effects, 
suggesting a lack of information about these properties 
related to CBD (2) and other cannabinoids, as well as few 
molecular targets and possible mechanisms of action. In 
one of these studies, Sklenárová et al.48 reviewed clinical 
and preclinical findings of CBD (2) in inflammation, but 
it was not possible to conclude about its effects on pain 
relief, given the different methods used by the different 
research groups.

In 2020, Dume and Lammers49 reviewed some 
pharmacological and toxicological aspects of Cannabis, as 
well as its main cannabinoid constituents, THC (1) and CBD 
(2), as potential agents against neuropathic and rheumatic 
pain conditions. In this study, the authors highlighted the 
non-psychomimetic effects of CBD  (2) and its ability 
to bind to CB1 and CB2 receptors. It also emphasized 
the beneficial clinical effects of preparations based on 
mixtures of THC/CBD or single CBD (2) medications 
in pain relief in more than 50% of adult patients.49,50 In 
addition, pharmacokinetic studies revealed that CBD (2) 
is significantly affected by first-pass metabolism, with 
only 6% bioavailability, being capable of being rapidly 
distributed in tissues, and with a high capacity of binding to 
plasmatic proteins.51 The use of Cannabis or cannabinoid/
CBD-containing products was also evaluated in a group 
of 159 patients with different painful and inflammatory 
chronic conditions, including fibromyalgia, osteoarthritis, 
chronic spinal pain, and rheumatoid arthritis, with 
symptoms refractory to conventional treatment. However, 
as observed in other similar studies,52,53 the quality of the 
available data was not sufficient for a recommendation 
for routine clinical use. Boyaji et al.53 also highlighted the 
lack of clinical or pharmacological information related to 
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a single administration of CBD (2) in pain management, 
since the majority of the reported studies had been 
conducted with preparations of Cannabis extracts or a 
mixture of THC/CBD in a 1:1 ratio. The authors drew 
attention that in 2020, Nabiximols was the only approved 
and commercially standardized extract containing CBD (2) 
to treat pain and other central disturbs, with available data 
in the literature.53-55 Regarding neuropathic pain, clinical 
use of Nabiximols (Sativex®) demonstrated statistically 
significant analgesic effects, with medium to moderate side 
effects, but no conclusive insights about its mechanism of 
action were observed.53 

The literature data has shown the first data for a 
clearer understanding of the complex and multifaceted 
molecular environment related to pharmacology and 
possible mechanisms of action underlying analgesic 
and anti-inflammatory properties of CBD (2). In 2020, 
Sunda and Arowolo15 reviewed the anti-inflammatory 
activity of CBD (2) as a result of its action on CB2 and 
adenosine  A2A receptors, mediating the reduction of 
inflammatory mediators such as interleukin-6 (IL-6), 
cyclooxygenase-2  (COX-2), TNF-α, and nitric oxide 
synthase (iNOS). Moreover, it was experimentally shown 
that CBD (2) was capable of reducing inflammation in 
the airways and fibrosis, reducing some pro-inflammatory 
cytokines, such as IL-4, IL-5, and IL-13. On the other 
hand, activation of the CB2 receptor could lead to the 
inhibition of the production of inflammatory mediators, 
such as IL-6, matrix metalloproteinases (MMPs) 3 and 13, 
and p38 mitogen-activated protein kinase (p38 MAPK). 
CBD (2) also affects inflammatory response by acting 
as a competitive inhibitor of extracellular adenosine 
receptors in the balanced nucleoside transporter (ENT), 
which generates an anti-inflammatory response in different 
tissues. However, the mechanism of action related to 
adenosine remains unclear.15 It was also identified that 
CBD (2) can act as an agonist of PPARγ, being an inhibitor 
of the transcription of nuclear factor kappa B (NF-κB) and 
interacting with nuclear erythroid-related factor 2 (Nrf2), 
resulting in a positive modulation of the oxidative stress 
(OS) related to inflammation.15-17,19 It has been demonstrated 
that CBD (2) can interact with TRPV channels, especially 
acting as an agonist of the capsaicin receptor TRPV1 and 
reducing chronic neuroinflammatory and neuropathic pain, 
besides acting through Ca2+ ion influx and modulating the 
secretion of several pro-inflammatory mediators, such as 
IL-2, IL-4, and interferon-γ (IFN-γ).15,21,22

CBD (2) can also act through indirect mechanisms 
involving endocannabinoid receptors, such as negative 
allosteric modulation of CB1 and CB2, and inhibition 
of fatty acid amide hydrolase (FAAH), which can 

interfere in the immune system, but with an unclear type 
of an inhibitory or activator response. To date, nearly 
65 CBD-related targets have been identified, responding 
to the multiple CBD (2) effects, including neuroprotective, 
anticonvulsant, antipsychotic, and immunomodulator. In 
addition to the above-mentioned endocannabinoid and 
TRPV1 receptors, and FAAH (half-maximal inhibitory 
concentration  (IC50)  =  53.2 ± 11.3 μM), A2A, MMPs, 
PPARγ (EC50 > 25 μM), and NF-κB, serotonin receptors 
(5-HT1A) were also recently reported28 as targets for an 
agonist effect of CBD (2), leading to antidepressant and 
other behavioral effects, as well as adenosine G protein-
coupled receptors (GPR55, 18, and 19), TRPV2, TRPV3 
and TRPV4. CBD (2) has also been studied for its potential 
neuroprotective and anti-neuroinflammatory properties with 
potential therapeutic application against neurodegenerative 
diseases, such as Parkinson’s disease (PD), and Alzheimer’s 
disease  (AD). In such chronic diseases, CBD (2) 
could act in the downregulation of glycogen synthase 
kinase  3β  (GSK-3β), inhibiting the WNT/β-catenin 
pathway, which is related to OS and inflammation.10,56 
Other studies6 have suggested that CBD (2) can upregulate 
the WNT/β-catenin pathway by the downregulation of 
caspase 3, reducing the production of neurofibrillary tangles 
and inhibiting neuronal death.

Ghovanloo and co-workers23-25 have recently shown that 
CBD (2) prevents the opening of the voltage-gated sodium 
channel (Nav), affecting sensory neurons acting in pain 
treatment, being, therefore, a non-selective inhibitor of 
Nav, with a potency range of 1.9 to 3.8 μM, besides acting 
as an inverse agonist/antagonist of CB1, and a modulator 
of biomembranes.

In neurological and neuropsychiatric disorders, 
CBD  (2) interacts with the Cys-loop superfamily of 
ligand-gated ion channels through type A aminobutyric 
acid receptor (GABAA), 5-HT3Rs, and glycine receptor 
(GlyRs). Alldred et al.57 developed a molecular model to 
evaluate the affinity of GABAA subunits suggesting that 
CBD (2) has a higher affinity for the α2β3γ2 isoform, which 
could be responsible for the fast heterosynapses effect.57 In 
GlyRs, CBD (2) interacts with the S296 residue, while in 
the 5-HT3Rs there is a lack of more detailed information 
related to its allosteric inhibitory interaction.58 

Even though the neuroprotective activity of CBD (2) 
is the most reported issue in the literature, in 2023, 
Tambe  et  al.13 stated that the molecular mechanisms 
underlying neuroprotection attributed to CBD (2) were 
still not completely understood. It seems that a multitude 
of cross-talked biochemical and cellular signaling cascades 
are capable of being modulated by CBD (2) interaction 
and one proposed mechanism is that CBD (2) acts as an 
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inverse agonist of GPR12, GPR6, and GPR3,13 that are 
important G-protein coupled receptors related to several 
chronic and inflammatory conditions, such as AD, PD, 
cancer, and infertility.14 

Overall, the available literature data from the last 
thirty years of research on CBD (2) pharmacology and 
therapeutical uses, especially that focused on the clinics 
of painful and inflammatory conditions, give us a clear 
perception of the complexity underlying a more complete 
and accurate knowledge related to the molecular basis of 
CBD’s mechanisms of action. Therefore, in more recent 
years, intensive efforts have been addressed to a better 
understanding of such properties, possible molecular 
targets, cross-talking interactions, and concomitant 
modulation of interconnected biochemical cascades, not 
only focused on the action of CBD (2) but also on its 
synthetic analogues and derivatives that could represent 
innovative drug candidate prototypes against chronic 
dysfunctions, especially those related to inflammation 
and pain. 

2. Synthetic Derivatives and Analogues of 
CBD Designed as Potential Analgesic and 
Anti-Inflammatory Drug Candidates 

Abnormal cannabidiol (Abn-CBD, 3, Figure 2) is 
a non-psychotropic synthetic regioisomer of CBD (2) 
with low affinity for CB1 and CB2 receptors, acting 
as a GPR55 agonist, that has been reported37,38 for its 
cardiovascular, anti-tumoral, and anti-diabetes effects. 
Von Widdern et al.59 conducted in vitro anti-inflammatory 
studies on astrocytic-microglial cocultures and astrocytic 
isolated cultures from neonatal C57BL/6 mice (a CB2 
knockout mice) at 1 and 10 µM concentrations of 3. As a 
result, in both models was observed a significant reduction 
in the lipopolysaccharide  (LPS)-induced production of 
NO in astrocytic-microglial cocultures, as well as for 
TNF-α production on astrocytic-microglial cocultures 
and wild type of astrocytic isolated cultures, especially 
at 10 µM. However, it was not observed significant effect 
on IL-6 production in models. Thus, Abn-CBD was 
considered a promising glial cell modulator, altering the 
secretion of pro-inflammatory cytokines independent of 

CB1/CB2 receptors.59 In another study,60 it was shown 
that administration of compound 3 (5 mg kg–1, i.p. 
(intraperitoneal), 3 days) attenuates the degree of colitis 
by decreasing myeloperoxidase (MPO) activity. MPO is an 
enzyme with a central role in the cell signaling process and 
the production of reactive oxygen species (ROS), especially 
during inflammation.

