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Abstract: Cannabidiol (CBD) is one of the major phytochemical constituents of cannabis,
Cannabis sativa, widely recognized for its therapeutic potential. While cannabis has been uti-
lized for medicinal purposes since ancient times, its psychoactive and addictive properties
led to its prohibition in 1937, with only the medical use being reauthorized in 1998. Unlike
tetrahydrocannabinol (THC), CBD lacks psychoactive and addictive properties, yet the
name that suggests its association with cannabis has significantly contributed to its public
visibility. CBD exhibits diverse pharmacological properties, most notably anti-inflammatory
effects. Additionally, it interacts with key drug-metabolizing enzyme families, including
cytochrome P450 (CYP) and uridine 5’-diphospho-glucuronosyltransferase (UGT), which
mediate phase I and phase II metabolism, respectively. By binding to these enzymes, CBD
can inhibit the metabolism of co-administered drugs, which can potentially enhance their
toxicity or therapeutic effects. Mild to moderate adverse events associated with CBD use
have been reported. Advances in chemical formulation techniques have recently enabled
strategies to minimize these effects. This review provides an overview of CBD, covering its
historical background, recent clinical trials, adverse event profiles, and interactions with
molecular targets such as receptors, channels, and enzymes. We particularly emphasize the
mechanisms underlying its anti-inflammatory effects and interaction with drugs relevant
to organ transplantation. Finally, we explore recent progress in the chemical formulation of
CBD in order to enhance its bioavailability, which will enable decreasing the dose to use
and increase its safety and efficacy.

Keywords: cannabidiol; organ transplant; inflammation; cytochrome P450; drug—drug
interaction; pharmacokinetics; pharmacodynamics; adverse events; chemical formulation;
cannabis plant chemical constituent

1. Introduction

Patients who undergo organ transplantation often face chronic pain [1] for similar
reasons as the general population. However, the options to alleviate pain in allograft recipi-
ents are frequently limited. The use of non-steroidal anti-inflammatory drugs (NSAIDs)
is often contraindicated by concomitant kidney or cardiovascular disease. Opioid use is
restricted to acute pain indications due to its addictive potential. Additional options to
control pain in transplant recipients are needed.

Despite advancements in immunosuppressive medications and our understanding of
human leukocyte antigen (HLA) types that differentiate self from non-self [2], we are still in
need of agents that work to suppress chronic pain and improve the quality of life (QoL) of
these patients. One of the most commonly used immunosuppressive agents is tacrolimus
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(FK506; PubChem ID 445643) [3,4], which prevents organ rejection and modulates immune
responses. Tacrolimus functions by binding to the FK506-binding protein (FKBP), forming
a complex that inhibits calcineurin. Calcineurin is a protein critical in the T cell proliferation
signaling pathway. Detection of a foreign substance (antigen) by the T cell receptors (TCRs)
triggers calcium influx through the calcium-release-activated calcium (CRAC) channel,
leading to calcineurin activation. Activated calcineurin facilitates translocation of the
transcription factor family, a nuclear-factor-of-activated-T-cells (NFAT), to the nucleus,
initiating the T-cell activation and differentiation [5]. Thus, by inhibiting calcineurin,
tacrolimus can effectively suppress T cell activation and proliferation [6].

The effects of tacrolimus can be influenced by various factors, particularly its
metabolism. Tacrolimus, like many drugs and xenobiotics, is metabolized in the liver
through the actions of two major enzyme families. Cytochrome P450 (CYP) and uridine
5'-diphospho-glucuronosyltransferase (UDP-glucuronosyltransferaze, or UGT) are the two
major families of enzymes involved in drug metabolism: CYP at phase I and UGT at
phase II [7]. Recent studies have found that there are polymorphisms in these enzymes,
resulting in differences in tacrolimus metabolism depending on the subtype present [8-10].
These studies suggest that, following the practice of ‘precision medicine’, it is necessary
to consider the genotypes of the patients to determine the appropriate dose of tacrolimus.
Metabolic phenoconversion for drug—drug interactions (DDIs) is equally important, and
several phytochemicals are known to interact with and modulate the activity of both CYP
and UGT enzymes. Phytochemical compounds are one of the agents that provide this
function by binding to CYPs and UGTs.

Cannabidiol (CBD) is one of the most well-known phytochemical compounds and is
metabolized by CYP and UGT [11-13]. It is commonly used as a supplement to suppress
anxiety and has been incorporated into medical treatments for conditions such as epilepsy,
cancer, and Parkinson’s disease [14]. CBD is also well-known as an anti-inflammation
and antioxidant agent [15,16]. The image of CBD is that it is one of the major chemical
constituents of cannabis. There are many other phytochemicals such as curcumin and
piperine. Curcumin and piperine are major chemical constituents of turmeric and black
pepper, respectively. They are also known to inhibit CYPs and UGTs [17-19] as strongly
as CBD does (there are differences in which CYPs and UGTs they inhibit more. In a
study by Shamsi et al. [20], which did not compare curcumin and piperine with CBD,
they compared curcumin, piperine, and capsaicin and reported that piperine inhibited
CYP3A4 and CYP1A2 at lower concentration (IC50 for CYP3A4 and CYP1A2 was 2.12 uM
and 2.14 uM, respectively, for piperine, whereas it was 11.93 uM and over 100 uM for
curcumin). Yamaori et al. [21] reported the IC50 of CYP3A4 was 11.7 uM, and Bansal
et al. [22] reported the IC50 of CYP1A2 by CBD as 0.45 uM. Thus, for CYP3A4, the order
of potency becomes piperine > CBD = curcumin and for CYP1A2, the order becomes
CBD > piperine > curcumin. These studies indicate that the potency of inhibition varies
depending on the types of CYP. These differences depending on the types also exist in the
inhibition of UGT as well [12]), and yet not known to the general public compared to CBD.
The psychoactive property and the addiction potential of cannabis [23] have been known
for centuries, and the possession of the plant became federally regulated in 1937 in the U.S.

In this review, we will summarize the historical background of CBD, the effects of
CBD on drug metabolism, and the anti-inflammatory effects of CBD. We will discuss the
adverse events reported in clinical trials using CBD and the potential strategies to mitigate
side effects. The goal of this review is to explore the possibility of using CBD to improve
the QoL of post-organ-transplant patients.
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2. Background
2.1. Cannabis sativa, L.

Cannabis has been cultivated since ancient times [24]. Historically, the stems have
been used to make cloth and the seeds used as food, in which the concentrations of chemical
constituents that have psychoactive properties are low [24]. The chemical constituents with
psychoactive properties of the plant are concentrated in the leaves and flowers/flower
buds, with differences in these concentrations depending on the subspecies of the plant
and among the wild/domesticated varieties of cannabis plants [25,26]. The subspecies with
lower psychoactive properties (less than 0.2%) [27,28] is referred to as hemp (Cannabis sativa
subsp. sativa). Cannabis is dioecious, exhibiting significant differences in the morphology,
seed formation [26,29] and the concentration of the chemical constituents that cause psy-
choactive properties (female plants > male plants) [30]. All of these differences depending
on the parts of the plant, sex of the plant, sub-species types, and wild/domesticated va-
rieties have historically influenced its use across multiple domains. The plant has been
used in various medical practices beginning in ancient times. Historically, it has been used
as an anesthetizing agent and to treat rheumatic pain, gastrointestinal symptoms, and
female reproductive system disorders [31]. Utilization of cannabis for medical practices is
considered to date back to about 12,000 years ago [32], suggesting that the use of their stems
to produce fabric and their seeds as food may have evolved in parallel to the use of leaves
and flowers for medical practices. The psychoactive nature and medicinal use might have
both been utilized in religious activities in ancient times and later, in more recent centuries,
became used for recreation, with the growing additional understanding of the addictive
properties along the time course. As mentioned above, the psychoactive properties and
addiction potential started the movement to regulate the plant, which became a national
regulation in the U.S. in 1937. This regulation limited use for medical treatments as well,
but later, in 1997, use of cannabis was legalized for medicinal use in California. Legalization
is now gradually expanding to other states.

An important landmark for the phytochemicals contained in cannabis was the identifi-
cation of cannabinoid receptors rather than the identification of the chemical constituents
of cannabis. The findings of the chemical constituents of cannabis started as early as
the end of the 19th century (cannabinol, CBN) [33,34], followed by other chemical con-
stituents of cannabis including CBD in the 20th and 21st centuries. The terpenophenolic
constituents of cannabis were named cannabinoids [35], and it was also determined that
A’-tetrahydrocannabinol (THC) is the major chemical constituent involved in producing
the psychoactive properties and addiction potential [36]. Importantly, in the 1980s, two
types of cannabinoid receptors, cannabinoid receptor 1 (CB1, coded for by the CNR1
gene) and cannabinoid receptor 2 (CB2, coded for by the CNR2 gene), were found [33],
and activation of CB1 was found to be involved in the psychoactive responses. CB1 was
expressed mostly in the central nervous system, whereas CB2 was expressed mostly in
the peripheral tissues and immune cells, and some were detected in the central nervous
system [37]. The finding that CB1 was responsible for the psychoactive properties may
have generated studies focusing on the central nervous system and delayed the progress
of studies on other receptors, channels, and enzymes that cannabinoids can bind, such as
transient receptor potential vanilloid 1 (TRPV1), peroxisome proliferator-activated receptor
(PPARY)y, and cytochrome P450 (CYP) [38]. In 1992 and 1995, two endogenous molecules,
N-arachidonoylethanolamine (anandamide or AEA) and 2-arachidonoyl glycerol (2-AG),
were found to activate cannabinoid receptors [39,40] and so were called endocannabinoids.
It was also found that there are non-cannabinoid chemicals included in cannabis and in
other plants that activate the cannabinoid receptors, and thus the term phytocannabinoids
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was coined as “any plant-derived natural product capable of either directly interacting
with cannabinoid receptors or sharing chemical similarity with cannabinoids or both” [35].

It is easy to imagine that this extensive historical background on cannabis and cannabi-
noids had profound influences in a number of ways on the studies of CBD. First, when
CBD was found to have anti-anxiety and anti-inflammatory effects without psychoactive
influences, this made CBD a strong candidate to become a drug for anxiety and inflamma-
tory symptoms, although there are many other symptoms that could be treated with CBD.
Studies are catching up, however. We now know that there are many receptors, channels,
and enzymes that CBD binds [41,42]. The influences of exposure to CBD are also not limited
to suppression of anxiety, and the influences are also not limited to the central nervous
system. For example, there are recent studies using CBD as an anti-cancer medicine [43].
Recent studies have also shown that CBD can be a modulator of drug metabolism by
binding to the enzymes, CYPs and UGTs. It is necessary to have a broader understanding
of the receptors involved, the influences of their activation, and the mechanisms of action.

When we use phytochemicals, we often face the fact that most of the phytochemicals
are hydrophobic (the XlogP3-AA of CBD is 6.5 according to PubChem), which limits their
biological availabilities and necessitates administering higher concentrations to obtain the
expected effects. CBD can also bind to human serum albumin and form a protein-CBD
complex, which will affect its efficacy [44—46], which will also necessitate administering
a higher dose, but the increase in dose can lead to hepatotoxicity [47]. We also need
to consider the chemical stability and the nature of their oxidized products. How to
improve the biological availability and how to enhance the stability are important questions
because they might lead to decreasing the side effects that some of the phytochemicals
have. In the case of CBD, there are some ‘minor to moderate” side effects reported, such
as gastrointestinal symptoms, fatigue, and influences on appetite [48]. Enhancement of
biological availability and stability may contribute to suppression of side effects by enabling
dosage decreases. This is one of the important tasks to take into consideration when we
utilize CBD.

2.2. Brief History of CBD

CBD (Figure 1) was first isolated by a group of organic chemists: Adams, Pease,
and Clark, in 1940 [49,50], and its structure was determined in 1963 by another group
of organic chemists: Mechoulam, Shvo, and Hashish [51]. In 1970, Mechoulam and his
collaborators made the important finding that THC is the chemical constituent responsible
for the psychoactive responses and that CBD does not have that effect [36,50]. The same
group of people, Mechoulam and his collaborators, later identified the endocannabinoids
in the 1990s as well [39,40]. Thus, we owe many of the major findings in the history of
cannabinoids to Mechoulam and his collaborators [52].

There are many studies on the therapeutic effects of both THC and CBD. This was
perhaps because they were considered the two major chemical constituents of cannabis
with bioactive properties, although there are many other chemical constituents in cannabis.
Historically, cannabis was used to treat convulsions and seizures, which likely influenced
early research trends focusing on the effects of THC and CBD on epilepsy, which is a
type of disorder in the brain that has seizures as symptoms. There are studies from the
1970s using both THC and CBD, testing and comparing their effects on epilepsy [53-55],
although the number of studies is not large. A search of PubMed using the keywords
‘CBD and epilepsy’ or ‘CBD and therapeutic’ shows that the number of studies suddenly
increased after around 2010, which suggests that the finding of cannabinoid receptors in the
beginning of the 21st century contributed to the increase in studies. The stream of studies
using CBD alone or CBD and THC since the 1970s accumulated evidence for the positive
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effects of CBD on epilepsy without major side effects like THC has, and it became officially
approved by the Food and Drug Administration (FDA), Silver Spring, MD, USA, in June
2018 to use for the treatment of seizures (“Epidiolex [CBD] oral solution for the treatment of
seizures associated with two rare and severe forms of epilepsy, Lennox-Gastaut syndrome
and Dravet syndrome, in patients two years of age and older”) [56]. In this history of
studies from the 1970s, THC was also found to have anti-convulsant effects (for example,
Ham et al. [57]). The finding that THC is the chemical compound involved in producing
psychoactive properties with addiction potential has separated the two major chemical
constituents of cannabis, i.e., CBD as a chemical compound with a high potential to become
a new drug and THC as a chemical compound with problematic side effects.