In previous studies, Abn-CBD (3) had been already 
investigated by Ruz-Maldonado et al.61 for its potential 
influence on inflammatory models by using transgenic 
mice C57BL/6J (GPR55+/+; GPR55–/–) and human β-cell 
islets. Experimental results demonstrated that Abn-CBD (3) 
increases insulin secretion from human and mouse islets 
at all tested concentrations (0.1, 1, and 10 µM) and that 
in the higher dose, it was capable of protecting islet cells 
against cytokine-induced apoptosis (IL-1β, TNF-α, IFN-γ), 
especially in GPR55+/+ mice and human cells. In addition, 
at 1 µM of compound 3, it was observed a significant 
stimulation in the proliferation of β-cells on islets. Further 
studies59 suggested that a possible mechanism of action 
underlying these results could be related to the increase in 
phosphorylation of protein kinase B (AKT) through GPR55.

In another approach, Romero-Zerbo et al.62 investigated 
the in vivo effects of Abn-CBD (3) in the DIO-mouse (diet-
induced obesity) model of prediabetics. This assay was 
based on the treatment of transgenic C57BL/6J male mice 
with 0.05 mg kg–1 (i.p.) of 3 for 2 weeks, but no changes were 
observed in body weight and plasma lipid profile between 
animal groups with a high-fat diet (HFD) and standard 
diet (SD). However, a comparative analysis of animals 
from the HFD-vehicle group treated with Abn-CBD (3)  
evidenced a marked increase in the proliferation of β cells, 
decreasing apoptosis beyond restoring the level of IL-6, 
chemokine ligand 1 (CXCL-1) and IL-5, and lowered 
phosphorylation rate of NF-κB. In in vivo experimental 
models of diabetes, especially for type 1 diabetes (T1D), 
compound 3 has been identified as a potent modulator of 
the inflammatory response in two complementary animal 
models, the non-obese diabetic mouse model (NOD), 
which is considered the gold standard model of T1D, and 
the streptozotocin model (STZ), based on the injection of 
STZ in C57BL/6J mice inducing damage to β-cells and 
loss of insulin. The treatment of 0.1 or 1.0 µM (i.p.) of 
Abn-CBD (3) led to a reduced progression of insulitis, with 
lowering blood glucose, and reduced cell apoptosis, but 
without significant changes in the levels of TNF-α and IL-6 
in the NOD model. Moreover, pre-treated animals with a 
higher dose of 3 (1 mg kg–1) showed reduced cell apoptosis 
compared to vehicle, with lower activation of NF-κB and 
pro-inflammatory cytokines (IL-6, TNF-α), suggesting a 
potent modulatory response of Abn-CBD (3) in T1D.63Figure 2. Abn-CBD (3).
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In 2001, Kunos and Billy64 synthesized the compound 
O-1602 (4, Figure 3), another bioactive CBD (2) 
regioisomer, with significant vasodilation activity. 
Additional studies61 revealed that O-1602 (4) does not bind 
to cannabinoid receptors, but has a high affinity for GPR55, 
and a prominent effect in nociception regulation. In vivo 
experiments showed that in the acute inflammation model, 
compound O-1602 (4) was capable of altering nociception 
in rats at a dose of 100 µg (intra-arterial injection), reducing 
significantly the mechanical sensitivity mediated by 
C-fibers. Further mechanistic investigations evidenced that 
O-1602 (4) acts through peripheral GPR55 receptors.65

Li et al.66 investigated the anti-inflammatory properties 
of O-1602 (4) in an acute pancreatitis (AP) model using 
C57BL mice treated with 10 mg kg–1 (i.p.). Histopathological 
analysis and quantification of inflammatory mediators 
showed that compound O-1602 (4) significantly reversed 
the cerulein-induced AP, decreasing TNF-α levels, but 
not IL-6, and protecting pancreatic tissues, as an apparent 
effect on GPR55.

In a more recent study, Wróbel et al.67 investigated 
the potential benefits of O-1602 (4) in hemorrhagic 
cystitis. Female Wistar rats were injected with a single 
dose of cyclophosphamide (CYP, 200 mg kg–1, i.p.) to 
induce hemorrhagic cystitis, and treated with O-1602 
(0.25 mg kg–1, i.v. (intravenous)) for 7 days. As a result, 
treated animals showed a restored level of some biomarkers 
related to inflammation, such as IL-1β, IL-6, TNF-α, 
oxidative stress, CGRP (calcitonin gene related peptide), 
and NIT (3-nitrotyrosine) that play a role in the urinary 
tract-related inflammatory process. Taken together, the 
experimental data indicate that O-1602 (4) is effective in the 
modification of the histological and cytometric properties 
of the bladder, through anti-inflammatory and antioxidant 
pathways. In another study, the effects of O-1602 (4) 
were studied by Wei et al.68 in the acute TNBS-induced 
(2,4,6-trinitro‐benzene sulfonic acid) colitis model. 
Animals were treated with O-1602 (4, 10 mg kg–1, i.p.), and 
CBD (2, 1 mg kg–1) 30 min before intraretal administration 
of TNBS (125  mg  kg–1), and cytokine levels in plasma 
and other inflammatory parameters were evaluated. As a 
result, the increased levels of IL-6 and TNF-α induced by 
TNBS were partially reverted by the co-administration of 

O-1602/CBD, reducing IL-6 levels, but not TNF-α, in an 
independent pathway of GPR55 receptor.

The DMH-CBD or HU-219 (5, Figure 4) is a CBD (2) 
analogue with a modified hydrocarbon chain and was first 
synthesized in 1985 by Consroe and co-workers,69 showing 
anti-inflammatory effects in two independent studies. First, 
in 2016, Juknat et al.16 investigated its anti-inflammatory 
activity in microglial (BV-2) cells. Pre-treatment of LPS-
stimulated BV-2 cultures with 1, 5, and 10 µM of 5 were 
analyzed by qPCR (quantitave polymerase chain reaction), 
showing 88 and 82% decreased levels of messenger 
ribonucleic acid (mRNA) of interleukins IL-1β and IL-6 
at 10 µM, respectively, in a dose-dependent manner, as 
well as an increase in expression of mRNA genes related 
to oxidative stress. More recently (2018), a second study 
was carried out by dos Santos Filho et al.70 to evaluate the 
in vitro anti-inflammatory response of LPS-stimulated 
macrophages, focusing on the quantification of TNF-α 
levels through the NF-κB pathway, after a pre-treatment 
with compound 5 at 10, 30, 100, and 300 µM dosages. 
Experimental data evidenced a marked reduction in the 
TNF-α production/release through the NF-κB signaling 
pathway in a dose-dependent manner with an IC50 of  
38 µM, without acute cytotoxicity. Further studies70 revealed 
that these effects are mediated through A2a receptors and 
inhibition of phosphorylation MAK-p38, reinforcing the 
anti-inflammatory properties of DMH-CBD  (5) and its 
relevance for drug development.

Seeking novel CBD (2) derivatives with improved 
central effects on behavioral disturbs led Breuer et al.71 
to synthesize three new fluorinated CBD (2) derivatives. 
Among them, 4’-F-CBD or HUF-101 (or PECS-101, 6, 
Figure 5), showed to be considerably more potent than 
CBD (2) in behavioral assays in mice, with a predictive 
promising anxiolytic, antidepressant, antipsychotic, and 
anti-compulsive activities. Silva et al.72 investigated 
HUF-101 (6) for its antinociceptive effects in three different 
nociceptive acute animal models at doses of 3, 10, and 
30 mg kg–1. In both hot place and acetic acid-induced 
hyperalgesia assays, HUF-101 (6) showed significant 
antinociceptive activity at the highest dose of 30 mg kg–1, 
whereas all doses led to reduced hyperalgesia in the 

Figure 3. Structure of O-1602 (4).

Figure 4. Chemical structure of DMH-CBD (5).
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carrageenan test. Additional experiments72 suggested that 
such antinociceptive effects are mediated by activation of 
CB1 and CB2. In another study,73 the same group evaluated 
compound 6 on the paclitaxel (PTX)-induced neuropathic 
pain model. PTX is widely used for the treatment of various 
tumors, but it is responsible for peripheral neuropathic pain 
as a side effect due to the activation of the immune system, 
leading to the release of pro-inflammatory cytokines and 
sensitization of nociceptive neurons. An in vivo trial in 
male C57BL/6 mice showed that HUF-101 (6) prevented 
PTX-induced neuropathic pain (mechanical and cold 
allodynia) at doses of 1 and 3  mg  kg–1. Prevention of 
mechanical and cold allodynia occurs through activation of 
the PPRAγ receptor, especially those found in macrophages. 
Furthermore, at the lowest dose, this compound was able to 
attenuate the expression of the pro-inflammatory markers 
TNF-α, and IL-6, without induction of the tetrad of 
cannabinoid effects, with good safety, good tolerance, and 
no interference in the chemotherapeutic effect of PTX.73

Zi et al.74 proposed a series of new CBD derivatives, 
leading to compounds 7a-7e (Figure 6). A preliminary 
screening against RAW264.7 cells in the MTT 
(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium 
bromide) assay showed compounds 7a, 7b, and 7e  
as strongly cytotoxic (IC50 < 10 µM), in contrast to 
7c  (IC50  =  13.94  µM), and 7d (IC50 = 20.48 µM) that 
did not elicit toxic effects at low concentrations. The 
pharmacological evaluation highlighted compound 7d for 
its significant anti-inflammatory activity by increasing cell 
viability when compared to the LPS-induced macrophage 
group in a dose-dependent manner. Western blot analysis 
showed a significant decrease in the expression of TNF-α 
in different low concentrations (1-8 µM) of 7d, in a dose-
dependent manner. Furthermore, docking studies at the 

active site of TNF-α have shown that the binding free 
energy (∆G°) is favorable for 7d (∆G° = –4.26 kcal mol–1), 
similarly to CBD (2, ∆G° = –5.09 kcal mol–1), and that 
molecular recognition may occur through H bond (between 
Gly122 and OH of the sugar moiety) and hydrophobic 
interactions (between Tyl119 and Tyl59 residues). In 
addition to the promising anti-inflammatory activity, this 
compound showed higher water solubility (505.8 µg mL–1) 
than CBD (2).74

New O-methylated CBD derivatives (8, 9a-9d, 
Figure  7) were described by Lavi et al.75 for their anti-
inflammatory activity. All derivatives were evaluated 
in comparison to CBD (2) used as a positive control, in 
different in vivo inflammatory models, showing ability 
for reducing swelling, pain sensation, and TNF-α levels. 
Compounds 9b and 9c were more effective in the swelling 
paw assay at 25 mg kg–1, while derivative 9a showed the 
best antinociceptive effect at 50 mg kg–1. In comparison to 
CBD (2), compounds 9a-9c exhibited a marked reduction in 
the TNF-α levels at a dose of 25 mg kg–1. Compounds 8 and 
9d (5 and 10 mg kg–1) were also evaluated for their activities 
in the reduction of TNF-α, IL-1β, and IL-6 levels, induced 
by LPS injection. At the lower dose, compound 8 reduced 
TNF-α and IL-1β blood levels, while derivative 9d only 
showed effect over TNF-α levels at 10 mg kg–1. Overall, 
when compared to CBD (2), compound 8 exhibited a better 
antinociceptive profile, being more potent in inhibiting the 
expression of IL-1β in human macrophages (IC50 = 5 µM),75 
corroborating that structural modifications made in 
the structure of CBD (2) played important auxophoric 
function to preserve or enhance antinociceptive and anti-
inflammatory activity.

In 2016, Kynney and co-workers76 synthesized the 
cyclic amide KLS-13019 (10, Figure 8) as a CBD analogue 
to be explored for its potential neuroprotective activity. 
Preliminary studies on physicochemical properties and 
pharmacokinetic parameters showed adequate safety and 
cell permeability, showing improved properties compared 
to CBD (2), such as oral bioavailability and greater cell 
viability. In addition, it was demonstrated in an in vitro 
model of chemotherapy-induced peripheral neuropathy 
(CIPN), that KLS-13019 (10) was more potent than 
CBD in reducing PTX-induced neurotoxicity.77 Recently, 

Figure 5. Structure of HUF-101 or PECS-101 (6).

Figure 6. Chemical structures of the CBD derivatives 7a-7e.
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its anti-inflammatory and analgesic properties have been 
investigated in vivo by Foss et al.,78 who verified the ability 
of compound 10 to attenuate PTX-induced mechanical 
sensitivity, and thermal sensitivity in the hot plate model, by 
using C57BL/6 male mice pre-treated with 2.5 mg kg–1 of 
KLS-13019 (i.p.). Oral administration of KLS-13019 (10) 
also prevented sensitivity at a dose of 2.5 and 25 mg kg–1, 
and it was observed a significant reversion of CIPN at 
2.5 mg kg–1 (i.p. and p.o., (per oral)) and 5 mg kg–1 (i.p.). 
Antinociception was evaluated in mice using the hot plate 
assay and demonstrated that KLS-13019 (10) is effective 
in a dose-dependent manner (10, 30, and 100 mg kg–1).

In another approach, Brenneman et al.77 evaluated the 
anti-inflammatory activity of KLS-13019 (10) in cultures 
of dorsal root ganglia (DRG) neurons that are relevant 
to CIPN and in hippocampal cultures. It was shown 
that treatment with PTX (3 µM) or a GPR55 agonist 
(lysophosphatidylinositol, LPIA, 1 nM) increased the 
GRP55 immunoreactive (IR) area for cell body, which 
was reversed with co-treatment with KLS-13019 for 
16 h, in a picomolar range and dose-dependent manner 
(IC50  =  117  pM), as well as improved cell viability 
(EC50  =  200  pM). Treatment with PTX increased the 
IL-1β IR area by 74%, and the inflammasome-3 marker 
(NLRP3), a member of the NOD-like receptor family that 
promotes acute and chronic inflammatory responses,79 by 
29% after 30 min of treatment, whereas co-treatment with 
KLS-13019 resulted in a decrease in IL-1β and NLRP3 
levels with IC50 values of 156 and 140 pM, respectively. In 
the hippocampus, treatment with LPIA (1 nM) increased 
the IR area, and co-treatment with KLS-13019 (10) 
led to a decreased GPR55 in a dose-dependent manner 
(IC50 = 107 pM), as well as for IL-1β (IC50 = 208 pM) and 
NRLP3 (IC50 = 129 pM). Additionally, it was demonstrated 
that KLS-13019 did not bind to opioid receptors, acting as 

a GPR55 antagonist, being considered a promising new 
drug candidate prototype for the treatment of pain related 
to CIPN.54,55 

Based on the structure of resiniferatoxin (RTX, 11, 
Figure 9), a potent TRPV1 agonist, and CBD (2), Jin et al.80 
synthesized a series of seven benzylamides, designed as 
potential ligands of capsaicin receptor TRPV1. TRPV1 
is an unselective calcium channel, widely distributed 
in the central and peripheral neurons, which activation 
leads to a painful and burning sensation.41,42 In silico 
studies of the structures of RTX (11, PDB id: 5IRX) 
complexed with TRPV1 and CBD (2) led to identification 
of 3 molecular regions of ligands capable of interacting 
with representative binding sites, furnishing insights for 
structural modifications. Pharmacological evaluation led 
to the identification of compound 12 as a lead in the series, 
showing an agonistic activity of antagonist of human 
TRPV1 (hTRPV1) (EC50 = 37.9 µM), almost equipotent 
to CBD (2, EC50 = 38.53 µM), and with a 2.7-fold higher 
binding affinity for TRPV1 (Kd = 40.34 µM, where Kd is 
the dissociation constant) than CBD (Kd = 110.4 µM). In 
addition, a moderate antinociceptive activity was observed 
for compound 12 (50 mg kg–1) in the hot plate assay. One 
of the side effects of TRPV1 agonists is hypothermia and 
compound 12 was able to lower the temperature by 3 °C 
within 15 min after an administration of 50 mg kg–1. Finally, 
molecular docking studies corroborated the effect of 12 on 
TRPV1, making important binding interactions in its active 
site, particularly with an Arg557 residue.41,42

VCE-004.8 (13, Figure 10) is a semi-synthetic 
quinone-like CBD derivative and dual PPARγ/CB2 
agonist. This compound was investigated by del Río et al.81 
on scleroderma (SC), a rare disease associated with 
inflammation and vascular injury followed by fibroblast 
activation, affecting the skin and organs multiple internal. 
In  vitro studies showed that VCE-004.8 (13) binds to 
PPARγ (IC50 = 1.7 µM), a receptor playing a pivotal 
role in the inflammatory process and connective tissue 
homeostasis, with no significant cytotoxicity on NIH-3T3 
cells. In a murine model, using BALB/c female mice 
submitted to subcutaneous injection of bleomycin (20 µg) 
for 6 weeks, followed by treatment with VCE-004.8 (13, 
10 or 20 mg kg–1) for 3 weeks, it was observed a reduction 

Figure 7. Derivatives O-methylated CBD (8 and 9a-9d).