Figure 1. Chemical structure of cannabidiol (CBD) (from PubChem website, PubChem CID: 644019;
molecular formular CyH3zyO,; MW: 314.5 g/mol).

3. Multiple Targets and Multiple Effects of CBD

We tend to think that one type of chemical compound specifically activates a certain
type of receptor; however, most biological phenomena are far more complex. We need to
think that we are dealing with a complex system, and we are seeing only the surface of it.

The mechanisms of action of CBD have been unclear, not because the receptors were
not found but perhaps because it was found to have binding affinity with various receptors,
channels, and enzymes. An in silico study on the binding affinity of CBD listed over
20 possible targets [41]. More than half of these are not experimentally validated yet, and
they are predicted to be targets based on the binding affinity. Having a high binding
affinity also does not indicate that they will activate the related signaling pathways, and
some also inactivate/suppress the signaling pathways. Another study has discussed that
there are in total 65 molecular targets that CBD interacts with and that almost half of
them are enzymes; others are transporters (20%), ion channels (15%), and receptors were
only 15%. Table 1 shows a list of some of the molecular targets that are either known
to be activated/inactivated by CBD or have high binding affinity with CBD so that they
are hypothesized to be activated/inactivated by CBD. Importantly, although the name
cannabidiol may suggest it activates cannabinoid receptors, it is now known to be an
antagonist/inverse agonist and allosteric modulator of CB1 and CB2. This means that
they bind to outside areas of the regular orthosteric binding site, and this binding to the
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allosteric binding site could negatively affect other molecules’ binding affinity to CB1 and
CB2 receptors and/or suppress the activation of them, even when some other molecules
bind at the orthosteric binding site [58].

There are multiple effects of CBD reported, i.e., (1) effects that are most likely related
to the influences of pathways activated by CBD on the CNS (anti-anxiety, anti-depression,
anti-insomnia, anti-epilepsy, anti-convulsant, anti-psychotic, increase in neurogenesis indi-
rectly produced by suppressing anandamide uptake, improvement in cognitive function
through increased neurogenesis [59], and others), (2) anti-cancer effects (pro-apoptotic,
suppress cell migration and proliferation), (3) anti-bacterial effects (to Gram-positive bac-
teria such as Staphylococcus species, Listeria monocytogenes, Streptococcus mutans, inhibiting
planktonic growth and biofilm formation in a dose-dependent way) [60,61], (4) suppression
of inflammation and pain (analgesic), and (5) suppression of drug metabolism. We can see
that CBD produces a broad range of its effects by the large number of interacting receptors,
channels, and enzymes (Table 1). We can also see that, although the generally known image
of the effects of CBD is related to the CNS (group number 1 above), the effects are far
beyond that image. Among these, we will especially focus on group number 4 and 5, i.e.,
the effects of CBD on inflammation, and suppression of drug metabolism in this review
to understand how CBD inhibits tacrolimus metabolism and affects the chronic pain that
many post-organ-transplant recipients experience.
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Table 1. Molecular targets of CBD and the effects.

Activate (Agonist)/Inactivate (Antagonist)

Effects Relevance to
Post-Organ-Tranbsplant Care

References

and Other Actions

Anxiolytic effects [64]; increase neurogenesis by indirectly
activating CB1 by inhibition of anandamide

[41,62-67]

metabolism/uptake [62]; pain relief [63]; increase
neurogenesis [65]. Although CBD is not an agonist of CB1 and
CB2, CB1/CB2 antagonist reversed the anti-inflammatory
effects of CBD indicating some roles they have on the
anti-inflammatory effects by CBD [66].
Indirect effects of CBD on activation of
CBD through suppressing hydrosis of

Similarly to CB1, CB2 is considered to be involved in the effects
AEA can have analgesic effects that

[41,63,64,67,68]

of CBD (see above) although CBD is not an agonist of CB2.
can be effective in post-transplant care.

Anti-epileptic effect [63]; expressed in immune cells other than
in the nervous system and tissues/organs. CBD suppresses

[41,63,67,69-72]

GPR55 [69]. Activation of GPR55 is known to be
pro-inflammatory but it is also found to suppress
degranulation of neutrophils and ROS production [70].

(see Section 4.1)
Anxiolytic effects and anti-depressive
effect may have positive effects after

Anxiolytic effect [62—-64], vertical motor effect at high dose [73];
organ-transplant

[41,62-64,67,71,73,74]

anti-epileptic, antipsychotic effect [63]; antidepressive
effect [63]; improve sleep [74]

Anti-inflammatory effects through activation of A; and A2AR,
and inhibition of A, AR results in reduction in

Anti-inflammatory effects may
improve conditions after
organ-transplant

pro-inflammatory cytokines such as TNF« [71]. Performed via
suppression of equilibrative nucleoside transporter (ENT)
resulting in enhanced adenosine signaling. The
anti-arrhythmic effects seen with A; receptor activation are
mediated through the same pathway [67]. Suppresses the
function of nucleoside transporter which uptakes adenosine,
and enhances adenosine signaling, resulting in producing
anti-inflammatory and immunosuppressive effects [66]

Anti-inflammatory effects may

Anxiolytic effect, anti-inflammatory effects; CBD binds to the
improve conditions after

[66,67,71,75]

[63,64,67,71,76]

Group Target
Cannabinoid ) Antagoms‘_c [62]; hmlte‘d afﬁr;llty [411 ;
tor 1 (CB1) inverse agomst( antagonist and negative
recep allosteric modulator [63]
Cannabinoid Inverse agonist [41,63]; antagonist [63];
receptor 2 (CB2) negative allosteric modulator [63]
G-protein receptor 55 and 18 .
(GPR55, GPR18) Antagonist
Serotonin receptor 1A and 2A Aconist
(5-HT; 4 and 5-HT5a) g
Receptors
Adenosine receptor (AR) Agonist
Agonist

Peroxisome proliferator-activated
receptor gamma (PPARY)

ligand binding domain of PPARy and PPARYy translocate with

RXR. PPARYy /RXR binds with a specific DNA region called the

peroxisome proliferator hormone response elements (PPRE)
and produces transrepression effects, suppressing the
expression of pro-inflammatory genes (see Section 4.1)

organ-transplant

Functioned similarly to aripiprazole, an antipsychotic drug,
inhibiting the binding of dopamine antagonist

[41,63,77]

[67]

Dopamine receptor (D) Partial agonist of D2

domperidone [77]

Activated GlyR «3 5 times stronger than glycine. Effects in
detail need to be addressed.

Glycine receptor alphal, alpha 3 .
(GlyRal, a3) Agonist
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Table 1. Cont.

Activate (Agonist)/Inactivate (Antagonist)

Relevance to

Group Target and Other Actions Effects Post-Organ-Tranbsplant Care References
Transi . . Agonist; also indirectly activates by An.tlpsychotlc e'ffect [62,63], antl-mﬂar}'lmatory, Anti-inflammatory effects may
ransient receptor potential cation . . anti-hyperalgesia effects [79,80]; CBD increases . 2 - - =
- increasing the level of TRPV1 . ! . improve conditions after [41,63,71,75,78-85]
channel vanilloid subtype 1 (TRPV1) ist AEA [78] myeloid-derived suppressor cells (MDSC) which produce t lant
agonis arginase and suppress NK cells, B cells, and T cells [81] organ-transplan
Transient receptor potential cation Agonist; CBD is most effective activating Anti-cancer [80,86]; becomes desensitized after activation - y ,
channel vanilloid subtype 2 (TRPV2) TRPV2 among cannabinoids [84] similarly to TRPV1 [80] Similar to TRPV1 [41,63,68,71,75,80,83,84,86-88]
Transient tor potential cation TRPV3: Mostly expressed in the brain and in skin and tongue,
ansient receptor potentia’ catio . efficacy to activate is less than TRPV1 and TRPV2 [68]; TRPV4:
channel vanilloid subtype 3 and 4 Agonist 1 Foctive i e d her TRP . [63,68,80,89]
(TRPV3 and TRPV4) east effective in ac'tn'/z'itm.g compare to other s, anti-acne
Channels effect possibility, induce glioma cell death [80]
Transient receptor potential cation
channel ankyrin subtype Agonist Excitatory effects on vagal afferent neurons [90] [71,83,90,91]
Al (TRPA1)
Transient receptor potential cation . a1 . . )
channel melastatin type 8 (TRPMS) Antagonist Possibly involved in anti-cancer effects of CBD [63,68,71,84,91]
Anti-epileptic effects by blocking low-voltage T-type Ca*
T-type Ca?* channel Antagonist channels, which is involved in absence epilepsy (short periods [63,71]
of blanking out or lapse of consciousness, lasting less than 20 s)
Kv7 channel Agonist Activate Kv7 at 30 nM [92]
. . Suppress drug metabolism by binding to CYP enzymes mainly CBD inhibits CYP and suppress y
Cytochrome P450 (CYP) Enzymes/proteins Antagonist CYP2C9, CYP2C19, and CYP3A4 or CYP3AS (see Section 5) drug metabolism [41,93-96]
Uridine 5'-diphospho- . . o o CBD inhibits UGT and suppress
glucuronosyltransferase (UGT) Antagonist Suppress drug metabolism by binding to UGT (see Section 5) drug metabolism [12]
Antipsychotic effect [63]; improve sleep [63]; Binding of CBD
to FAAH suppresses the hydrolysis of AEA by FAAH, which CBD binding to FAAH can suppress
Fatty acid amide hydrolase (FAAH) Antagonist suppresses lead to suppression of prostaglandin E2 (PGE2), a AEA hydrolysis, which can lead to [63,67,97]
Proteins/enzymes key inflammatory mediator. This can lead to the analgesic activation of CB1/CB2
effects by CBD [97]
- CBD binding to FABP can suppress
Fatty acid binding protein (FABP) Agonist Intracellular transporter of CBD. S uppress endocannabinoid AEA hydrolysis, which can lead to [41,98]
metabolism [98]. (see Section 4.1 on CB1/CB2) .
activation of CB1/CB2
. . . . Anti-inflammatory effects may
Interferon (IFN)y Antagonist [63] Attenuated expression of {nterferon st mulatgd genes [63]; improve conditions after [41,63,75,99,100]
Suppressed IFN y production and IL2 in splenic T cells [99];
organ-transplant
Y Aminobutyric acid (GABA4) Agonist Anti-epileptic effect [63,71]
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4. Anti-Inflammatory Effects of CBD

As shown in Table 1, CBD interacts with a wide range of receptors, channels, and en-
zymes. The anti-inflammatory effects of CBD can target immune cells and non-immune
cells and interfere with specific molecules involved in the inflammatory signaling path-
ways. Notably, multiple pathways often work synergistically to produce CBD’s anti-
inflammatory outcomes. Here, we will focus on the several routes (or pathways) where
CBD exerts its anti-inflammatory effects, specifically those related to organ systems
outside the CNS.

4.1. Representative Molecular Targets and Signaling Pathways

First we will summarize some of the receptors and channels with which CBD is known
to interact.

4.1.1. TRPV1

Transient receptor potential vanilloid (TRPV) 1 is a member of the transient receptor
potential (TRP) channel superfamily. The effects of CBD may be mediated through TRPV1
and one of the serotonin receptors, 5-HT1A [97]. 5-HT1A is expressed mainly in the CNS,
whereas the TRPV1 channel is well known to be expressed in both pain sensory neurons to
detect heat, acidity, mechanical stress, and spiciness but also expressed in various types
of immune and non-immune cells [66,81]. Activation of the TRPV1 channel produces an
influx of monovalent and divalent cations and specifically a Ca?* influx (Figure 2). In
a study using Caco-2 cells established from colorectal adenocarcinoma cells and human
colonic explants, CBD suppressed the inflammatory responses of cells pre-stimulated
with either IFNy or TNF«x [85]. When the TRPV1 antagonist SB366791 was added with
CBD, the anti-inflammatory effects of CBD were blocked, indicating the role of TRPV1 in
the anti-inflammatory effects of CBD [85]. In a mouse model of experimentally induced
hepatitis (C57BL/6 mice), CBD dose-dependently reduced inflammatory biomarkers and
suppressed hepatitis. However, these effects were absent in TRPV1 knockout mice, further
supporting the involvement of TRPV1 [81]. Importantly, their study showed that these
anti-inflammatory effects of CBD in the mice with hepatitis were mediated by the CBD-
induced increase in the arginase-expressing CD11b*Gr-1* myeloid-derived suppressor cells
(MDSCs) [81]. CD11b is a marker for myeloid cells of the monocyte/macrophage lineage.
Gr-1, or granulocyte receptor-1 antigen, is a marker for granulocytes, and MDSCs are known
to suppress natural killer (NK) cells, B cells, and T cells by producing arginase. Arginase
down-regulates the expression of the TCR component CD3 [101], and down-regulation of
CD3 impairs signaling, thus increasing the CD11b*Gr-1" MDSC cell population, which
becomes immunosuppressive [102]. This indicates that one of the anti-inflammatory effects
of CBD on a pathway can be indirect through the activation of TRPV1 and increasing the
CD11b*Gr-1* MDSC.
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Figure 2. Hypothetical mechanisms of action of anti-inflammatory effects by exposure to CBD through
TRPV1. Activation of TRPV1 and desensitizing TRPV1 in neuronal and non-neuronal cells. Activation
of the TRPV1 channel triggers Ca>* influx, which leads to increased intracellular calcium concentration
and initiation of secondary signaling pathways, stimulating PKC, PKA, and CaMKII. Overload of Ca?*
or prolonged influx of Ca?*, dephosphorylation of the channel takes place, and the channel becomes
unable to respond to further stimulation, desensitizing the TRPV1 channel [80,103-109]. PKC: protein
kinase C, PKA: protein kinase A, CaMKII: calmodulin-dependent protein kinase II.

The TRPV1 receptor is known to have a gustatory role in detecting spice in foods.
Capsaicin, present in chili peppers, is one of the phytochemical compounds that is well-
known as a ligand of TRPV1 [84,110], and the sense of spiciness of chili pepper is mediated
by capsaicin activation of TRPV1 [111]. If the anti-inflammatory effects of CBD are mediated
by activation of TRPV1, it is possible that capsaicin may also have anti-inflammatory effects.
In fact, there are studies showing the anti-inflammatory effects of capsaicin (capsaicin
inhibits the enzymatic activity of CYP dose-dependently as well) [20,112,113].

As TRPV1 is a receptor channel involved in sensing spiciness, heat, and irritation,
which are overall noxious sensations, a key question remains as to why activation of
TRPV1 is anti-inflammatory. Indeed, there are conflicting studies reporting that activation
of TRPV1 has pro-inflammatory effects and causes pain [114-116], while other studies
report its anti-inflammatory effects [79,117] and also studies reporting both [115]. One of
the hypotheses to explain the anti-inflammatory effects is ‘paradoxical analgesic activity’,
which hypothesizes that, when administered at high(er) concentrations, the binding of CBD
to TRPV1 leads to its activation, which triggers Ca®* influx, initiating multiple secondary
signaling pathways, stimulating phosphorylation of protein kinase C, protein kinase A, and
Ca?* /calmodulin-dependent protein kinase II, and when there is excessive or prolonged
influx of Ca*, it leads to dephosphorylation of the channel, and the channel becomes unable
to respond to further stimulation (desensitization of the channel) [68,78,84,104,118-120]
(Figure 2). There is also a hypothesis, by a study on TRPV2, that CBD binds to a specific site
of the hydrophobic pocket of the channel, and next to this site, the gate for Ca?* influx opens,
suggesting that depending on the site of binding, the signaling becomes modified [118].
Confirming these hypotheses requires future investigation.

Thus, although there are still details that need more study, it is plausible that CBD
mediates its anti-inflammatory effects through TRPV1 activation.
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4.1.2. PPARy

Peroxisome proliferator-activated receptor (PPAR) proteins are members of a nuclear
hormone receptor superfamily, expressed in various metabolically active tissues such as
adipose tissue, liver, and heart. They are also expressed in macrophages, dendritic cells,
B cells, and T cells [121-124]. There are three types of PPARs, i.e., PPAR«x, PPARB /9, and
PPARYy. Activation of PPARB /6 enhances metabolism of fatty acids and maintains lipid
homeostasis [125,126] and all three types of PPARs play significant roles in controlling
inflammation [121,127]. Although PPARx and PPARY are both known to be expressed
in lymphocytes [123,124], there is evidence showing that PPARY is involved in the anti-
inflammatory effects of CBD [128]. It is well-established that activation of PPAR produces
anti-inflammatory effects [129,130] and the mechanism of action is known in detail. There
are multiple mechanisms of known actions. One is a transactivation mechanism in immune
cells following ligand binding. In this scenario, PPAR makes an obligate heterodimer with
retinoid X receptors (RXR), and, without the ligand binding, there is a co-repressor bound
to the PPAR/RXR complex, tran-srepressing genes [130-132]. Ligand binding stimulates
conformational changes, releasing the corepressor bound to the heterodimer complex, and
initiates transactivation. In another mechanism of action, which is considered more related
to immune cells, PPARy functions as a monomer and transrepresses pro-inflammatory
genes. The activation starts from the binding of the ligand (for example, CBD) to the
ligand-binding domain of PPAR (LBD in Figure 3), which comprises 13 o helices and
a four-stranded (3 sheet, forming a rather large pocket structure as a ligand-binding do-
main [129]. This large binding domain enhances the flexibility of PPAR, enabling various
chemicals to become its ligands. Activation of PPAR receptors produces anti-inflammatory
effects by inhibiting other transcription factors, such as nuclear factor kappa light-chain-
enhancer of activated B cells (NF-«B), activator protein-1 (AP-1), and signal transducer and
activator of transcription (STAT) [121,129,130,133]. Activated PPAR seems to directly inter-
act with NF-kB between the ligand-binding domain of PPAR and the p65 subunit of NF-«B,
and this not only inhibits NF-«kB signaling but also induces degradation of the NF-xB/p65,
thus inhibiting the expression of pro-inflammatory cytokines and chemockines/chemokine
receptors such as COX2, TNFe, IL-1$3, IL-6, and others [78] (Figure 3).

T cell memb
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Figure 3. Anti-inflammatory effect of CBD through activation of PPARy. FABP (especially FABP5) serves
as an intracellular transporter of CBD. CBD binds to the ligand-binding domain (LBD) of PPARY, which
initiates transrepression with a specific DNA region called the peroxisome proliferator hormone response
element (PPRE) and produces transrepression effects, suppressing the transcription activities of NF-«B
and the nuclear factor of activated T cells (NFAT), etc., and blocks the downstream signaling of them,
suppressing the expression of, for example, IL-2, TNFe, IL-13, IL-6, MMP9, and IFNY [121,134-136].
Arrow in the grey box show the decrease in the amount. Other arrows show the process.



Int. J. Mol. Sci. 2025, 26, 699

12 of 40

Various phytochemicals are ligands of PPARs. Focusing on PPARy alone, which is
involved in the anti-inflammatory effects of CBD, there are, for example, 3-caryophyllene,
carnosic acid, carnosol, curcumin, piperine, resveratrol, kaempferol, naringenin, genistein,
and many others [137-144]. This large range of phytochemicals that activate PPARy
illustrates the diversity of phytochemicals with anti-inflammatory effects.

PPARSs are nuclear receptors and not membrane receptors. A recent study revealed
that fatty acid binding protein (FABP) serves as an intracellular transporter of CBD to the
nucleus where PPARY receptors are located [98]. There are multiple types of FABP, and
macrophages and dendritic cells express FABP4 and 5 mainly, whereas T cells express
FABP5 predominantly [145]. The level of expression also changes depending on the
conditions. Naive CD4* and CD8" T cells express FABP5 in the main, and the level was
found to be highest in CD8" T cells in an exhausted state [145], which is a dysfunctional
state of T cells caused by, for example, chronic infection [146]. As the name suggests, it
serves as a lipid chaperone, binding to hydrophobic ligands such as fatty acids, hence the
name [147]. Elmes et al. [98] have shown that CBD has high binding affinity with FABP3,
FABP5, and FABP7, although it is not as high as the fatty acid, oleic acid, which showed
50 times higher binding affinity with FABPs than CBD showed [98].

4.1.3. GPR55

Similarly to CB1 and CB2, GPR55 is a member of the seven-transmembrane G protein-
coupled receptor family that senses lipids and peptides [148]. It shares many cannabi-
noid ligands with CB1 and CB2, and thus it is also called the 3rd cannabinoid receptor
(CB3) [149,150]. It is involved in various physiological functions such as regulation of dor-
sal root ganglia excitability and inflammatory and neuropathic pain, neutrophil migration,
bone metabolism, angiogenesis, renal tubule hypertrophy, and so on [151]. It is expressed
in the nervous system as well as other tissues and organs, and it is expressed in the immune
system [151,152]. In the immune system, it is expressed in B and T cells, and dendritic
cells in mouse spleen [152], and, in humans, it is expressed in B and T cells, macrophages,
and neutrophils [151,153]. In a study that focused on peripheral blood cells, GPR55 was
predominantly expressed in the monocytes and NK cells, but was also expressed in myeloid
dendritic cells, B cells, Treg cells, and T cells, in this order [154]. Importantly, the expression
of GPR55 becomes upregulated when immune cells are activated [148], and is considered
to have a pro-inflammatory function. It was found upregulated in resting B cells upon viral
or bacterial infection and in CD4* and CD8* T cells upon exposure to CD3 and CD28 [148].
CBD is known to suppress GPR55 [69]. GPR55 is coupled to Ga12,13 proteins and acti-
vates the ras homolog gene family member A (RhoA) and Rho-associated protein kinase
(ROCK), which elicits the phospholipase C (PLC) pathway to increase intracellular Ca?*,
which triggers extracellular regulated kinase (ERK) phosphorylation and its downstream
pathway (Figure 4).

4.1.4. CB1/CB2

We briefly wrote about cannabinoid receptors 1 and 2 (CB1 and CB2) at the beginning
of this review. Here, we will focus on their expression in the immune system and the signal-
ing pathway. CB1 is mostly expressed in the CNS, but it is also expressed less abundantly
in various tissues [155]. It is also found, although much less, in human leukocytes [156].
The expression among leukocytes was highest in B cells, followed by eosinophils, granulo-
cytes, and very few in T cells and monocytes [156]. For many years, CB2 has been known
as the cannabinoid receptor expressed in peripheral nerves and in the immune system.
This was discovered soon after the cannabinoid receptors were found. In a recent study
comparing expression among the types of immune cells, it was found in high amounts
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in the eosinophils and then B cells, but in very low amounts in other types of immune
cells [156]. Turcotte et al. [157] conducted a literature search on the expression of CB2 in
different types of immune cells. The types of immune cells that were reported in multiple
papers to express CB2 were B cells, monocytes, neutrophils, and T cells, and, interestingly,
multiple papers reported that neutrophils do not express CB2 [157]; thus neutrophils were
reported positively and negatively in multiple papers. It has been well-documented in
the neuronal cells that the expression of CB2 is controversial [158], and one reason was
because of the lack of reliable antibodies [159] and another reason is possibly because CB2
is expressed only when there is inflammation [160]. It could be that the same is happening
in the case of CB2 expression in neutrophils. This needs to be determined in future studies.
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Figure 4. GPR55 is a seven-transmembrane receptor coupled to Ga12,13 proteins. It activates RhoA
and ROCK and the PLC pathway, which causes an increase in intracellular Ca*. Increase of Ca>*
triggers phosphorylation of ERK, activates p38 mitogen-activated protein kinase, and the downstream
signaling of NFAT, NF-«B, CREB, ATF2.

There have been many studies on the anti-inflammatory effects of CB2. Activation of
CB2 is known to have not only anti-inflammatory effects but also analgesic, anti-nociceptive,
antioxidant, anti-tumor, anti-ischemic, and neuroprotective effects (there are many refer-
ences, for example, a recent review [161]). CBD is not an agonist for CB1 or CB2 (see
Table 1). It is known to have weak, limited binding affinity and is also an antagonist or
inverse agonist or negative allosteric modulator of both CB1 and CB2. Also, how it interacts
with these receptors seems to depend on its concentration (Table 1). There are also some
studies showing that CB1 antagonist and CB2 antagonist reversed the anti-inflammatory
effects of CBD [66], indicating that, even if they are not directly involved, CB1 and CB2
seem to be somehow involved in CBD’s anti-inflammatory effects. There are studies in-
dicating that CBD indirectly activates CB1 and CB2 by increasing the levels of one of the
endocannabinoids, AEA, which binds and activates CB1 and CB2 by binding to FABP.
FABP serves as a carrier of AEA (as well, other than CBD) and transports it to fatty acid
amide hydrolase (FAAH), which breaks down AEA by hydrolyzing AEA to arachidonic
acid [162]; thus, competitive binding of CBD to FABP can suppress the breakdown of AEA
and increase the levels of AEA, leading to an increase in the activation of CB1/CB2 and
producing anti-inflammatory effects (Figure 5).
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Figure 5. Indirect influences of increasing the activation of CB1 and CB2 through competitive binding
to FABP. CBD is an antagonist/inverse agonist and allosteric modulator of CB1 and CB2, and this
can negatively affect other molecules’ binding affinity to CB1 and CB2 receptors [58]. However, CBD
can indirectly activate CB1 and CB2 by binding to FABP, suppressing the binding of FABP to AEA
(illustrated on top right), and increasing the levels of AEA, which binds and activates CB1 and CB2.
FABP: fatty acid binding protein, AEA: anandamide, FAAH: fatty acid amide hydrolase. The arrow
next to AEA show the increase in the amount and other arrows show the process.

4.1.5. Adenosine Receptor

The adenosine receptor is a transmembrane G protein-coupled receptor. There are
several sub-types, which are A;, Axa, Agp, and Aj. These groupings are based on the way
they are coupled with G-proteins. A; and Aj are coupled with G;,,, whereas Ays and
Ajp are coupled with Gg/j¢. These four subtypes have differences in their characteristics;
for example, A; and Aja become activated by low levels of adenosine (0.01 to 1 uM),
whereas Ay and A3 become activated by rather higher concentrations of adenosine (over
10 uM) [163]. Adenosine receptors are all expressed in immune cells and involved in
regulating inflammation, although their expression depends on the types of cells as well
as the ‘environmental conditions’; for example, IL-1 and TNF«x increase the Aja receptor
expression in monocytes [164]. CBD is known to activate Aja [66,72,75] and activation
of Apa by CBD is known to have anti-inflammatory effects [66,67,71,75]. The signaling
pathways that become activated by activation of Ay are well established. It leads to
an increase in the intracellular cAMP levels, which stimulates cAMP-dependent protein
kinase (PKA), which activates nuclear substrate cAMP-responsive element-binding protein
(CREB) [163]. CREB regulates gene expression in a way that transcriptional activity of
NE-«kB/p65 becomes suppressed and leads to suppression of pro-inflammatory cytokine
expression [163] (Figure 6).

Interestingly, there is a lack of recent studies investigating the binding affinity or acti-
vation of adenosine receptors by phytochemicals. A search of the literature identified only
three studies, all conducted by the same group between 1996 and 2002, on the interactions
of phytochemicals with adenosine receptors [165-167]. These studies reported that, for
example, galangin, which is a chemical constituent of propolis, bound to A1, Aza, and Az
receptors at pM levels, and genistein, which is found in soybeans, has binding affinity with
A receptor [165].
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Figure 6. Effects of CBD on adenosine receptors. Binding of CBD to the adenosine receptors increases
the intracellular cAMP levels, the levels of PKA, and activation of CREB [163]. This will lead to the
suppression of transcriptional activity of NF-«kB/p65 and suppression of pro-inflammatory cytokine
expression [163]. Thick arrows indicate the process, and thin arrows show increase/decrease in

the amount.