Figure 8. Chemical structure of CBD-analogue KLS-13019 (10).
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in fibrosis and skin thickness, with recovering lipoatrophy 
at a dose of 20 mg kg–1. Notably, the use of PPARγ and 
CB2 antagonists nullified the effect of VCE-004.8 (13), 
and an analysis of the expression 84 inflammation-related 
genes by qRT-PCR (quantitave real-time polymerase chain 
reaction), revealed that collagen type III alpha 1 (Col3A1), 
type I alpha 2 (Col1A2), IL-1β, and IL-13 were inhibited 
by treatment. By contrast, administration of 20 mg kg–1 
of VCE-004.8 (13) did not affect the increased levels of 
TGFβ1 (transforming growth factor beta) which is a highly 
expressed gene in scleroderma.81

In another research, Navarrete et al.82 proposed the 
investigation of VCE-004.8 (13) for the treatment of multiple 
sclerosis (MS), a chronic autoimmune disease, whose 
pathophysiological hallmarks include loss of myelin sheath 
in neurons, neuroinflammation, and axonal damage. In vitro 
studies on RAW264.7 and BV-2 cell lines demonstrated 
that VCE-004.8 (13) activates the hypoxia-inducible factor 
(HIF) pathway through the erythropoietin  (EPO) gene 
in a concentration-dependent manner. This transcription 
factor regulates several genes related to angiogenesis 
and immunity, and its activation is thought to play a 
central role in MS-related neuroinflammation. Treatment 
of macrophages (RAW264.7) with IL-17 promoted 
polarization to a pro-inflammatory phenotype (M1), and 
the treatment with VCE-004.8 (13) caused a decrease in 
the levels of the inflammatory cytokines TNF-α, IL-6, 
besides a strong inhibition of COX-2 expression induced 
by LPS in primary microglia cells. In vivo studies using 
the animal MS models EAE (experimental autoimmune/
allergic encephalomyelitis) and TMEV (Theiler’s murine 
encephalitis virus-induced demyelinating disease) 

corroborated the in vitro results, showing that the treatment 
of female C57BL/6 and SJL/J mice with VCE-004.8 (13, 
10 mg kg–1) led to inhibition of several chemokines and 
inflammatory cytokines, including Ccl12, Ccl3, Ccl5 (C–C 
motif chemokine ligand 12, 3 and 5), Cxcl10, Cxcl11, 
Cxcl9, Infg, IL-1β, IL-6, TNF-α, and IL-17.82

Face to these promising results, Navarrete et al.83 
evaluated EHP-101 (13), an oral lipid formulation of 
VCE-004.8 (13) in the EAE murine model. Experimental 
data pointed out the attenuation of the MS-induced 
symptoms and neuroinflammation in a dose-dependent 
manner, as well as preventing demyelination in the CNS. 
The gene expression of several cytokines was determined 
by RT-PCR in spinal cord, proving that IL-6, IL-1β,  
Timp1 (tissue inhibitor matrix metalloproteinase 1),  
Vcam (vascular cell adhesion molecule 1), Ccl2, and Ccl4 
were downregulated due to the treatment with EHP-101 
(13, 20 mg kg–1).83 Currently, EHP-101 (13) is in phase II 
clinical trial for treatment of MS (NCT04909502) under 
the responsibility of Emerald Health Pharmaceuticals.84 
Another study85 with EHP-101 (13) formulation has shown 
its effects on the reduction of inflammation and fibrosis 
caused by angiotensin-2 (ANG-2) in heart tissues, skin, 
lungs, and kidneys. Moreover, it was demonstrated that 
VCE-004.8 (13) inhibits mRNA expression of IL-1β, 
IL-6, Col1A2, and Ccl2 induced by ANG-2, by reducing 
the infiltration of T cells and macrophages in the analyzed 
tissues.

In a more recent work, Navarrete et al.86 published 
in 2022 the results of their investigation of the effects of 
VCE-004.8 (13) on traumatic brain injury (TBI). In this study, 
the authors have identified the PP2A/BB55α pathway through 
which VCE-004.8 (13) exerts its mechanism of action by 
inhibiting phosphorylation of PHD2 (prolyl hydroxylase-2) 
Ser125 in more than 50%. In addition to being associated 
with HIF-α stabilization, this pathway is also involved in 
tauopathies, and in turn, may represent a strategic molecular 
target to be addressed for therapeutics. Administration 
of VCE-004.8  (13) prevented blood-brain barrier (BBB) 
disruption in in vitro and in vivo (20 mg kg–1) models and 
was shown to counteract neuroinflammation, leading to a 
decrease in the levels of the inflammatory cytokines IL-1β, 

Figure 9. Chemical structure of RTX (11) and CBD-based analogue 12.

Figure 10. Chemical structure of the quinone-like CBD derivative 
VCE-004.8 (13).
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IL-6, and Ccl2, after 24 h, 72 h, and 7 days of treatment, and 
increase anti-inflammatory cytokine IL-10.86

In 2023, Lavayen et al.87 reported their studies on the 
in vivo effect of VCE-004.8 (13) on the ischemic stroke 
model MCAO (middle cerebral artery occlusion) model.88 
Male C57BL/6J mice were subjected to a stroke and after 
receiving treatment with VCE-004.8 (13, 10, or 20 mg kg–1, 
i.p.) either at the onset of reperfusion, or 4 or 6 h after the 
reperfusion. The onset treatment for 4 h after reperfusion 
led to a reduction of infarct volume, and the analysis of gene 
expression related to neuroinflammation evidenced that the 
treatment with 20 mg kg–1 of VCE-004.8 (13) reduced IL-6 
levels (6 h after stroke), IL-1β, CXCL1, and Ccl2 (24 h 
after treatment). Altogether, experimental data confirmed 
the neuroprotective effectiveness of VCE-0004.8 (13) in 
the acute phase of ischemic stroke and preventing BBB 
breakdown.87 

VCE-004.3 (14, Figure 11) is another semi-synthetic 
CBD-like aminoquinone derivative that has been 
explored by del Rio et al.89 for the treatment of systemic 
sclerosis (SC). It was demonstrated that VCE-004.3 (14) is 
a selective PPRAγ agonist (IC50 = 3.5 µM), acting also as 
an antagonist of CB1 (pKi = 5.61 µM, where pKi: negative 
logarithm of the Ki value (Ki = affinitiy constant)) 
and agonist of CB2 (pKi  =  6.69  µM) receptors. This 
compound was also submitted to in vivo anti-inflammatory 
and anti-fibrotic evaluation on the bleomycin model, 
showing to cause downregulation of pro-inflammatory 
cytokines, IL-1β, IL-6, IL-4, TGFβ, and Ccl2 in mice 
treated with 20 mg kg–1 (i.p.). In addition, treatment with 
VCE-004.3  (14) reduced F4/80+ macrophage and CD3+ 
lymphocyte infiltration, and the in vivo effects were proven 
to be mediated by PPARγ and CB2 receptors.

Casares et al.90 synthesized and studied two novel 
O-methyl-CBD quinone derivatives (15 and 16, Figure 12) 
on the BACH1/NRF2 pathway. The Nrf2 pathway 
activation regulates the antioxidant response in the body 
through translocation to the cellular nucleus and binding 
with the ARE (antioxidant response element),91-93 while 
BACH1 inhibition has anti-inflammatory and antioxidant 
properties.94-96 This pathway regulates the expression of the 

HMOX1 (heme oxygenase-1) gene, which has antioxidant 
and anti-inflammatory properties.97 Thus, the regulation of 
this pathway is important for the body’s homeostasis, being 
an alternative for the treatment of chronic inflammatory 
diseases, such as neurodegeneration. In vitro studies with 
immortalized human keratinocytes (HaCaT cells) have 
shown that compounds 15 and 16 (at 10 µM) were capable 
of stabilizing Nrf2 and reducing transcription regulator 
protein BACH1 levels through increased expression of 
HMOX1. However, compound 16 showed expressive 
cytotoxicity and thermal instability. Additional data 
evidenced that the effects of compound 15 over Nrf2 and 
BACH1 are independent, that is, the activation of the Nrf2 
pathway through Keap-1 does not depend on BACH1. To 
investigate these effects on a neurodegenerative condition, 
a cellular model for Huntington’s disease was used (THP 
lines cell and SH-SY-5Y neuroblastoma cell line), showing 
that compound 15 (10 µM) was able to decrease BACH1 
levels, induce HMOX1 and activate Nrf2, in addition to a 
direct antioxidant activity.90

Dennis et al.98 synthesized several structurally diverse 
Cannabis-occurring minor phytocannabinoids, using 
readily available CBD (2) as starting material, aiming 
to evaluate their anti-inflammatory activity. Among 
all tested compounds, cannabimovone (CBM, 17), 
3’-epicannabimovone (EPI-CBM, 18), cannabifuran (CBF, 
19), cannabielsoin (CBE, 20), and dehydrocannabielsoin 
(DCBE, 21, Figure 13) stood out for their in vitro effects 
on BV2 cells stimulated by LPS, without significant 
cytotoxicity. Evaluation of inflammatory biomarkers 
showed a marked reduction of 83.7% in the production of 
NO by cells treated with 1.0 µM of CBM (17), followed 
by compounds EPI-CBM (18, 60.5%), CBE (20, 7.8%), 
DCBE (21, 83.9%) that showed the best results only at 
2.5 µM concentration. On the other hand, CBM (17) and 
EPI-CBM  (18) showed the highest reductions of 80.8 
and 90.2%, respectively, at 1.0 µM, whereas CBE (20) 
and DCBE (21) reached prevention of IL-6 in 61.9 and 
51.3%, respectively, at a 2.5 µM concentration. In contrast, 
gene expression levels of pro and anti-inflammatory 
cytokines such as IL-10, Arg-1, IL-6, TNF-α, and IL-1β 
were measured at a dose of 5 µM, demonstrating that the 

Figure 11. Chemical structure of CBD aminoquinone derivative 
VCE-004.3 (14).