4.1.6. Inflammatory Signaling Pathways Affected by CBD

A recent study has also shown that CBD could function as a lipid mediator class-
switching agent that suppresses eicosanoid biosynthesis, which produces pro-inflammatory
leukotrienes and prostaglandins, and increases pro-resolving mediators such as resolvins
and protectins in the immune cells through stimulation of phospholipase A2-dependent
polyunsaturated fatty acid release [16]. Peltner et al. [16] suggested that these changes
could increase anti-inflammatory M2 monocyte-derived macrophages rather than the pro-
inflammatory M1 monocyte-derived macrophages (Figure 7) and suggested that this could
be the mechanism of action for the anti-inflammatory effects of CBD.

CBD
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Production of pro-inflammatory medlatorsT
leukotrienes and prostaglandins 1
n MZ'TDM l M2-MDM express many 15-LOX
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Figure 7. Influence of CBD on molecular switch to produce anti-inflammatory M2-monocyte-derived-
macrophages. CBD increases specialized pro-resolving mediators by stimulating phospholipase
A2 enzyme-dependent polyunsaturated fatty acid release and by increasing 12/15-LOX. It also
suppresses 5-LOX leukotriene production [16]. M2-MDM: M2-monocyte-derived macrophage, LOX:
lipoxygenase. Thick arrows show the process, and thin arrows show increase/decrease in the amount.
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In Figures 2-7, we illustrated the receptors, channels, and possible switch in the
pathways that can be activated (TRPV1 and PPARY) or inactivated /suppressed (GPR55) by
exposure to CBD, directly (TRPV1 and PPARY) or indirectly (CB1/CB2). CBD’s multiple
targets for interaction and the various effects produced from interacting with these targets
reveal the complexity of its immunosuppressive effect. It is very possible that its effects are

produced synergistically through activating or inactivating multiple targets.

There are many studies showing the influences of CBD on signaling pathways and its

effects on inflammatory cytokines, of which some are summarized in Table 2.

Table 2. Influences of CBD on the signaling related to immune system, by suppression and activation.

Type of Influences Reported Influences References
Free radical chain reactions were transformed to less active forms by CBD [78]
CBD prevented the formation of superoxide radicals and reduced oxidative conditions [78]
CBD reduced reactive oxygen species (ROS) by chelating metal ions involved in Fenton reaction. 78]

Suppression/inhibition

Protects non-enzymatic oxidants from oxidation.

CBD suppressed NF-«B through activation of PPAR7y: Activation of a nuclear receptor PPARYy,
which directly interacted with NF-«B, induced degradation of Rel homology domain of p65
subunit of NF-kB, producing anti-inflammatory effects [78]

CBD reduces NF-kB p65 nuclear translocation by suppressing the degradation of interleukin-1
receptor associated kinase 1 (IRAK-1) and reversing inhibitors of kB (IkB). CBD suppresses
NF-«B signaling by increasing anti-inflammatory STAT3 phosphorylation and reducing
pro-inflammatory STAT1. CBD reduces IL-13, which is involved in activation of NF-«B [75].
Inhibition of NF-kB increases the expression of nuclear factor 2 associated with erythroid 2 (Nrf2)
activators (such as p21 and p62), reducing the inhibitors (such as Keap1, Kelch1, nuclear Bach1),
and activated transcription of Nrf2 [168,169] producing antioxidant effects.

[75,76,78,168-170]

Anti-inflammatory effects of CBD may be mediated by its effects on Janus kinase (JAK)-STAT
signaling as it suppresses pro-inflammatory STAT1 signaling and regulating IFN (3 [75].
CBD down-regulated JAK/STAT pathways, down-regulated IL-6, which is involved in

JAK/STAT3 signaling. Also suppressed IL-2 and IFN-y, which are activators of JAK/STAT
signaling. IL-2 is also involved in a signaling pathway that regulates lymphocyte proliferation,
PI3BK-Akt and MAPK. It also suppresses IL-10, which is also involved in JAK/STAT signaling [66].

[66,75]

CBD suppresses nucleotide-binding oligomerization domain-like receptor (NLR) signaling
pathway and NLR family pyrin domain containing 3 (NLRP3) inflammasome pathway. NLRP3
consists of central nucleotide-binding and oligomerization (NACHT) domain and leucine-rich
repeat (LRR) that produces an inflammasome complex. CBD suppresses NLR and suppresses the
formation of inflammasome, which suppresses production of caspase 1,IL-13, and other
pro-inflammatory cytokines, interleukin receptors, interferon gamma receptors,
mitogen-activated protein kinases, matrix metallopeptidase 3, and so on.

[66,75]

CBD suppresses IL-13 production.

[75]

CBD suppresses transcriptional activity of activator protein-1 (AP-1) and nuclear factor
of activated T cells (NFAT)

[75]

CBD inhibits adenylyl cyclase cAMP pathway and produce desensitization in TRPV1 signaling.

[106]

CBD suppresses FAAH, which suppresses the hydrolysis of anandamide, a partial agonist of CB1
and CB2, and thus increases anandamide levels and leads to indirect activation of CB1/CB2.

[97]

Activation/increase

CBD increases nuclear erythroid 2-related factor (Nrf2), which produces antioxidant effects, and
anti-inflammatory effects. Nrf2 controls the expression of genes related to cytoprotective proteins,
and activation of Nrf2 produces anti-inflammatory effects.

[78]

CBD increases glutathione peroxidase and reductase activity and decreases malondialdehyde

[78]

CBD activates adenosine receptor 2A (A4) and activation of Ayx reduces TNF, vascular cell
adhesion molecule (VCAM-1), and prevents reperfusion of oxidative stress in mitochondria. [78]
Anti-inflammatory effects by CBD were reversed by A antagonist [97]

[78,97]

CBD activates TRPV1, and increases MDSC, which suppress NK cells, B cells, and T cells by
producing arginase, down-regulating the expression of T cell receptor (TCR) components CD3

[72,81]

5. Binding of Cannabidiol to CYP and UGT Enzymes

CYP enzymes play a central role in Phase I metabolism by facilitating the oxidation
and hydroxylation of xenobiotics, whereas UGT enzymes are involved in glucuronidation
in Phase II metabolism. CYP and UGT together metabolize over 90% of the drugs and
xenobiotics, such as chemical compounds from the environment and food, and CYP has the
larger role in metabolism as it is involved in the first phase of metabolism [7,171,172]. CBD
was found to suppress the metabolism of many drugs by binding with CYP and UGT [173],
i.e., becoming the substrate to be metabolized and suppressing the metabolism of drugs that
were co-administered. There are several mechanisms that can produce this: the chemicals
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with higher binding affinity can occupy CYP’s active binding site (competitive binding)
and go through the metabolizing process, and thus the other drug remains unmetabolized.
Another way is that one type of chemical binds at an allosteric binding site and modifies
the shape of CYP. This allosteric binding will either allow another chemical to bind at
the orthostatic binding site but be metabolized less, due to the allosteric modifications, or
the other chemical is unable to bind at the orthostatic binding site due to the modified
shape [174].

5.1. The Early Findings on the Inhibition of CYP by CBD

From as early as the 1970s, soon after the identification of THC and CBD, there
have been studies on the effects of CBD on co-administered drugs. For example, Pa-
ton and Pertwee [175] reported that pentobarbitone (the same as pentobarbital)-induced
sleep/immobilization in mice was extended when cannabis extract, CBD, or THC was co-
administered [175]. The effect of CBD on extending sleep was stronger dose-dependently
and with 50 mg/kgbw of CBD administration, the time length of pentobarbitone-induced
sleep/immobilization was more than three times longer than the control group of mice that
received only pentobarbitone. In their study they also compared the effects of cannabis
extracts, CBD, and THC on inhibiting the metabolism of phenazone (analgesic and anti-
inflammatory drug). Supernatant of mouse liver homogenate was exposed to cannabis
extract, CBD, and THC in order to determine whether the extended function of pen-
tobarbitone was due to a suppression of pentobarbitone metabolism, and they found
a dose-of-CBD-dependent inhibition of phenazone metabolism [175]. Later, Watanabe
et al. [176] showed that CBD and THC both significantly suppressed lipid peroxidation in
hepatic microsomes and reduced the amount of CYP in microsomes [176].

Interestingly and importantly, there were differences in the CYP enzymes that
CBD and THC inhibited: CBD inhibited CYP1A1, CYP2B6, CYP2C8, CY2C9, CYP2C19,
CYP2D6, CYP2E1, and CYP3A4, CYP3AD5, in main [94,177,178], whereas THC inhibited
CYP1A2, CYP2B6, CYP2C9, and CYP2D6 [94,95]. Among the CYP enzymes, CYP2C19
and CYP3A4 are considered to be the major CYP enzymes that CBD suppresses [94,95]
whereas CYP2C9 and CYP2C19 are the major CYP enzymes for Phase I metabolism that
THC suppresses [95]. Such specificities suggested that, if there are genetic differences in
the type of CYPs that each person possesses or possesses relatively more, there might be
differences in the rate that CBD inhibits CYP. Zhou et al. [179] reported significant ethnic
variability in CYP2D6 expression, a CYP subtype inhibited by both CBD and THC [179].
Approximately 5 to 14% of the Caucasian population lacked CYP2D6, whereas almost
no African and Asian populations exhibited this deficiency [179]. These genetic differ-
ences could affect the effects of CBD on inhibiting CYP and indicate the importance of
determining the genotype of patients in clinical situations in administering CBD as well
as drugs (see Section 5.6).

5.2. Metabolism of CBD by CYP

During the CYP-mediated metabolism, CBD becomes hydroxylated by mainly
CYP2C9, CYP2C19, and CYP3A4 to two major metabolites, i.e., 7-hydroxy-CBD (7-OH-
CBD) and 7-carboxy-CBD (7-COOH-CBD) [94-96] (Figure 8). Importantly, 7-OH-CBD pos-
sesses bioactive properties to inhibit CYP enzymes as similarly as CBD does, although the
activity inhibition is CYP-dependent [95,180]. 7-COOH-CBD is reported to be non-bioactive,
but there are reports on the anti-inflammatory effects of 7-COOH-CBD in mice [181]. It
is important to note that depending on the CYP subtype, CBD becomes metabolized into
different chemical compounds. Beers et al. [96] reported that CYP2C9 and CYP2C19 metab-
olize CBD and form bioactive 7-OH-CBD, whereas binding of CBD with CYP3A4 leads to
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the formation of 60-OH-CBD as well as several other metabolites (such as 63-OH-CBD, 1",
2"-,3/"-,4"-,5"-OH-CBD). An earlier report by Jiang et al. [177] also showed that CYP2C19
catalyzes CBD to 7-OH-CBD, whereas CYP3A4 metabolizes CBD to 6&x-OH-CBD and oth-
ers. The bioactive properties of these CBD derivatives are not thoroughly understood yet,
and this would be especially important when the metabolized compound is bioactive as
well as CBD, because if it is bioactive, the effects of administering CBD can be considered
ongoing (Figure 8).
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Figure 8. Depending on the types of CYPs that metabolize CBD, the derivatives are different. Bioactive
properties of them are not thoroughly determined yet, and some show contradictory results.

5.3. Metabolism of Tacrolimus by CYP

Tacrolimus (FK506; CID 445643) (Figure 9) was first found and isolated from a soil
bacteria, Streptomyces tsukubaensis [182-184]. It is one of the drugs used as an immuno-
suppressant. It becomes metabolized by liver microsomes, and studies comparing CYP
subtypes have found that the CYP3A subtype of CYPs (CYP3A4 and CYP3AS5) is the
major subtype of CYPs involved in the metabolism of tacrolimus [183,185] (Figure 9). In
an early study comparing differences in the metabolism of tacrolimus, large individual
differences in the formation of tacrolimus metabolite 13-O-demethyl tacrolimus were re-
ported (24.1 to 110.4 pM of 13-O-demethyl tacrolimus/min/mg microsomal protein), and
sex differences (F > M) were also found [182]. These substantial interindividual differ-
ences have prompted investigations into the genetic variations among patients prescribed
tacrolimus. Understanding a patient’s CYP genotype, particularly variations in CYP3A4
and CYP3AD5 [186,187], is critical for optimizing tacrolimus dosing to ensure therapeutic
efficacy while minimizing toxicity.
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Figure 9. Chemical structure of tacrolimus (FK506) (from PubChem website, PubChem CID: 445643;
molecular formula C44HgNO1; MW: 804.0 g/mol). Inhibitors of CYP3A, such as ketoconazole,
cyclosporin A, nifedipine [183], SKF525A, troleandomycin suppressed metabolism of tacrolimus
(FK506) [185].

5.4. Phase 1I Metabolism by UGT

While studies on CBD’s effects on UGT-mediated metabolism are fewer compared
to its interactions with CYP enzymes, existing research indicates that CBD inhibits glu-
curonidation activity mediated by UGT [11,12]. Similarly to CYP, there are subfamilies in
UGT, and UGT1, UGT2, UGT3, and UGTS are most involved in drug metabolism [174].
Of these subfamilies, mostly the UGT1 family is involved in the glucuronidation of CBD
(UGT1A3, 1A7, 1A8, 1A9 and 2B7) [188]. There are again some discrepancies in the reports
on the interaction of CBD with UGT, although UGT1A9 and 2B7 can be considered common
to each study [173,188-190].

5.5. Clinical Trials Co-Administrating CBD with Drugs

Multiple studies have evaluated the effects of co-administering CBD with some other
drugs (Table 3). Leino et al. [191] reported a case study that co-administering CBD with
tacrolimus increased the concentration of tacrolimus in the blood by three-fold. The dose
of tacrolimus was stopped or reduced along a time course until it became reduced to 10%
of the dose before the prescription of CBD started in order to avoid tacrolimus becoming
toxic because of its increase in the system [191]. In their study, the participant took a total
amount of 2000 mg of CBD per day (20 mg/kg body weight/day), splitting the total dose
in half and taking it twice per day. The participant was a patient with refractory epilepsy,
and they reported that the seizure events decreased after the prescription of CBD [191]. Ina
clinical trial with healthy participants [192], participants daily received 1500 mg of CBD for
up to 3.5 weeks, and an elevation of serum alanine aminotransferase (ALT) was observed
exceeding the upper limit of normal (ULN) in 44% of the participants, and 33% reached
the level of drug-induced liver injury. This suggests that, with post-transplant patients
who are immunocompromised or receiving hepatotoxic drugs such as tacrolimus, there
is a higher possibility that CBD may cause liver injury. A careful monitoring of the liver
function will be necessary, and strategies to reduce the dose of CBD necessary to use to
expect the beneficial effects of CBD will be important (see Section 6.2).
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Table 3. Recent clinical trial studies using CBD.

Publication

Target/Goal/Interest

Type of Study

Type of Participants

Main Results

Leino etal. [191]

Goal: Tested the effects of CBD
on inhibiting CYP pathway.
Interest: Possible use of CBD for
post-transplant treatment with tacrolimus

A case report

A participant in a clinical trial study
on epilepsy

While receiving CBD, the concentration of tacrolimus increased
3-fold showing significant drug—drug interaction between CBD
and tacrolimus. CBD was metabolized by CA3A4 and CYP2C19.

Klein et al. [193]

Interest: epilepsy

Phase 3 trial of clobazam in the treatment of
patients with Lennox-Gastaut syndrome

202 participants and comparison with a
previous study

Used CBD and anti-CYP drug stiripentol on the level of clobazam,
a drug for seizures which becomes metabolized by CYPs, and its
active metabolite N-desmethylclobazam, and found they increase
the level of N-desmethylclobazam plasma concentration

Patsalos et al. [194]

Interest: safety of using CBD for epilepsy

Review of 6 trials co-administering CBD with
anti-seizure drugs either clobazam, stiripentol,
valproate, and an inducer of CYP rifampicin, an
inhibitor of CYP, itraconazole and fluconazole,

and a probe to measure CYP
activity midazolam.

Healthy volunteers (1 = 142) (Phase I trials)
or patients with epilepsy (1 = 55)
(Phase 2 trials)

Comparison of several trials’ results showed that
co-administration of clobazam and CBD increased exposure to
major metabolites of both clobazam and CBD, suggesting the
possible need of using reduced doses. Stiripentol with CBD
increased exposure to stiripentol. Valproate and CBD did not cause
major changes in the pharmacokinetics of either drug but caused a
small increase in exposure to CBD metabolites.

Watkins etal. [192]

Interest: to test the liver safety of CBD

Clinical trial phase I

16 healthy adults; gradually increasing the
dose up to the largest dose of 1500 mg/day
and continued 27 days

14/16 participants experienced adverse events mostly GI
symptoms. Elevated serum alanine aminotransferase level higher
than upper limit of normal range was observed, suggesting
possibility of liver injury.

Thai etal. [195]

Interest: To test the effects of CBD on inhibiting
caffeine metabolisms by CYP1A2.

Clinical trial Phase I

Healthy adults (1 = 16); one dose of caffeine
(200 mg) on day 1 and again on day 26
(200 mg). CBD was taken daily for 27 days,
gradually increasing from 250 mg
to 750 mg/day

CYP1A2 mediated metabolite of caffeine, paraxanthine, was
measured on day 1 (pre-dose of CBD) and day 26 (steady state of
CBD). Caffeine level was higher by 15% when it was administered
at steady state. Paraxanthine was also higher when caffeine was
administered at the steady state of CBD. No unexpected adverse
events but 14/16 participants reported adverse events. Diarrhea
was observed most often (8/16), and 6 participants discontinued
because of adverse events. CBD was found to inhibit CYP1A2.

Peng etal. [63]

Interest: Summarizes clinical trials on
mechanisms of action. Summarizes the
multiple receptor types that CBD
activates/inactivates, and compares studies
and clinical trials

A review covering clinical trials
and mechanisms

Summarizes clinical trials on psychotic, anxiety, epilepsy,
insomnia, blood pressure, diabetes, pain, and cancer.

Graham et al. [196]

Interest: to obtain information on how CBD
will interact with drugs used and to provide
general guidance about the dose range.

A review covering clinical trials

Summarizes a table with a list of clinical trials using various drugs
co-administered with CBD with their concentrations and results,
including adverse events.

Bansal etal. [197]

Interest: To determine the influences of CBD
and THC on CYP.

Clinical trial

Healthy adults (1 = 18);

Used brownies with /without CBD and/or THC, and consumed a
CYP cocktail containing CYP1A2, CYP2C9m CYP2C19, CYP2D6,
and CYP3A. THC alone did not inhibit CYP activity but
CBD + THC did, suggesting the possible use of CBD for
co-administering with drugs which will interact with CYPs.

Herdegen and Cascorbi [198]

Interest: To determine the influences of THC
and CBD when they are prescribed to patients
taking other drugs.

A review covering other clinical trials

Drug interactions may happen when the doses are above
30mg/day THC and 300 mg/day CBD; low and moderate doses
will probably not affect. The paper also summarizes the types of

adverse events and reported percentages of each type.
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Table 3. Cont.

Publication Target/Goal/Interest

Type of Study

Type of Participants

Main Results

Interest: To summarize receptors that CBD

Luz-Veiga etal. [199] interacts with and therapeutic application.

A review covering clinical trials

Provides lists of clinical trials using CBD, separating them
according to their goals, i.e., neurologic conditions, autoimmune
diseases, and cancer.

Interest: To determine whether steady-state
So etal. [200] CBD exposure affects tacrolimus
pharmacokinetics in healthy participants

Clinical trial

Healthy (1 =12)

Participants received CBD and tacrolimus at naive stage and after
two weeks taking CBD (steady-state). Tacrolimus concentration in
blood was higher in the participants at the steady-state of CBD,
suggesting the possible effects of CBD on inhibition of CYP.
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Other studies in Table 3 are either clinical trial phase I with healthy adult participants
or reviews. In general, the clinical trial studies mostly reported the effects of CBD on
increasing the concentration of drugs in the system (N-desmethylclobazam [193], clobazam
and stiripentol [194], and caffeine and paraxanthine [195]).

5.6. Polymorphism of CYP and Its Influences on Drug Metabolism

As summarized above, one of the important recent findings is that there are genetic
differences in the types of CYP enzymes each person possesses [201]. These differences
influence the specific CYP enzyme responsible for metabolizing drugs, including tacrolimus
and CBD. Such variability underscores the complex interplay in drug metabolism, driven
by individual genetic makeup. There are also sex differences (higher expression of CYP
in females than males) and age (greater CYP activity in younger individuals than older
individuals) further contribute to variability in CYP enzyme expression and its impact on
drug metabolism [202].

Recent studies have found an additional factor that affects metabolism by CYP, i.e.,
the polymorphism of CYP. Solus et al. [201] conducted a comprehensive analysis of genes
and reported that they identified 388 different polymorphisms in 11 isoenzyme genes of
CYP: CYP1A1, CYP1A2, CYP2A6, CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D6, CYP2EL,
CYP3A4, and CYP3AS5 [201]. The diversity was higher in the CYP2 subfamily compared
to the CYP1 and CYP3 subfamilies [201]. There were also differences in types and ratios
of polymorphism among ethnicities. About 20 to 25% of Caucasians possess a CYP2D6
type with null alleles of *4 (CYP2D6*4, rs3892097) that causes splicing defects and lack
of a detectable protein, and thus poor drug metabolism, whereas in Asian, African, and
South American peoples, there are almost no mutations of the allele *4 and fewer inci-
dences of symptoms caused by lack of drug metabolism [202]. CYP3A4 and CYP3AS5 are
involved in most drug metabolism, including tacrolimus and CBD (see Sections 5.2 and 5.3)
and polymorphism in them are known to have large influences on drug metabolism.
For example, CYP3A5*3, which is a CYP3A5 with a mutation in intron 3 causing a defi-
ciency (rs776746), lacks a functional CYP3AS5 [202,203]. CYP3A5*1 is the functional type
of CYP3AS5, and it is found much less in Caucasians (5 to 10%) than in African Amer-
icans and Africans (more than 60%) [202]. Recent studies have shown that tacrolimus
concentration levels in post-organ transplant patients with genotypes of CYP3A5%1/%*1
or CYP3A5*1/*3 (homo- or hetero-combination of CYP3A5*1) were significantly lower
than these with CYP3A5%*3/%3 [204,205]. This suggests that it is important to take into
consideration the CYP3AS5 type a person possesses when administering drugs. These large
differences among ethnic groups in the CYP types that are involved in drug metabolism
indicate the importance of determining the types of CYP each patient possesses.

An important question about these CYP polymorphisms is whether they affect the
inhibition of drug metabolism by CBD. So far, there have been no studies that we are aware
of that reported differences in the inhibition of drug metabolism by CBD depending on
these polymorphisms in CYP [206]. As *1 is the functional type of CYP3A5 and there are
large ethnic differences in its expression, it is highly possible that there are differences in
the inhibition of drug metabolism by CBD due to the polymorphism in CYP.

Figure 10 illustrates the effects of tacrolimus on suppressing lymphocyte cell activa-
tion, how CYPs and UGTs will affect this, and how CBD can inhibit drug metabolism by
CYPs and UGTs. Post-organ transplant patients can have an elevated immune response
caused by the surgical injury and the transplanted foreign substance, i.e., the transplanted
organ. Antigens, or antigens on antigen-presenting cells (APCs), are detected by T cell
receptors (TCRs) on T cells, which stimulates initiation of primary signaling cascades
(Figure 10A) [2,207-209]. Following the primary TCR signaling, multiple distal signaling
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cascades become activated, including the CaZ?*-calcineurin-NFAT cascade, which leads to T
cell proliferation and differentiation into various subtypes (Figure 10A). When tacrolimus
is administered, it interacts with calcineurin, and this can block the Ca2*-calcineurin-NFAT
cascade and suppress cell proliferation and differentiation (Figure 10B). If tacrolimus is
metabolized by CYP or UGT, the T cell proliferation and differentiation process initiated
by the antigen proceeds (Figure 10C). Adding CBD will allow it to bind to CYP and UGT,
suppress the metabolism of tacrolimus by CYP and UGT, and thus extend the time that
tacrolimus functions in suppressing the immune system (Figure 10D).
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Figure 10. Possible effects of CBD on suppressing tacrolimus metabolism of post-organ transplant
patients. (A) Post-kidney transplant patients have an elevated immune response caused by surgical
injury and a foreign substance, the transplanted kidney. Antigens on antigen-presenting cells, such as
major histocompatibility (MHC) molecules, are detected by T cell receptors (TCR), which stimulates
calcium influx through CARC, which is sensed by calmodulin (CaM) and activates a calcineurin signaling
cascade. Ca®* binds to CaM and calcineurin, and calcineurin dephosphorylate nuclear factor of an
activated T cell (NFAT), which translocates to the nucleus and initiates activation of lymphocytes.
(B) When tacrolimus is present, it binds to calcineurin and blocks the calcineurin signaling cascade. (C) If
tacrolimus is metabolized by CYP or UGT, calcineurin signaling cascades proceed. (D) If CBD is present,
it interacts with CYP or UGT, and tacrolimus can block the calcineurin signaling cascade.

6. Possible Side Effects and Strategies to Overcome
6.1. Types of Adverse Events

In the clinical trial reports and reviews listed above (Table 3), some adverse events of
CBD were reported. Most often reported adverse events, in general, were gastrointestinal
symptoms such as diarrhea, nausea, vomiting, and loss of appetite. Other symptoms
reported were drowsiness and dizziness, fatigue, headaches, body weight gain or loss,
dry mouth, anxiety, difficulty breathing, mood changes, and rash. Table 4 summarizes
some of the reports from clinical trials and review papers. There are five clinical trials
in Table 3, and, although the severity is not high, the incidents of adverse events in
two of these clinical trials are quite high (both 14/16 in two studies [192,195]). In each
of these two studies [192,195], participants were healthy adults, and 5/16 participants
and 6/16 participants had to discontinue because of the adverse events, especially based
on the elevated levels of liver aminotransferase enzymes, i.e., alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) [192,195]. In the third clinical trial [210], in
which the participants were patients with symptoms of gastroparesis and delayed gastric
emptying, neither ALT nor AST levels were elevated [210]. Although the participants in
this clinical trial reported other common adverse events such as diarrhea, nausea, fatigue,
and headache, these symptoms were not severe enough to warrant discontinuation from
the trial. Importantly, their gastrointestinal symptoms showed significant improvement
after taking CBD [210].
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Table 4. Reported adverse events of CBD in clinical studies.