Figure 12. Chemical structures of O-methyl-cannabidiol quinone 
derivatives 15 and 16.
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EPI-CBM (18) raised the levels of IL-6 (4.4-fold) and 
TNF-α (2.9-fold), while CBM (17) increased 55.7-fold 
Arg-1 expression and downregulation NO levels, and 
compound 19 showed a pro-inflammatory activity.98

Aiming at new drug candidates to combat morphine 
addiction and based on structure-activity relationship 
(SAR) studies, Jin et al.99 synthesized the CBD-like 
triazole analogue CIAC-001 (22, Figure 14). Chemical 
dependence on morphine and other opioids causes 
neuroinflammation and leads to exacerbated release of pro-
inflammatory cytokines, justifying the development of new 
anti-neuroinflammatory agents as an alternative treatment 
for opioid addiction. In vitro pharmacological evaluation 
of the anti-inflammatory profile of CIAC-001 (22) was 
performed in BV-2 cells, showing a promising inhibition of 
the production of LPS-induced NO (IC50 = 2.5 µM), with an 
acceptable cytotoxicity (IC50 = 57.8 µM). Further studies99 
revealed that this compound is capable of inhibiting the pro-
inflammatory cytokines IL-6, IL-1, and TNF-α in a dose-
dependent manner in LPS-stimulated cells. Subsequently, 
in vivo studies99 using a morphine addiction model in 
mice were performed, showing that the treatment with 
different doses of CIAC-001 (22, 0.2 µg kg‑1, 20 µg kg–1, 
and 0.2 mg kg–1, i.p.) led to the prevention of morphine 
dependence in a dose-dependent manner. Additionally, 
chronic morphine treatment (10 mg kg–1, i.p.) for 7 days 

increased IL-1β levels in brain areas, which was reverted 
by the treatment with CIAC-001  (22). Mechanistic 
studies99 evidenced that CIAC-001 (22) does not bind to 
endocannabinoid receptors, but it interacts with PKM2 
(pyruvate kinase M2) targets, whose inhibition conduces 
to a decrease in pro-inflammatory factors, through the 
PKM2-Hif-1α-IL-1β pathway. This compound also 
exhibited good BBB permeability and safety, without 
THC-like psychoactive adverse effects,99 and may represent 
a genuine innovation for drug development addressed to 
neuroinflammatory illnesses and opioid addiction. 

Finally, in order to summarize the most common 
structural modifications proposed by several research 
groups worldwide in the search for new improved CBD 
synthetic analogues and derivatives, Figure 15 provides 
succinctly the identification of pharmacophoric and 
auxophoric moieties related to their contribution to 

Figure 13. Chemical structures of minor cannabinoids CBM (17), EPI-CBM (18), CBF (19), CBE (20), DCBE (21).

Figure 14. Chemical structures of the compound CIAC-001 (22).

Figure 15. Summary of structural modifications observed in CBD-derivatives and their contribution to the anti-inflammatory and analgesic activities.
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anti-inflammatory, analgesic and other related biological 
properties. 

3. Concluding Remarks

Despite the secular use of Cannabis in human 
civilization, whether for religious purposes, leisure, 
or medicinal use, only in recent years there has been 
a greater interest in its therapeutic value in different 
neuropathologies, psychiatric disturbs, autism, neuropathic 
pain, and chronic inflammation, among others. In a 
controversial context, with regulatory discussions and 
legislative changes around the world aimed at their release 
for clinical use, a great race has been observed by the 
scientific community for a better understanding of the 
medicinal value of Cannabis and its most abundant active 
constituents, THC (1) and CBD (2). The increasing number 
of publications, especially in the last 10 years, clearly 
demonstrates the effort of the world scientific community in 
the search for a better understanding of the pharmacological 
bases of the broad spectrum of medicinal properties shown 
by Cannabis and, mainly by CBD (2), one of its most 
abundant constituents, without psychotropic effects. In this 
context, combined with all the commitment of medicine 
and various areas of biological sciences in the recognition 
of molecular targets, mechanisms of action, and toxicology 
of CBD (2), medicinal chemists have contributed to the 
design and synthesis of several novel compounds with 
molecular architecture based on CBD (2), with promising 
pharmacological attributes for drug development. The 
search for literature data in the last 30 years revealed 
a lack of rigorous scientific information regarding the 
pharmacology of CBD (2). Until now, most of the research 
has focused on the characterization and comprehension 
of the neuroprotective activity of CBD  (2), and only in 
the last decade, the pharmacology of CBD (2) began to 
be unveiled, including other therapeutical uses, such as 
anti-inflammatory and analgesic. The most recent studies 
have evidenced the anti-inflammatory effects of CBD (2) as 
a result of its ability to bind to G protein-coupled receptors 
(e.g., GPR55), Nav channels, cannabinoid receptor 
type 2 (CB2), adenosine type 2 receptor (A2), and the family 
of transient receptor potential cation channels (TRPV), 
especially the capsaicin receptor TRPV1. Regarding the 
antinociceptive properties of CBD  (2), it is clearer that 
there is much more to be elucidated since only TRPV1 
has been identified as a suitable target. Despite the urgent 
demand for new drugs to combat painful and inflammatory-
based chronic conditions, a few CBD-structurally related 
compounds have been synthesized and evaluated, leading to 
the discovery of new bioactive ligands, such as O-1602 (4) 

and HU-219 (5), with promising anti-inflammatory 
properties, and O-1602 (4) and HUF-101 (6) showing 
antinociceptive activity, but whose mechanisms of action 
remain unclear. However, considering that only in recent 
years CBD (2) and its derivatives have received massive 
interest and investment, and that currently cannabinoid 
research is being done worldwide, it is plausible to expect 
major advances in the coming years, with findings that 
ensure the safe use of CBD (2) and other cannabinoids and 
their analogues, contributing to a better quality of life and 
greater clinical effectiveness in the treatment of chronic 
painful and inflammatory diseases.

Acknowledgments

The authors are grateful to Conselho Nacional de 
Desenvolvimento Científico e Tecnológico (CNPq, Brazil, 
Nos. 406739-2018-8, 303804-2020-3), Fundação de 
Amparo à Pesquisa do Estado de Minas Gerais (FAPEMIG, 
Brazil, No. APQ-CEX 00518-17), Instituto Nacional de 
Ciência e Tecnologia em Fármacos e Medicamentos (INCT-
INOFAR, CNPq, Brazil, No. 465249/2014-0) for grant 
support and fellowships, as well as to the Coordenação de 
Aperfeiçoamento de Pessoal de Nível Superior (CAPES, 
finance code 001) for fellowships to M. L. S. and G. R. R. F. 

Author Contributions

M. L. S., G. R. R. F., L. E. M., V. S. G., and C. V. J. were responsible for 

conceptualization, data curation, resources, validation, visualization, 

and writing the original draft. V. S. G. and C. V. J. were responsible 

for writing reviewing and final editing.

Mikaela L. de Souza has a bachelor’s 
degree in Biological Sciences from the 
State University of Minas Gerais, and 
two Master’s Degrees in Science in 
Immunological Diseases (2022) and 
in Chemistry (2024), both from the 
Federal University of Alfenas. 

Currently, she is a PhD student, under the advisory of Prof 
Viegas Jr., working on the synthesis of analogs of 
cannabidiol  with potential  anti- inf lammatory, 
antinociceptive, antiproliferative, and antimicrobial 
activities at the Laboratory of Research in Medicinal 
Chemistry (PeQuiM).

Graziella R. R. Franco has a bachelor’s degree in 
Chemistry with technological skills and a Master’s degree 
in Organic and Medicinal Chemistry from the Federal 
University of Alfenas. Currently, she is finishing her PhD 



Analogues and Derivatives of Cannabidiol: Pharmacological Insights and Recent Effortsde Souza et al.

14 of 16 J. Braz. Chem. Soc. 2024, 35, 10, e-20240155

in Organic and Medicinal Chemistry 
at the same Institution, under the 
advisory of Prof Viegas Jr., working 
at the Laboratory of Research in 
Medicinal Chemistry (PeQuiM), and 
focusing on the synthesis of analogues 
of CBD as drug candidate prototypes 

for the treatment of neurodegenerative diseases.

L a r i s s a  E .  M a s s u d a  i s  a n 
u n d e r g r a d u a t e  s t u d e n t  i n 
Pharmaceutical Sciences at the 
Federal University of Alfenas and was 
part of the PeQuiM group from 2020 
to 2023, working on the synthesis of 
curcumin-metronidazole hybrid 

compounds with potential antimicrobial and antiparasitic 
activity.

Vanessa S. Gontijo is a volunteer 
lecturer of Organic Chemistry and 
Medicinal Chemistry at the Institute 
of Chemistry of the Federal University 
of Alfenas. She works with organic 
synthesis and medicinal chemistry at 
PeQuiM, with interests in the synthesis 

and pharmacological evaluation of new leishmanicidal, 
anti-inflammatory, antiproliferative, and neuroactive drug 
candidates, focusing mainly on acetylcholinesterase 
inhibitors and multitarget drug candidates useful in the 
treatment of Alzheimer’s disease.

Claudio Viegas Jr. is a Full Professor 
of Organic Chemistry and Medicinal 
Chemistry  at  the  Ins t i tu te  of 
Chemistry of the Federal University 
of Alfenas. He is the scientific 
coordinator of the Laboratory of 
Research in Medicinal Chemistry 

(PeQuiM), with a scientific production of more than 80 
scientific papers and 150 presentations in scientific events, 
4 book chapters, and 4 patent grants. His research 
interests are focused on the design, synthesis, and 
evaluation of new analgesic, anti-inflammatory, 
antimicrobial, antiparasitic, antiproliferative, neuroactive, 
and anti-COVID-19 drug candidates. 