Authors and Year

Subject

Types of Adverse Events (Y: Yes, N: No, U: Unknown)

Dose, Route of

Notes

References

F: Female, M: Male Mood, Anxiety GI: Nausea, Diarrhea, Drowsiness/ Fatigue Breathing Skin Other Administration, and Duration
! Appetite Dizziness Sleepiness
[ffland and Review U Y: diarrhes, reduced appetite U Y: Tiredness U U Weight loss, liver damage 48]
Grotenherman : . ) o
Hepatic abnormalities,
Y: diarrhea, vomiting, loss of Y " headachfe, wtex(;;lhll gain/loss,
Huestis et al. Review U appetite, abdominal + SOMNOTENce, Y: fatigue U Y: rash | elevated Aver [211]
. . . drowsiness, dizziness aminotransferase enzymes,
discomfort, increased appetite f N 7
ever, upper respiratory tract
infection, sexual dysfunction
Increasing from 200 mg
N . 14/16 reported adverse
Healthy adults, 1 = 16 (10F, Y 6 pasticimants had ALT values "“(“;{(f;y' ng;‘]‘i\‘“;‘f;; 43y, ovents; 5/14 discontinued
Watkins et al. 6M), median of age 29, U 8 (50%): diarrhea, 5 (31%): U U U U P P over ULN 500 i lwice/gda Y because of adverse events, [192]
>80% white abdominal discomfort & Y specifically, the ALT higher
(750 + 500)/day, 750 mg than ULN
twice/day for 27 days, oral
Healthy adults, n = 16 (10F, v Increasing from 250 mg 14/16 reported adverse
Thai et al. 6M), 18-60 years old, U o . 18] U U 18] N =1, high blood ALT once/day to 750 my events; 6/14 discontinued [195]
Y 8 (50%): diarrhea 8 y g
>80% white ) twice/day for 27 days, oral because of adverse events
Herdegen and Cascorbi Review Trritability Reduction in appetite, diarrhea Y Y U U Dry mouth, aggression [198]
Varied as the study was
conducted as a survey; not
. y Anxiety (>23%), diarrhea (>7%), nausea (>4%), drowsiness (>11%), difficulty breathing rash (>3%), dry . o necessarily pure CBD and the Varied as the study was 5
Nguyen etal. Adult (average age 43) mood change (>16%) appetite change (>15%) dizziness (>9%), u (>2%) moth (>18%), liver problems (>3%) adverse events may include conducted as a survey [212]
those caused by other
chemical compounds
. . . Diarrhea (12/21; of the The score of gastrointestinal
Patients with non-surgical - :
astroparesis with delayed participants of placebo group, symptoms of CBD group 4 weeks, starting from
gaslric em’ N ing of solids, which received excipient 2/22 measured by GCSI-DD was 2.5 mg/kg/day to ALT and AST level all
Zheng et al. % a4 f?l C%D =23 U had diarrhea), nausea (3/21; U Fatigue (4/21) U U significantly improved in 20 mg/kg/day, oral, split in normal; 5/44 could not [210]
- N o1 T placebo group nausea, 4/22); finishing meals, vomiting twice daily; 4/21 participants tolerate full dose
placebo), n=19/21F, X AU H N
o . only diarrhea was episodes, and could not tolerate full dose.
>90% white L X 2
significantly different perceived symptoms.
Headache, pain, suicidal
thoughts, weight loss,
Naya et al. Review Y Y Y Y U Y elevated ALT/AST, seizures, [87]
fever, upper respiratory
tract infection
Soetal. Healthy adults U Y N Y U y Poor sleep, euphoria, [200]

vivid dream

ULN: upper limit of normal; ALT: alanine aminotransferase; AST: aspartate aminotransferase; GCSI-DD: gastroparesis Cardinal Symptoms Index Daily Diary.
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6.2. Strategies to Overcome

As discussed in the previous section, there are adverse events by CBD that would be
better to eliminate or decrease. This challenge is not unique to CBD, as many drugs share
similar issues. Investigating strategies to minimize adverse events while maintaining the
beneficial effects is crucial. Here, we will explore several possibilities.

6.2.1. Co-Administration with Other Phytochemicals

There are many phytochemicals with anti-inflammatory effects [213-218] that also
have binding affinity with CYP enzymes [141,219,220]. Many of them have different overall
profiles of receptors, channels, and enzymes that they interact with. The biggest benefit
of using CBD could be its popularity. Based on the long history of using cannabis for
medical treatments, CBD can produce ‘meaning responses’ [221], i.e., the placebo effects
from expectation that it might work, and this is important.

The bioavailability of CBD depends on the route it was taken, and it is known that only
6% will be bioavailable when taken through the oral route [222,223]. This low bioavailability
necessitates taking a high dose to obtain the expected effects. Unfortunately, CBD turns
toxic from a very low concentration, which indicates the importance of a strategy to
reduce the dose. The upper limit of CBD described in the prescribing information of
Epidiolex is 5 mg/kg body weight per day. For example, a phytochemical compound
beta-caryophyllene is a CB2 ligand [224] and activates PPAR gamma and inhibits CYP
enzymes [141,225], and has anti-inflammatory effects as well as analgesic effects. Beta-
caryophyllene was found to have a toxic effect at doses over 2000 mg/kg body weight
per day [141]. This suggests that co-administering with less toxic phytochemicals, such
as beta-caryophyllene or others that have a binding affinity with CYP enzymes to reduce
the dose of CBD, may produce the same outcome with a lower amount of CBD. Indeed,
there are studies testing the combination of CBD and beta-caryophyllene, finding that it
produces anti-inflammatory and analgesic effects in a synergistic way [226,227].

The low bioavailability of CBD and gastrointestinal adverse events are quite analogous
to the profile of curcumin, which also has low bioavailability and some adverse events but
is well-known for its various beneficial effects [228]. Curcumin can be co-formulated with
piperine to enhance bioavailability.

Piperine is known to enhance the effects of other phytochemicals due to its inhibitory
potency at CYP2C9 and CYP3A4. When it was co-administered with curcumin, it increased
the maximum plasma concentration of curcumin by 2000% [18,229]. In another study on
co-administering piperine with curcumin, the urinary excretion rate of curcumin 24 h after
administration was about 5 times higher than the group who had curcumin alone [230].
An interesting and important study on piperine and curcumin revealed that the effect
was multifactorial and it was mediated through the drug—drug interaction (in this case,
phytochemical-phytochemical interaction) of binding to CYP3A, which also enhanced
the bioavailability through a process of making a chemical complex of curcumin and
piperine that enhances the bioavailability of curcumin. Piperine also intercalates with
curcumin, most likely through an exchange of protons from curcumin to the carboxyl
group of piperine, reforms a hydrogen bond, and establishes a complex with curcumin
that enhances transportation. This double-bonded complex improves the bioavailability
of curcumin [231]. In other words, these studies indicate that piperine not only directly
binds to CYP and UGT enzymes, inhibiting their enzymatic activity, but it also establishes a
hydrogen-bonded complex with curcumin and enhances its bioavailability. Whether these
same mechanisms take place between CBD and piperine needs to be addressed. There have
been studies showing that co-administration of CBD with piperine increased the maximum
plasma concentration of CBD [232]. Importantly, in their study [232], they showed not only
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the effects of co-administration of CBD with piperine, but they also showed the effects of
formulation of CBD and of piperine, and showed the efficacy of each formulation as well
as the combination of formulated chemical compounds [232]. We will summarize this in
the next section.

6.2.2. Enhancing Bioavailability and Reducing the Amount of Administration: Formulation

Currently there are multiple strategies in chemical engineering that exist to enhance
the bioavailability of hydrophobic phytochemicals. Table 5 summarizes examples of the
chemical agents used as well as the techniques that formulate hydrophobic chemical
compounds into complexes with improved bioavailability.

Table 5. Types of chemical agents and formulation techniques used.

Techniques Used and Effects References

Agents

Water-soluble nasal spray of CBD developed with 3-cyclodextrin-CBD

Cyclodextrin inclusion complex complex (CBD-B-CD) was tested effective in ex vivo nasal mucosa [233-236]

immune cells [233].

PLGA loaded with CBD showed controlled release of CBD for 96 h in

Poly-lactic-co-glycolic acid (PLGA) ovarian cancer cells [237]. CBD-PLGA showed higher bioavailability of [237-239]

CBD and significantly suppressed inflammatory cytokines [238].

Archaeosomes

Archaeosomes are liposomes made with ether lipids from
Archaeobacteria [240]. A comparison of two types of formulated CBD,
archaeosomes-CBD and soybean lecithin-derived liposome-CBD, [240,241]
revealed 6 times higher uptake of archaeosome-CBD compared to
lecithin-derived liposome-CBD in in vitro assays using Caco-2 cells [241].

Mammalian-derived EV and plant-derived EV can be carriers for drug

Extracellular vesicles (EV) delivery and EV themselves are found to have anti-inflammatory effects, [242,243]

anti-cancer effects, and to improve wound healing and regeneration.

Techniques

Self-Emulsifying Drug
Delivery System (SEDDS)

SEDDS (>300 nm)

Single dose of SEDDS-CBD (25 mg CBD) produced 4.4 times higher Cax
and faster Trmax (1.0 h compared to 3.0 h in control CBD). Control CBD
showed sex differences in bioavailability (F > M), which diminished in

SEDDS-CBD [244]

[244-246]

Micro-emulsifying Names of SEDDS, SMEDDS, SNEDDS indicate the sizes
(SMEDDS) (<250 nm) of the produced complex.

[247]

Nano-emulsifying
(SNEDDS) (<100 nm)

Pro-liponanospheres (or pro-nanolipospheres) of CBD with piperine
produced 4 times higher Cpax and 2.2 times higher AUC in healthy [232,248]
human participants [248] and 6 times higher AUC in a rat model [232].

Uses rapid mixing method at large volume compared to methods using
microfluidics. In addition, utilizes lecithin or hydroxypropyl

Flash Nanoprecipitation methylcellulose acetate succinate as stabilizer and iron oxide (Fe3O4) to [249-251]

add density, which improves separation of formulated CBD
from free CBD [249]

UltraShear nanoemulsion

Utilizes high pressure (30,000 psi) for homogenization. Formulated CBD
(20 mg/mL) was administered to rats (5 mg/animal by gavage), which
produced average relative bioavailability of 18.6% at 6 h
post-administration and 25.4% at 24 h post-administration

[252,253]

Cmax: maximum concentration in blood, Tpax: time until the concentration reaches maximum.

Cyclodextrin inclusion complex: Cyclodextrin (CD) has been known since as early
as the 19th century and has been used in the food industry for decades [254,255]. More
recently, it has started to be used in drug delivery. CDs have a ring structure (Figure 11)

with a hydrophilic outside and a hydrophobic inside, where guest molecules can non-
covalently be captured, making a host-guest complex. There are three subtypes, x-CD,
3-CD, and y-CD based on the number of glucoses in the structure, producing differences in
the outer diameter, which also affects the inner cavity size [254]. These complexes improve
bioavailability by converting hydrophobic molecules into hydrophilic forms and enhancing
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stability by shielding the guest molecule from enzymatic degradation or oxidation. For
example, a study developing CBD-f3-CD complexes as anti-inflammatory drugs showed a
rapid release of CBD (100% within a minute) and a fast permeation rate of CBD through
cultured porcine nasal mucosa, achieving plateau levels of permeation within 10 min. There
were almost no cytotoxic influences on cultured human nasal septum tumor epithelial
cells (RPMI 2650 cell line) and mouse macrophage-like cells (RAW 264.7 cell line) [233].
Pre-treatment with CBD-{3-CD complexes also significantly suppressed pro-inflammatory
cytokine secretion in porcine nasal mucosa exposed to the recombinant protein of the spike
protein receptor binding domain of SARS-CoV-2 [233]. In another study that generated
CBD-cyclodextrin complexes using 2-hydroxypropyl-3-CD (CBD/HP-3-CD), CBD/HP-
-CD complexes promoted cell division and cell migration in cultured human dermal
fibroblast cells, suggesting potential for enhancing wound healing [236].
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Figure 11. Chemical structure of cyclodextrin. (PubChem CID: 320760; image was retrieved from
PubChem: https:/ /pubchem.ncbi.nlm.nih.gov/compound/320760; access date 8 January 2025).

Poly-lactic-co-glycolic acid (PLGA): PLGA has also been known for decades [239]. Its
biodegradable nature made it useful for surgical sutures and became used in drug delivery

by loading small molecules. It has been used as a controlled drug release agent. In a study
that loaded CBD into PLGA nanoparticles (CBD-PLGA-NP), CBD was about 50% released
from encapsulation during the first 12 h, and reached to 100% at 96 h (at 37 °C and 5%
COy,). Internalization in SKOV-3 epithelial ovarian cancer cells occurred 2 h to 4 h after
the exposure of cells to CBD-PLGA-NP [237]. In a study using primary chondrocytes from
neonate Sprague Dawley rats and exposing them to lipopolysaccharides (LPS), treatment
with CBD-PLGA nanoparticles significantly enhanced cell viability and suppressed pro-
inflammatory cytokine expression compared to the cells treated with non-formulated
CBD [238].

Extracellular vesicles (EVs): EVs are particles secreted from cells, which used to be

thought of as debris from cells and recently have been found to have cell-to-cell commu-
nication functions [256-258]. There are EVs of both mammalian cell origin and plant cell
origin, and the EVs of plant cell origin are often called PDEV (plant-derived EV). EVs are
broadly categorized into two groups, exosomes and microvesicles [257]. Exosomes are
produced by intracellular budding of endosomal membranes and are released by exocy-
tosis, whereas microvesicles are produced by budding of the cell membrane outwards
toward the extracellular environment and become released directly into the extracellular
environment [257]. Once produced, there are proteins and RNA enclosed in EVs, and
these can be delivered to other cells when the secreted EVs attach to the recipient cells and
become internalized by endocytosis, phagocytosis, or fusion. The profile of proteins and
RNA is affected by the physiological condition of the donator cells, and such changes in
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the profile are delivered to the recipient cells, and thus cell-to-cell communication takes
place. This function to deliver proteins and RNAs has suggested its potential as an agent
for drug delivery by encapsulating specific drugs of interest, antigens, vaccines, or genes
for, for example, cancer [259-261] and other diseases [262] as well as for regeneration and
wound healing [263]. Importantly, studies have shown that EVs themselves enhance wound
healing and regeneration [264,265], rather than a cargo to deliver drugs, indicating the
possibilities of synergetic influences when used as a drug delivery system. These studies
suggest the possibility of loading CBD into EVs of mammal origin, such as mesenchymal
stem cells (MS-EV) [243], or isolating EVs from Cannabis sativa, which contain CBD. In-
deed, there are studies isolating EVs from cannabis that contained high amounts of CBD
and found that it significantly suppressed the viability of cancer cells [266]. The MS-EV
loaded with CBD was also found to have stronger effects than the EV alone and CBD alone
on decreasing peripheral neuropathy experimentally induced in mice by administering
paclitaxel (8 mg/kg) [243].

Self-emulsifying drug delivery (SEDD, SMEDD, SNEDD): Self-emulsifying drug de-
livery systems were developed to overcome the problem of low bioavailability in many

of the drugs [247,267]. It basically mixes the target drug with oil to encapsulate the drug
in the oil drop at the first stage and then with a water-soluble surfactant/co-surfactant
with/without cosolvents [267]. Medium-chain triglycerides (Cg to Cyp) are better in emulsi-
fication, and long-chain triglycerides (>Cyg) are better for drug delivery [267]. As shown
in Table 5, the several sub-types are based on the sizes of the formulated SEDD multi-
complexes. CBD complexes formulated using this technique showed higher bioavailability
compared to free CBD [244] (Table 5).

Flash nanoprecipitation (FNP): The concept of the FNP technique to encapsulate CBD

or other drugs of interest is similar to the SEDD method but uses one of two types of chem-
icals as stabilizers. One is L-a-lecithin, which is a mixture of amphiphilic phospholipids
from soybeans (>94% phosphatidylcholine and <2% triglycerides) to form a thin layer on
the surface of the nanoparticle, and the other is hydroxypropyl methylcellulose acetate
succinate [249]. The “flash” refers to the rapid mixing process, which enables large-scale
production of formulated complexes compared to microfluidic device-based methods,
which use micrometer-sized laminar flow channels to mix. The FNP method enables the
formulation of a large volume quickly.

Others and combinations of multiple techniques: Hybrid methods often combine

multiple formulation strategies to improve bioavailability further. Cherniakov et al.
(2017a,b) [232,248] used a pro-nanoliposphere technique to formulate cannabinoids and
piperine and tested the effects of a combination of multiple chemical compounds with
a single administration of them. Interestingly, and importantly, oral administration of
formulated CBD-piperine led to a six-fold higher concentration than administration of CBD
alone [232]. These findings highlight the potential of combining advanced formulation
techniques with the co-administration of phytochemicals like piperine to enhance CBD
bioavailability effectively.

6.2.3. Targeted Drug Delivery

Another possible strategy to reduce the adverse events could be to find a way to
limit the targets, i.e., ‘targeted drug delivery’, to certain tissues/organs or types of cells
and to delay the release of the drug until they reach the target. This will be possible if a
certain protein, such as a biomarker specific to the target cells or biomarkers of cells that are
specific to the target tissues/organs, triggers the release of the drug, and until then the drug
is encapsulated or biologically inactive. If this strategy is possible, we can, for example,
suppress the vitality of only the specific types of immune cells involved in the rejection of
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transplanted organs without or with less damage to other cells and protect other organs
from damage.

Studies on targeted drug delivery have increased during recent decades, mostly in
the study area of oncology. For example, by utilizing biomarkers specific to T cells or
specific types of T cells, it is possible to confine the delivery of the drug to these targeted
T cells [268,269]. By targeting the delivery to a specific protein involved in the signaling
pathways, studies have demonstrated the possibility of enhancing anti-tumor activity [268].
There are multiple clinical trials already conducted or still ongoing, which are testing the
effects of drug delivery loaded with CD70, VEGFR2, and others to specifically target tumors
or T cells [268]. This strategy has a high possibility of being expanded toward diseases
other than cancer and specific conditions such as immunotherapy to post-organ transplant
patients with the goal of reducing adverse events.

7. Conclusions

CBD can now be obtained over the counter and taken for a variety of purposes, includ-
ing pain and anxiety. The name that suggests its relationship with cannabis alone can cause
“meaning responses”, i.e., placebo effects [221]. This may not sound like a useful factor,
but it is, especially because of the extremely well-known name of the plant that contains
CBD. The historical background of cannabis as a medicine and recreational compound
likely enhances the perceived benefit of CBD. CBD has a number of adverse events and
is subject to both pharmacokinetic and pharmacodynamic drug-drug interactions. Like-
wise, piperine and beta-caryophyllene also have binding affinity with CYP enzymes and
anti-inflammatory effects but are less toxic. Yet, many phytochemical biologists know that
nobody would expect a major chemical constituent of ‘black pepper’, i.e., piperine and
beta-caryophyllene, or of copaiba and rosemary, i.e., beta-caryophyllene, to be effective.
Piperine is now included in the supplements of curcumin to enhance its bioavailability,
and these supplements are on the market as ‘curcumin’, not as ‘piperine’, although it is
at least listed in the ingredients of their labels. To ensure the value of CBD as a drug, it is
necessary to identify formulations with enhanced chemical stability that reduce adverse
events and necessary dosage by enhancing bioavailability. One option is co-administration
of CBD with piperine, as piperine has already shown its effects with curcumin and is on
the market as a supplement. In addition, new formulations of CBD and piperine using
nanoemulsion or other techniques may further enhance the effects of CBD and further
enable dose reduction and avoidance of adverse events. In order to explore the possibility
of utilizing CBD in post-organ-transplant patients, it is important to conduct clinical trials
and evaluate combination of CBD and tacrolimus to optimize dosing strategies while
minimizing adverse effects. Additionally, exploring personalized dosing approaches based
on patients” CYP genotypes would be valuable, as genetic variability significantly impacts
CBD metabolism.

Author Contributions: Conceptualization and original draft preparation and writing, review and
editing, S.K.; review and editing, J.E., J.]J., M.M., G.C.S. and D.L.G.; supervision and editing, M.T.E.
All authors have read and agreed to the published version of the manuscript.

Funding: J.E. was supported by Award Number T32GM008425 from the National Institute of General
Medical Sciences. G.C.S. was supported by the National Institutes of Health and the National
Institute of General Medical Sciences (Grant T32GM008425). ].J. was supported by Indiana Medical
Student Program for Research and Scholarship (IMPRS) from Indiana Clinical and Translational
Science Institute Grant (UL1TR002529) from the National Institute of Health. M.M. was supported
by the Indiana MSTP Undergraduate Summer Research Program. S.K. and M.T.E. were funded by
NCCIH RO1AT011463.



Int. J. Mol. Sci. 2025, 26, 699 30 of 40

Acknowledgments: S.K. would like to express a special gratitude to Amy Poehlman for the comments
to the paper. The content is solely the responsibility of the authors and does not necessarily represent
the official views of the National Institute of General Medical Sciences or the National Institutes
of Health.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the
design of the study and in the writing of the manuscript.

References

1.  Zorgdrager, M.; Lange, J.F.; Krikke, C.; Nieuwenhuijs, G.J.; Hofker, S.H.; Leuvenink, H.G.; Pol, R.A. Chronic Inguinal Pain After
Kidney Transplantation, a Common and Underexposed Problem. World |. Surg. 2017, 41, 630-638. [CrossRef] [PubMed]

2. Tamargo, C.L.; Kant, S. Pathophysiology of Rejection in Kidney Transplantation. J. Clin. Med. 2023, 12, 4130. [CrossRef] [PubMed]

3. Bowman, L.J.; Brennan, D.C. The Role of Tacrolimus in Renal Transplantation. Expert Opin. Pharmacother. 2008, 9, 635-643.
[CrossRef] [PubMed]

4. Rath, T. Tacrolimus in Transplant Rejection. Expert Opin. Pharmacother. 2013, 14, 115-122. [CrossRef]

5. Vaeth, M.; Kahlfuss, S.; Feske, S. CRAC Channels and Calcium Signaling in T Cell-Mediated Immunity. Trends Immunol.
2020, 41, 878-901. [CrossRef]

6.  Thomson, A.W.; Bonham, C.A.; Zeevi, A. Mode of Action of Tacrolimus (FK506): Molecular and Cellular Mechanisms. Ther. Drug
Monit. 1995, 17, 584-591. [CrossRef] [PubMed]

7. Rowland, A.; Miners, ].O.; Mackenzie, P.I. The UDP-Glucuronosyltransferases: Their Role in Drug Metabolism and Detoxification.
Int. ]. Biochem. Cell Biol. 2013, 45, 1121-1132. [CrossRef] [PubMed]

8. Macphee, I.AM.; Fredericks, S.; Tai, T.; Syrris, P.; Carter, N.D.; Johnston, A.; Goldberg, L.; Holt, D.W. Tacrolimus Pharmacogenetics:
Polymorphisms Associated with Expression of Cytochrome p4503A5 and P-Glycoprotein Correlate with Dose Requirement.
Transplantation 2002, 74, 1486-1489. [CrossRef]

9.  Laverdiere, I.; Caron, P,; Harvey, M.; Lévesque, E.; Guillemette, C. In Vitro Investigation of Human UDP-Glucuronosyltransferase
Isoforms Responsible for Tacrolimus Glucuronidation: Predominant Contribution of UGT1A4. Drug Metab. Dispos.
2011, 39, 1127-1130. [CrossRef] [PubMed]

10. Abdel-Kahaar, E.; Winter, S.; Tremmel, R.; Schaeffeler, E.; Olbricht, C.J.; Wieland, E.; Schwab, M.; Shipkova, M.; Jaeger, S.U. The
Impact of CYP3A4*22 on Tacrolimus Pharmacokinetics and Outcome in Clinical Practice at a Single Kidney Transplant Center.
Front. Genet. 2019, 10, 871. [CrossRef]

11.  Mazur, A,; Lichti, C.E; Prather, P.L.; Zielinska, A.K.; Bratton, S.M.; Gallus-Zawada, A.; Finel, M.; Miller, G.P.; Radomiriska-Pandya,
A.; Moran, ].H. Characterization of Human Hepatic and Extrahepatic UDP-Glucuronosyltransferase Enzymes Involved in the
Metabolism of Classic Cannabinoids. Drug Metab. Dispos. 2009, 37, 1496-1504. [CrossRef] [PubMed]

12.  Nasrin, S.; Watson, C.J.W,; Bardhi, K,; Fort, G.; Chen, G.; Lazarus, P. Inhibition of UDP-Glucuronosyltransferase Enzymes by
Major Cannabinoids and Their Metabolites. Drug Metab. Dispos. 2021, 49, 1081-1089. [CrossRef] [PubMed]

13. Takahashi, R.H.; Forrest, W.E.; Smith, A.D.; Badee, ]J.; Qiu, N.; Schmidt, S.; Collier, A.C.; Parrott, N.; Fowler, S. Characterization of
Hepatic UDP-Glucuronosyltransferase Enzyme Abundance-Activity Correlations and Population Variability Using a Proteomics
Approach and Comparison with Cytochrome P450 Enzymes. Drug Metab. Dispos. 2021, 49, 760-769. [CrossRef]

14. Brent, B.A. What Are the Benefits of CBD—And Is It Safe to Use? Consumer Health. Available online: https://
www.mayoclinic.org/healthy-lifestyle /consumer-health /expert-answers /is-cbd-safe-and-effective / faq-20446700 (accessed on
15 December 2024).

15. Kopustinskiene, D.M.; Masteikova, R.; Lazauskas, R.; Bernatoniene, J. Cannabis sativa L. Bioactive Compounds and Their
Protective Role in Oxidative Stress and Inflammation. Antioxidants 2022, 11, 660. [CrossRef] [PubMed]

16. Peltner, L K,; Gluthmann, L.; Borner, E; Pace, S.; Hoffstetter, R K.; Kretzer, C.; Bilancia, R.; Pollastro, E; Koeberle, A.; Appendino,
G.; et al. Cannabidiol Acts as Molecular Switch in Innate Inmune Cells to Promote the Biosynthesis of Inflammation-Resolving
Lipid Mediators. Cell Chem. Biol. 2023, 30, 1508-1524.€7. [CrossRef] [PubMed]

17.  Volak, L.P; Ghirmai, S.; Cashman, J.R.; Court, M.H. Curcuminoids Inhibit Multiple Human Cytochromes P450, UDP-
Glucuronosyltransferase, and Sulfotransferase Enzymes, Whereas Piperine Is a Relatively Selective CYP3A4 Inhibitor. Drug
Metab. Dispos. 2008, 36, 1594-1605. [CrossRef] [PubMed]

18.  Stojanovi¢-Radi¢, Z.; Pej¢i¢, M.; Dimitrijevi¢, M.; Aleksi¢, A.; Anil Kumar, N.V,; Salehi, B.; Cho, W.C.; Sharifi-Rad, J. Piperine-A
Major Principle of Black Pepper: A Review of Its Bioactivity and Studies. Appl. Sci. 2019, 9, 4270. [CrossRef]

19. Cui, T.; Wang, Q.; Tian, X.; Zhang, K.; Peng, Y.; Zheng, J. Piperine Is a Mechanism-Based Inactivator of CYP3A. Drug Metab.
Dispos. 2020, 48, 123-134. [CrossRef]

20. Shamsi, S.; Tran, H.; Tan, R.S.].; Tan, Z.J.; Lim, L.Y. Curcumin, Piperine, and Capsaicin: A Comparative Study of Spice-Mediated

Inhibition of Human Cytochrome P450 Isozyme Activities. Drug Metab. Dispos. 2017, 45, 49-55. [CrossRef] [PubMed]


https://doi.org/10.1007/s00268-016-3713-9
https://www.ncbi.nlm.nih.gov/pubmed/27637606
https://doi.org/10.3390/jcm12124130
https://www.ncbi.nlm.nih.gov/pubmed/37373823
https://doi.org/10.1517/14656566.9.4.635
https://www.ncbi.nlm.nih.gov/pubmed/18312164
https://doi.org/10.1517/14656566.2013.751374
https://doi.org/10.1016/j.it.2020.06.012
https://doi.org/10.1097/00007691-199512000-00007
https://www.ncbi.nlm.nih.gov/pubmed/8588225
https://doi.org/10.1016/j.biocel.2013.02.019
https://www.ncbi.nlm.nih.gov/pubmed/23500526
https://doi.org/10.1097/00007890-200212150-00002
https://doi.org/10.1124/dmd.111.039040
https://www.ncbi.nlm.nih.gov/pubmed/21487055
https://doi.org/10.3389/fgene.2019.00871
https://doi.org/10.1124/dmd.109.026898
https://www.ncbi.nlm.nih.gov/pubmed/19339377
https://doi.org/10.1124/dmd.121.000530
https://www.ncbi.nlm.nih.gov/pubmed/34493601
https://doi.org/10.1124/dmd.121.000474
https://www.mayoclinic.org/healthy-lifestyle/consumer-health/expert-answers/is-cbd-safe-and-effective/faq-20446700
https://www.mayoclinic.org/healthy-lifestyle/consumer-health/expert-answers/is-cbd-safe-and-effective/faq-20446700
https://doi.org/10.3390/antiox11040660
https://www.ncbi.nlm.nih.gov/pubmed/35453344
https://doi.org/10.1016/j.chembiol.2023.08.001
https://www.ncbi.nlm.nih.gov/pubmed/37647900
https://doi.org/10.1124/dmd.108.020552
https://www.ncbi.nlm.nih.gov/pubmed/18480186
https://doi.org/10.3390/app9204270
https://doi.org/10.1124/dmd.119.088955
https://doi.org/10.1124/dmd.116.073213
https://www.ncbi.nlm.nih.gov/pubmed/27821437

Int. J. Mol. Sci. 2025, 26, 699 31 of 40

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Yamaori, S.; Ebisawa, J.; Okushima, Y.; Yamamoto, I.; Watanabe, K. Potent Inhibition of Human Cytochrome P450 3A Isoforms by
Cannabidiol: Role of Phenolic Hydroxyl Groups in the Resorcinol Moiety. Life Sci. 2011, 88, 730-736. [CrossRef]

Bansal, S.; Maharao, N.; Paine, M.F,; Unadkat, ].D. Predicting the Potential for Cannabinoids to Precipitate Pharmacokinetic
Drug Interactions via Reversible Inhibition or Inactivation of Major Cytochromes P450. Drug Metab. Dispos. 2020, 48, 1008-1017.
[CrossRef] [PubMed]

Zehra, A.; Burns, J.; Liu, C.K.; Manza, P.; Wiers, C.E.; Volkow, N.D.; Wang, G.-J. Cannabis Addiction and the Brain: A Review.
J. Neuroimmune Pharmacol. 2018, 13, 438-452. [CrossRef] [PubMed]

Clarke, R.; Merlin, M. Cannabis: Evolution and Ethnobotany, 1st ed.; University of California Press: Oakland, CA, USA, 2016;
ISBN 0-520-29248-0.

Rupasinghe, H.P.V.; Davis, A.; Kumar, S.K.; Murray, B.; Zheljazkov, V.D. Industrial Hemp (Cannabis Sativa Subsp. Sativa) as an
Emerging Source for Value-Added Functional Food Ingredients and Nutraceuticals. Molecules 2020, 25, 4078. [CrossRef]
Fordjour, E.; Manful, C.E; Sey, A.A ; Javed, R.; Pham, T.H.; Thomas, R.; Cheema, M. Cannabis: A Multifaceted Plant with Endless
Potentials. Front. Pharmacol. 2023, 14, 1200269. [CrossRef] [PubMed]

Farinon, B.; Molinari, R.; Costantini, L.; Merendino, N. The Seed of Industrial Hemp (Cannabis sativa L.): Nutritional Quality and
Potential Functionality for Human Health and Nutrition. Nutrients 2020, 12, 1935. [CrossRef]

Kleinhenz, M.D.; Magnin, G.; Ensley, S.M.; Griffin, ].J.; Goeser, ].; Lynch, E.; Coetzee, ].F. Nutrient Concentrations, Digestibility,
and Cannabinoid Concentrations of Industrial Hemp Plant Components. Appl. Anim. Sci. 2020, 36, 489—494. [CrossRef]

Punja, Z.K.; Holmes, J.E. Hermaphroditism in Marijuana (Cannabis sativa L.) Inflorescences—Impact on Floral Morphology, Seed
Formation, Progeny Sex Ratios, and Genetic Variation. Front. Plant Sci. 2020, 11, 718. [CrossRef]

Nagy, D.U.; Cianfaglione, K.; Maggi, F.; Sut, S.; Dall’Acqua, S. Chemical Characterization of Leaves, Male and Female Flowers
from Spontaneous Cannabis (Cannabis sativa L.) Growing in Hungary. Chem. Biodivers. 2019, 16, €1800562. [CrossRef] [PubMed]
Zuardi, A.W. History of Cannabis as a Medicine: A Review. Braz. |. Psychiatry 2006, 28, 153-157. [CrossRef]

Pain, S. A Potted History. Nature 2015, 525, S10-S11. [CrossRef]

Pertwee, R.G. Cannabinoid Pharmacology: The First 66 Years. Br. J. Pharmacol. 2006, 147 (Suppl. 1), S163-5171. [CrossRef]
Maioli, C.; Mattoteia, D.; Amin, H.I.M.; Minassi, A.; Caprioglio, D. Cannabinol: History, Syntheses, and Biological Profile of the
Greatest “Minor” Cannabinoid. Plants 2022, 11, 2896. [CrossRef] [PubMed]

Gertsch, ].; Pertwee, R.G.; Di Marzo, V. Phytocannabinoids beyond the Cannabis Plant—Do They Exist? Br. ]. Pharmacol.
2010, 160, 523-529. [CrossRef]

Mechoulam, R.; Shani, A.; Edery, H.; Grunfeld, Y. Chemical Basis of Hashish Activity. Science 1970, 169, 611-612. [CrossRef]
Pertwee, R.G. Pharmacology of Cannabinoid CB1 and CB2 Receptors. Pharmacol. Ther. 1997, 74, 129-180. [CrossRef] [PubMed]
Zendulka, O.; Dovrtélov4, G.; Noskov4, K.; Turjap, M.; Sulcovd, A.; Hanus, L.; Jufica, J. Cannabinoids and Cytochrome P450
Interactions. Curr. Drug Metab. 2016, 17, 206-226. [CrossRef] [PubMed]

Devane, W.A; Hanus, L.; Breuer, A.; Pertwee, R.G.; Stevenson, L.A.; Griffin, G.; Gibson, D.; Mandelbaum, A.; Etinger, A.; Mechoulam,
R. Isolation and Structure of a Brain Constituent That Binds to the Cannabinoid Receptor. Science 1992, 258, 1946-1949. [CrossRef]
[PubMed]

Mechoulam, R.; Ben-Shabat, S.; Hanus, L.; Ligumsky, M.; Kaminski, N.E.; Schatz, A.R.; Gopher, A.; Almog, S.; Martin, B.R,;
Compton, D.R. Identification of an Endogenous 2-Monoglyceride, Present in Canine Gut, That Binds to Cannabinoid Receptors.
Biochem. Pharmacol. 1995, 50, 83-90. [CrossRef]

Bian, Y.; He, X; Jing, Y.; Wang, L.; Wang, ].; Xie, X.-Q. Computational Systems Pharmacology Analysis of Cannabidiol: A Combi-
nation of Chemogenomics-Knowledgebase Network Analysis and Integrated in Silico Modeling and Simulation. Acta Pharmacol.
Sin. 2019, 40, 374-386. [CrossRef]

Castillo-Arellano, J.; Canseco-Alba, A.; Cutler, S.J.; Leén, E. The Polypharmacological Effects of Cannabidiol. Molecules 2023, 28, 3271.
[CrossRef]

Hinz, B.; Ramer, R. Cannabinoids as Anticancer Drugs: Current Status of Preclinical Research. Br. J. Cancer 2022, 127, 1-13.
[CrossRef] [PubMed]

Paliwal, H.; Kaewpaiboon, S.; Ali Khumaini Mudhar Bintang, M.; Srichana, T. Interaction Studies of Cannabidiol with Human
Serum Albumin by Surface Plasmon Resonance, Spectroscopy, and Molecular Docking. J. Biomol. Struct. Dyn. 2024, 42, 5147-5158.
[CrossRef] [PubMed]

Zhivkova, Z.D. Studies on Drug-Human Serum Albumin Binding: The Current State of the Matter. Curr. Pharm. Des. 2015, 21, 1817-1830.
[CrossRef]

Leboffe, L.; di Masi, A.; Trezza, V.; Polticelli, F.; Ascenzi, P. Human Serum Albumin: A Modulator of Cannabinoid Drugs.
IUBMB Life 2017, 69, 834-840. [CrossRef]

Beers, J.L.; Zhou, Z.; Jackson, K.D. Advances and Challenges in Modeling Cannabidiol Pharmacokinetics and Hepatotoxicity.
Drug Metab. Dispos. 2024, 52, 508-515. [CrossRef] [PubMed]


https://doi.org/10.1016/j.lfs.2011.02.017
https://doi.org/10.1124/dmd.120.000073
https://www.ncbi.nlm.nih.gov/pubmed/32587099
https://doi.org/10.1007/s11481-018-9782-9
https://www.ncbi.nlm.nih.gov/pubmed/29556883
https://doi.org/10.3390/molecules25184078
https://doi.org/10.3389/fphar.2023.1200269
https://www.ncbi.nlm.nih.gov/pubmed/37397476
https://doi.org/10.3390/nu12071935
https://doi.org/10.15232/aas.2020-02018
https://doi.org/10.3389/fpls.2020.00718
https://doi.org/10.1002/cbdv.201800562
https://www.ncbi.nlm.nih.gov/pubmed/30548994
https://doi.org/10.1590/S1516-44462006000200015
https://doi.org/10.1038/525S10a
https://doi.org/10.1038/sj.bjp.0706406
https://doi.org/10.3390/plants11212896
https://www.ncbi.nlm.nih.gov/pubmed/36365350
https://doi.org/10.1111/j.1476-5381.2010.00745.x
https://doi.org/10.1126/science.169.3945.611
https://doi.org/10.1016/S0163-7258(97)82001-3
https://www.ncbi.nlm.nih.gov/pubmed/9336020
https://doi.org/10.2174/1389200217666151210142051
https://www.ncbi.nlm.nih.gov/pubmed/26651971
https://doi.org/10.1126/science.1470919
https://www.ncbi.nlm.nih.gov/pubmed/1470919
https://doi.org/10.1016/0006-2952(95)00109-D
https://doi.org/10.1038/s41401-018-0071-1
https://doi.org/10.3390/molecules28073271
https://doi.org/10.1038/s41416-022-01727-4
https://www.ncbi.nlm.nih.gov/pubmed/35277658
https://doi.org/10.1080/07391102.2023.2234494
https://www.ncbi.nlm.nih.gov/pubmed/37434318
https://doi.org/10.2174/1381612821666150302113710
https://doi.org/10.1002/iub.1682
https://doi.org/10.1124/dmd.123.001435
https://www.ncbi.nlm.nih.gov/pubmed/38286636

Int. J. Mol. Sci. 2025, 26, 699 32 of 40

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Iffland, K.; Grotenhermen, F. An Update on Safety and Side Effects of Cannabidiol: A Review of Clinical Data and Relevant
Animal Studies. Cannabis Cannabinoid Res. 2017, 2, 139-154. [CrossRef]

Adams, R.; Pease, D.C.; Clark, ].H. Isolation of Cannabinol, Cannabidiol and Quebrachitol from Red Oil of Minnesota Wild Hemp.
J. Am. Chem. Soc. 1940, 62, 2194-2196. [CrossRef]

Appendino, G. The Early History of Cannabinoid Research. Rend. Fis. Acc. Lincei 2020, 31, 919-929. [CrossRef]

Mechoulam, R.; Shvo, Y. Hashish—I. Tetrahedron 1963, 19, 2073-2078. [CrossRef]

Mechoulam, R. A Delightful Trip Along the Pathway of Cannabinoid and Endocannabinoid Chemistry and Pharmacology.
Annu. Rev. Pharmacol. Toxicol. 2023, 63, 1-13. [CrossRef] [PubMed]

Consroe, P.; Wolkin, A. Cannabidiol-Antiepileptic Drug Comparisons and Interactions in Experimentally Induced Seizures in
Rats. J. Pharmacol. Exp. Ther. 1977, 201, 26-32.

Chiu, P; Olsen, D.M.; Borys, H.K.; Karler, R.; Turkanis, S.A. The Influence of Cannabidiol and Delta 9-Tetrahydrocannabinol on
Cobalt Epilepsy in Rats. Epilepsia 1979, 20, 365-375. [CrossRef] [PubMed]

Karler, R.; Turkanis, S.A. The Cannabinoids as Potential Antiepileptics. J. Clin. Pharmacol. 1981, 21, 4375-448S. [CrossRef]
[PubMed]

Felberbaum, M. FDA Approves First Drug Comprised of an Active Ingredient Derived from Marijuana to Treat Rare, Severe
Forms of Epilepsy. FDA News Release. Available online: https://www.fda.gov/news-events/press-announcements/fda-
approves-first-drug-comprised-active-ingredient-derived-marijuana-treat-rare-severe-forms (accessed on 15 December 2024).

Ham, M.T.; Loskota, W.J.; Lomax, P. Acute and Chronic Effects of A9-Tetrahydrocannabinol on Seizures in the Gerbil. Eur. J.
Pharmacol. 1975, 31, 148-152. [CrossRef] [PubMed]

Brust, C.A.; Swanson, M.A.; Bohn, L.M. Structural and Functional Insights into the G Protein-Coupled Receptors: CB1 and CB2.
Biochem. Soc. Trans. 2023, 51, 1533-1543. [CrossRef]

Ortiz, R.; Rueda, S.; Di Ciano, P. Use of Cannabidiol (CBD) for the Treatment of Cognitive Impairment in Psychiatric and
Neurological Illness: A Narrative Review. Exp. Clin. Psychopharmacol. 2023, 31, 978-988. [CrossRef] [PubMed]

Wassmann, C.S.; Hejrup, P; Klitgaard, J.K. Cannabidiol Is an Effective Helper Compound in Combination with Bacitracin to Kill
Gram-Positive Bacteria. Sci. Rep. 2020, 10, 4112. [CrossRef] [PubMed]

Barak, T.; Sharon, E.; Steinberg, D.; Feldman, M.; Sionov, R.V,; Shalish, M. Anti-Bacterial