References

 1.  Peng, J.; Fan, M.; An, C.; Ni, F.; Huang, W.; Luo, J.; Basic Clin. 

Pharmacol. Toxicol. 2022, 130, 439. [Crossref]

 2.  Campos, A. C.; Fogaça, M. V.; Sonego, A. B.; Guimarães, F. S.; 

Pharmacol. Res. 2016, 112, 119. [Crossref]

 3.  Adams, R.; Hunt, M.; Clark, J. H.; J. Am. Chem. Soc. 1940, 62, 

196. [Crossref]

 4.  Mechoulam, R.; Shvo, Y.; Tetrahedron 1963, 19, 2073. 

[Crossref]

 5.  Bergman, M. E.; Davis, B.; Phillips, M. A.; Molecules 2019, 

24, 3961. [Crossref]

 6.  Li, H.; Liu, Y.; Tian, D.; Tian, L.; Ju, X.; Qi, L.; Wang, Y.; Liang, 

C.; Eur. J. Med. Chem. 2020, 192, 112163. [Crossref]

 7.  Silva, R. L.; Silveira, G. T.; Wanderlei, C. W.; Cecilio, N. T.; 

Maganin, A. G. M.; Franchin, M.; Marques, L. M. M.; Lopes, 

N. P.; Crippa, J. A.; Guimarães, F. S.; Alves-Filho, J. C. F.; 

Cunha, F. Q.; Cunha, T. M.; Toxicol. Appl. Pharmacol. 2019, 

368, 63. [Crossref]

 8.  Lucas, C. J.; Galettis, P.; Schneider, J.; Br. J. Clin. Pharmacol. 

2018, 84, 2477. [Crossref]

 9.  Kongkadee, K.; Wisuitiprot, W.; Ingkaninan, K.; Waranuch, N.; 

Arch. Oral Biol. 2022, 140, 105464. [Crossref]

 10. Abate, G.; Uberti, D.; Tambaro, S.; Biology 2021, 10, 542. 

[Crossref]

 11.  Pop, E.; Curr. Opin. Chem. Biol. 1999, 3, 418. [Crossref]

 12.  Guerrero-Alba, R.; Barragán-Iglesias, P.; González-Hernández, 

A.; Valdez-Moráles, E. E.; Granados-Soto, V.; Condés-Lara, M.; 

Rodríguez, M. G.; Marichal-Cancino, B. A.; Front. Pharmacol. 

2019, 9, 1496. [Crossref]

 13.  Tambe, S. M.; Mali, S.; Amin, P. D.; Oliveira, M.; J. Integr. 

Med. 2023, 21, 236. [Crossref]

 14.  Laun, A. S.; Shrader, S. H.; Brown, K. J.; Song, Z.-H.; Acta 

Pharmacol. Sin. 2019, 40, 300. [Crossref]

 15.  Sunda, F.; Arowolo, A.; FASEB J. 2020, 34, 14083. [Crossref]

 16.  Juknat, A.; Kozela, E.; Kaushansky, N.; Mechoulam, R.; Vogel, 

Z.; J. Basic Clin. Physiol. Pharmacol. 2016, 27, 289. [Crossref]

 17.  McBean, G. J.; López, M. G.; Wallner, F. K.; Br. J. Pharmacol. 

2017, 174, 1750. [Crossref]

 18.  Cores, Á.; Piquero, M.; Villacampa, M.; León, R.; Menéndez, 

J. C.; Biomolecules 2020, 10, 904. [Crossref]

 19.  Silva, M. F.; Pruccoli, L.; Morroni, F.; Sita, G.; Seghetti, F.; 

Viegas Jr., C.; Tarozzi, A.; Molecules 2018, 23, 1803. [Crossref]

 20.  Caprioglio, D.; Mattoteia, D.; Pollastro, F.; Negri, R.; 

Lopatriello, A.; Chianese, G.; Minassi, A.; Collado, J. A.; 

Munoz, E.; Taglialatela-Scafati, O.; Appendino, G.; J. Nat. 

Prod. 2020, 83, 1711. [Crossref]

 21.  Halawa, O. I.; Furnish, T. J.; Wallace, M. S.; Role of 

Cannabinoids in Pain Management; Elsevier: Philadelphia, 

2018.

 22.  Selvarajah, D.; Gandhi, R.; Tesfaye, S.; Cannabinoids and Their 

Effects on Painful Neuropathy; Elsevier: London, 2017.

 23.  Ghovanloo, M.-R.; Dib-Hajj, S. D.; Goodchild, S. J.; Ruben, 

P. C.; Waxman, S. G.; Front. Physiol. 2022, 13, 1066455. 

[Crossref]

https://doi.org/10.1111/bcpt.13710
https://doi.org/10.1016/j.phrs.2016.01.033
https://doi.org/10.1021/ja01858a058
https://doi.org/10.1016/0040-4020(63)85022-x
https://doi.org/10.3390/molecules24213961
https://doi.org/10.1016/j.ejmech.2020.112163
https://doi.org/10.1016/j.taap.2019.02.011
https://doi.org/10.1111/bcp.13710
https://doi.org/10.1016/j.archoralbio.2022.105464
https://doi.org/10.3390/biology10060542
https://doi.org/10.1016/S1367-5931(99)80062-3
https://doi.org/10.3389/fphar.2018.01496
https://doi.org/10.1016/j.joim.2023.03.004
https://doi.org/10.1038/s41401-018-0031-9
https://doi.org/10.1096/fj.202000975R
https://doi.org/10.1515/jbcpp-2015-0071
https://doi.org/10.1111/bph.13551
https://doi.org/10.3390/biom10060904
https://doi.org/10.3390/molecules23071803
https://doi.org/10.1021/acs.jnatprod.9b01284
https://doi.org/10.3389/fphys.2022.1066455


Analogues and Derivatives of Cannabidiol: Pharmacological Insights and Recent Efforts de Souza et al.

15 of 16J. Braz. Chem. Soc. 2024, 35, 10, e-20240155

 24.  Ghovanloo, M.-R.; Ruben, P. C.; Neuroscience 2022, 28, 318. 

[Crossref]

 25.  Sait, L. G.; Sula, A.; Ghovanloo, M.-R.; Hollingworth, D.; 

Ruben, P. C.; Wallace, B.; eLife 2020, 9, e58593. [Crossref]

 26.  Hampson, A. J.; Grimaldi, M.; Lolic, M.; Wink, D.; Rosenthal, 

R.; Axelrod, J.; Ann. N. Y. Acad. Sci. 2000, 899, 274. [Crossref]

 27.  Allen, J. G.; Fotsch, C.; Babij, P.; J. Med. Chem. 2010, 53, 4332. 

[Crossref]

 28.  Britch, S. C.; Babalonis, S.; Walsh, S. L.; Psychopharmacology 

2021, 238, 9. [Crossref]

 29.  Wu, X.; Wu, Z.; Ning, G.; Guo, Y.; Ali, R.; Macdonald, R. L.; 

De Blas, A. L.; Luscher, B.; Chen, G.; J. Biol. Chem. 2012, 287, 

27417. [Crossref]

 30.  Cunningham, C. W.; J. Nat. Prod. 2019, 82, 636. [Crossref]

 31.  Yamamoto, I.; Watanabe, K.; Narimatsu, S.; Yoshimura, H.; Int. 

J. Biochem. Cell Biol. 1995, 27, 741. [Crossref]

 32.  Hampson, A. J.; Grimaldi, M.; Axelrod, J.; Wink, D.; Proc. 

Natl. Acad. Sci. 1998, 95, 8268. [Crossref]

 33.  Williamson, E. M.; Evans, F. J.; Drugs 2000, 60, 1303. 

[Crossref]

 34.  Pertwee, R. G.; Res. Complementary Classical Nat. Med. 1999, 

6, 12. [Crossref]

 35.  Mechoulam, R.; Hanuš, L.; Chem. Phys. Lipids 2002, 121, 35. 

[Crossref]

 36.  Grotenhermen, F.; Clin. Pharmacokinet. 2003, 42, 327. 

[Crossref]

 37.  Szallasi, A.; Blumberg, P. M.; Pharmacol. Rev. 1999, 51, 159. 

[Link] accessed in July 2024

 38.  Devinsky, O.; Cilio, M. R.; Cross, H.; Fernandez‐Ruiz, J.; 

French, J.; Hill, C.; Katz, R.; Di Marzo, V.; Jutras‐Aswad, D.; 

Notcutt, W. G.; Martinez‐Orgado, J.; Robson, P. J.; Rohrback, 

B. G.; Thiele, E.; Whalley, B.; Friedman, D.; Epilepsia 2014, 

55, 791. [Crossref]

 39.  Kumar, R. N.; Chambers, W. A.; Pertwee, R. G.; Anaesthesia 

2001, 56, 1059. [Crossref]

 40.  Pertwee, R. G.; Br. J. Pharmacol. 2008, 153, 199. [Crossref]

 41.  Thomas, A.; Baillie, G. L.; Phillips, A. M.; Razdan, R. K.; Ross, R. 

A.; Pertwee, R. G.; Br. J. Pharmacol. 2007, 150, 613. [Crossref]

 42.  García, C.; Palomo-Garo, C.; García-Arencibia, M.; Ramos, 

J. A.; Pertwee, R. G.; Fernández-Ruiz, J.; Br. J. Pharmacol. 

2011, 163, 1495. [Crossref]

 43.  De Petrocellis, L.; Di Marzo, V.; J. Neuroimmune Pharmacol. 

2010, 5, 103. [Crossref]

 44.  Pertwee, R. G.; Pharmacol. Ther. 1997, 74, 129. [Crossref]

 45.  Luzi, S.; Morrison, P. D.; Powell, J.; Di Forti, M.; Murray, 

R. M.; Neurotoxic. Res. 2008, 14, 105. [Crossref]

 46.  Zuardi ,  A.  W.;  Rodr igues ,  J .  A. ;  Cunha,  J .  M. ; 

Psychopharmacology 1991, 104, 260. [Crossref]

 47.  Lader, M.; Med., Sci. Law 2009, 49, 1. [Crossref]

 48.  Sklenárová, M.; Šíma, M.; Slanař, O.; Prague Med. Rep. 2023, 

124, 216. [Crossref]

 49.  Dume, R.; Lammers, E.; Orthop. Nurs. 2020, 39, 264. [Crossref]

 50.  Mücke, M.; Phillips, T.; Radbruch, L.; Petzke, F.; Häuser, W.; 

Cochrane Database Syst. Rev. 2018, CD012182. [Crossref]

 51.  Millar, S. A.; Stone, N. L.; Yates, A. S.; O’Sullivan, S. E.; Front. 

Pharmacol. 2018, 9, 1365. [Crossref]

 52.  Fitzcharles, M.-A.; Baerwald, C.; Ablin, J.; Häuser, W.; Schmerz 

2016, 30, 47. [Crossref]

 53.  Boyaji, S.; Merkow, J.; Elman, R. N. M.; Kaye, A. D.; Yong, 

R. J.; Urman, R. D.; Curr. Pain Headache Rep. 2020, 24, 4. 

[Crossref]

 54.  Itin, C.; Barasch, D.; Domb, A. J.; Hoffman, A.; Int. J. Pharm. 

2020, 581, 119276. [Crossref]

 55.  Johnson, J. R.; Lossignol, D.; Burnell-Nugent, M.; Fallon, M. T.; 

J. Pain Symptom Manage. 2013, 46, 207. [Crossref]

 56.  Vallée, A.; Vallée, J.-N.; Lecarpentier, Y.; Aging 2021, 13, 

10796. [Crossref]

 57.  Alldred, M. J.; Mulder-Rosi, K.; Lingenfelter, S. E.; Chen, G.; 

Lu, B.; J. Neurosci. 2005, 25, 594. [Crossref]

 58.  Vitale, R. M.; Iannotti, F. A.; Amodeo, P.; Int. J. Mol. Sci. 2021, 

22, 4876. [Crossref]

 59.  von Widdern, J. C.; Hohmann, T.; Dehghani, F.; Molecules 

2020, 25, 496. [Crossref]

 60.  Krohn, R. M.; Parsons, S. A.; Fichna, J.; Patel, K. D.; Yates, 

R. M.; Sharkey, K. A.; Storr, M. A.; J. Inflamm. 2016, 13, 21. 

[Crossref]

 61.  Ruz‐Maldonado, I.; Pingitore, A.; Liu, B.; Atanes, P.; Huang, 

G. C.; Baker, D.; Alonso, F. J.; Bermúdez‐Silva, F. J.; Persaud, 

S. J.; Diabetes, Obes. Metab. 2018, 20, 930. [Crossref]

 62.  Romero-Zerbo, S. Y.; García-Fernández, M.; Espinosa-Jiménez, 

V.; Pozo-Morales, M.; Escamilla-Sánchez, A.; Sánchez-Salido, 

L.; Lara, E.; Cobo-Vuilleumier, N.; Rafacho, A.; Olveira, 

G.; Rojo-Martínez, G.; Gauthier, B. R.; González-Mariscal, 

I.; Bermúdez-Silva, F. J.; Front. Endocrinol. 2020, 11, 103. 

[Crossref]

 63.  González-Mariscal, I.; Pozo-Morales, M.; Romero-Zerbo, S. Y.; 

Espinosa-Jimenez, V.; Escamilla-Sánchez, A.; Sánchez-Salido, 

L.; Cobo-Vuilleumier, N.; Gauthier, B. R.; Bermúdez-Silva, 

F. J.; Biomed. Pharmacother. 2022, 145, 112361. [Crossref]

 64.  Kunos, G.; Billy, M.; Raj, R.; Pat. WO0103690A1 2001.

 65.  Schuelert, N.; McDougall, J. J.; Neurosci. Lett. 2011, 500, 72. 

[Crossref]

 66.  Li, K.; Feng, J.; Li, Y.; Yuece, B.; Lin, X.; Yu, L.; Li, Y.; Feng, 

Y.; Storr, M.; Pancreas 2013, 42, 123. [Crossref]

 67.  Wróbel, A.; Zapała, Ł.; Zapała, P.; Piecha, T.; Radziszewski, 

P.; Eur. J. Pharmacol. 2020, 882, 173321. [Crossref]

 68.  Wei, D.; Wang, H.; Yang, J.; Dai, Z.; Yang, R.; Meng, S.; Li, Y.; 

Lin, X.; Neurogastroenterol. Motil. 2020, 32, e13756. [Crossref]

 69.  Consroe, P.; Martin, A.; Mechoulam, R.; Marihuana ’84 Proc. 

Oxford Symp. Cannabis 1985, 705.

 70.  dos Santos Filho, E. X.; da Silva, A. C. G.; de Ávila, R. I.; 

Batista, A. C.; Marreto, R. N.; Lima, E. M.; de Oliveira, 

https://doi.org/10.1177/10738584211017009
https://doi.org/10.7554/eLife.58593
https://doi.org/10.1111/j.1749-6632.2000.tb06193.x
https://doi.org/10.1021/jm9018756
https://doi.org/10.1007/s00213-020-05712-8
https://doi.org/10.1074/jbc.M112.360461
https://doi.org/10.1021/acs.jnatprod.8b00874
https://doi.org/10.1016/1357-2725(95)00043-O
https://doi.org/10.1073/pnas.95.14.8268
https://doi.org/10.2165/00003495-200060060-00005
https://doi.org/10.1159/000057150
https://doi.org/10.1016/S0009-3084(02)00144-5
https://doi.org/10.2165/00003088-200342040-00003
http://www.ncbi.nlm.nih.gov/pubmed/10353985
https://doi.org/10.1111/epi.12631
https://doi.org/10.1111/J.1365-2044.2001.02269.X
https://doi.org/10.1038/sj.bjp.0707442
https://doi.org/10.1038/sj.bjp.0707133
https://doi.org/10.1111/j.1476-5381.2011.01278.x
https://doi.org/10.1007/s11481-009-9177-z
https://doi.org/10.1016/S0163-7258(97)82001-3
https://doi.org/10.1007/BF03033802
https://doi.org/10.1007/BF02244189
https://doi.org/10.1258/rsmmsl.49.1.1
https://doi.org/10.14712/23362936.2023.17
https://doi.org/10.1097/NOR.0000000000000679
https://doi.org/10.1002/14651858.CD012182.pub2
https://doi.org/10.3389/fphar.2018.01365
https://doi.org/10.1007/s00482-015-0084-3
https://doi.org/10.1007/s11916-020-0835-4
https://doi.org/10.1016/j.ijpharm.2020.119276
https://doi.org/10.1016/j.jpainsymman.2012.07.014
https://doi.org/10.18632/aging.202951
https://doi.org/10.1523/JNEUROSCI.4011-04.2005
https://doi.org/10.3390/ijms22094876
https://doi.org/10.3390/molecules25030496
https://doi.org/10.1186/s12950-016-0129-0
https://doi.org/10.1111/dom.13180
https://doi.org/10.3389/fendo.2020.00103
https://doi.org/10.1016/j.biopha.2021.112361
https://doi.org/10.1016/j.neulet.2011.06.004
https://doi.org/10.1097/MPA.0b013e318259f6f0
https://doi.org/10.1016/j.ejphar.2020.173321
https://doi.org/10.1111/nmo.13756


Analogues and Derivatives of Cannabidiol: Pharmacological Insights and Recent Effortsde Souza et al.

16 of 16 J. Braz. Chem. Soc. 2024, 35, 10, e-20240155

C. M. A.; Mendonça, E. F.; Valadares, M. C.; Life Sci. 2018, 

193, 300. [Crossref]

 71.  Breuer, A.; Haj, C. G.; Fogaça, M. V.; Gomes, F. V.; Silva, 

N. R.; Pedrazzi, J. F.; Del Bel, E. A.; Hallak, J. C.; Crippa, 

J. A.; Zuardi, A. W.; Mechoulam, R.; Guimarães, F. S.; PLoS 

One 2016, 11, e0162087. [Crossref]

 72.  Silva, N. R.; Gomes, F. V.; Fonseca, M. D.; Mechoulam, 

R.; Breuer, A.; Cunha, T. M.; Guimarães, F. S.; Prog. 

Neuro-Psychopharmacol. Biol. Psychiatry 2017, 79, 369. 

[Crossref]

 73.  Silva, N. R.; Gomes, F. I. F.; Lopes, A. H. P.; Cortez, I. L.; dos 

Santos, J. C.; Silva, C. E. A.; Mechoulam, R.; Gomes, F. V.; 

Cunha, T. M.; Guimarães, F. S.; Neurotherapeutics 2022, 19, 

434. [Crossref]

 74.  Zi, C.-T.; Xie, Y.-R.; Niu, Y.; Liu, Z.-H.; Yang, L.; Xi, Y.-K.; 

Li, Z.-J.; Zhang, F.-M.; Xiang, Z.-M.; Sheng, J.; Phytochem. 

Lett. 2022, 51, 97. [Crossref]

 75.  Lavi, Y.; Kogan, N. M.; Topping, L. M.; Liu, C.; McCann, F. E.; 

Williams, R. O.; Breuer, A.; Yekhtin, Z.; Ezra, A. F.; Gallily, 

R.; Feldmann, M.; Mechoulam, R.; J. Med. Chem. 2023, 66, 

5536. [Crossref]

 76.  Kinney, W. A.; McDonnell, M. E.; Zhong, H. M.; Liu, C.; 

Yang, L.; Ling, W.; Qian, T.; Chen, Y.; Cai, Z.; Petkanas, 

D.; Brenneman, D. E.; ACS Med. Chem. Lett. 2016, 7, 424. 

[Crossref] 

 77.  Brenneman, D. E.; Kinney, W. A.; McDonnell, M. E.; Zhao, P.; 

Abood, M. E.; Ward, S. J.; J. Mol. Neurosci. 2022, 72, 1859. 

[Crossref]

 78.  Foss, J. D.; Farkas, D. J.; Huynh, L. M.; Kinney, W. A.; 

Brenneman, D. E.; Ward, S. J.; Br. J. Pharmacol. 2021, 178, 

3067. [Crossref]

 79.  Moltrasio, C.; Romagnuolo, M.; Marzano, A. V.; Front. 

Immunol. 2022, 13, 1007705. [Crossref]

 80.  Jin, F.; Wen, Y.; Lin, G.; Yu, S.; Wang, C.; Ye, W.; Zhang, J.; 

Bioorg. Med. Chem. 2023, 90, 117379. [Crossref]

 81.  del Río, C.; Navarrete, C.; Collado, J. A.; Bellido, M. L.; 

Gómez-Cañas, M.; Pazos, M. R.; Fernández-Ruiz, J.; Pollastro, 

F.; Appendino, G.; Calzado, M. A.; Cantarero, I.; Muñoz, E.; 

Sci. Rep. 2016, 6, 21703. [Crossref]

 82.  Navarrete, C.; Carrillo-Salinas, F.; Palomares, B.; Mecha, M.; 

Jiménez-Jiménez, C.; Mestre, L.; Feliú, A.; Bellido, M. L.; 

Fiebich, B. L.; Appendino, G.; Calzado, M. A.; Guaza, C.; 

Muñoz, E.; J. Neuroinflammation 2018, 15, 64. [Crossref]

 83.  Navarrete, C.; García-Martin, A.; Garrido-Rodríguez, M.; 

Mestre, L.; Feliú, A.; Guaza, C.; Calzado, M. A.; Muñoz, E.; 

Neurobiol. Dis. 2020, 143, 104994. [Crossref]

 84.  ClinicalTrials.gov, Evaluation of Safety, Tolerability and 

Preliminary Efficacy of EHP-101 in Relapsing Forms of 

Multiple Sclerosis, https://classic.clinicaltrials.gov/ct2/show/

NCT04909502, accessed in July 2024.

 85.  García-Martín, A.; Navarrete, C.; Garrido-Rodríguez, M.; 

Prados, M. E.; Caprioglio, D.; Appendino, G.; Muñoz, E.; 

Biomed. Pharmacother. 2021, 142, 112007. [Crossref]

 86.  Navarrete, C.; García-Martín, A.; Correa-Sáez, A.; Prados, 

M. E.; Fernández, F.; Pineda, R.; Mazzone, M.; Álvarez-Benito, 

M.; Calzado, M. A.; Muñoz, E.; J. Neuroinflammation 2022, 

19, 177. [Crossref]

 87.  Lavayen, B. P.; Yang, C.; Larochelle, J.; Liu, L.; Tishko, R. J.; de 

Oliveira, A. C. P.; Muñoz, E.; Candelario-Jalil, E.; Neurochem. 

Int. 2023, 165, 105508. [Crossref]

 88.  Palomares, B.; Ruiz-Pino, F.; Navarrete, C.; Velasco, I.; 

Sánchez-Garrido, M. A.; Jimenez-Jimenez, C.; Pavicic, C.; 

Vazquez, M. J.; Appendino, G.; Bellido, M. L.; Calzado, 

M. A.; Tena-Sempere, M.; Muñoz, E.; Sci. Rep. 2018, 8, 16092. 

[Crossref]

 89.  del Rio, C.; Cantarero, I.; Palomares, B.; Gómez‐Cañas, M.; 

Fernández‐Ruiz, J.; Pavicic, C.; García‐Martín, A.; Luz Bellido, 

M.; Ortega‐Castro, R.; Pérez‐Sánchez, C.; López‐Pedrera, C.; 

Appendino, G.; Calzado, M. A.; Muñoz, E.; Br. J. Pharmacol. 

2018, 175, 3813. [Crossref]

 90.  Casares, L.; Unciti-Broceta, J. D.; Prados, M. E.; Caprioglio, 

D.; Mattoteia, D.; Higgins, M.; Apendino, G.; Dinkova-Kostova, 

A. T.; Muñoz, E.; de la Vega, L.; Redox Biol. 2020, 37, 101689. 

[Crossref]

 91.  Ahmed, S. M. U.; Luo, L.; Namani, A.; Wang, X. J.; Tang, 

X.; Biochim. Biophys. Acta, Mol. Basis Dis. 2017, 1863, 585. 

[Crossref]

 92.  Simpson, D. S. A.; Oliver, P. L.; Antioxidants 2020, 9, 743. 

[Crossref]

 93.  Cuadrado, A.; Rojo, A. I.; Wells, G.; Hayes, J. D.; Cousin, 

S. P.; Rumsey, W. L.; Attucks, O. C.; Franklin, S.; Levonen, 

A.-L.; Kensler, T. W.; Dinkova-Kostova, A. T.; Nat. Rev. Drug 

Discovery 2019, 18, 295. [Crossref]

 94.  Dhakshinamoorthy, S.; Jain, A. K.; Bloom, D. A.; Jaiswal, A. K.; 

J. Biol. Chem. 2005, 280, 16891. [Crossref]

 95.  NandyMazumdar, M.; Paranjapye, A.; Browne, J.; Yin, S.; Leir, 

S.-H.; Harris, A.; Biochem. J. 2021, 478, 3741. [Crossref]

 96.  Zhang, X.; Guo, J.; Wei, X.; Niu, C.; Jia, M.; Li, Q.; Meng, D.; 

Oxid. Med. Cell. Longevity 2018, 2018, 1347969. [Crossref]

 97.  Dunn, L. L.; Midwinter, R. G.; Ni, J.; Hamid, H. A.; Parish, 

C. R.; Stocker, R.; Antioxid. Redox Signal. 2014, 20, 1723. 

[Crossref]

 98.  Dennis, D. G.; Anand, S. D.; Lopez, A. J.; Petrovčič, J.; Das, 

A.; Sarlah, D.; J. Org. Chem. 2022, 87, 6075. [Crossref]

 99.  Jin, S.; Lin, C.; Wang, Y.; Wang, H.; Wen, X.; Xiao, P.; Li, X.; 

Peng, Y.; Sun, J.; Lu, Y.; Wang, X.; J. Med. Chem. 2023, 66, 

11498. [Crossref]

Submitted: February 9, 2024

Published online: August 9, 2024

https://doi.org/10.1016/j.lfs.2017.09.035
https://doi.org/10.1371/journal.pone.0162087
https://doi.org/10.1016/j.pnpbp.2017.07.012
https://doi.org/10.1007/s13311-021-01164-w
https://doi.org/10.1016/j.phytol.2022.08.004
https://doi.org/10.1021/acs.jmedchem.2c01988
https://doi.org/10.1021/acsmedchemlett.6b00009%5d
https://doi.org/10.1007/s12031-022-02038-2
https://doi.org/10.1111/bph.15486
https://doi.org/10.3389/fimmu.2022.1007705
https://doi.org/10.1016/j.bmc.2023.117379
https://doi.org/10.1038/srep21703
https://doi.org/10.1186/s12974-018-1103-y
https://doi.org/10.1016/j.nbd.2020.104994
https://classic.clinicaltrials.gov/ct2/show/NCT04909502
https://classic.clinicaltrials.gov/ct2/show/NCT04909502
https://doi.org/10.1016/j.biopha.2021.112007
https://doi.org/10.1186/s12974-022-02540-9
https://doi.org/10.1016/j.neuint.2023.105508
https://doi.org/10.1038/s41598-018-34259-0
https://doi.org/10.1111/bph.14450
https://doi.org/10.1016/j.redox.2020.101689
https://doi.org/10.1016/j.bbadis.2016.11.005
https://doi.org/10.3390/antiox9080743
https://doi.org/10.1038/s41573-018-0008-x
https://doi.org/10.1074/jbc.M500166200
https://doi.org/10.1042/BCJ20210252
https://doi.org/10.1155/2018/1347969
https://doi.org/10.1089/ars.2013.5675
https://doi.org/10.1021/acs.joc.2c00336
https://doi.org/10.1021/acs.jmedchem.3c01029

	_Hlk163116476
	_Hlk172478484
	_Hlk172478636
	_Hlk172478499
	_Hlk172478554

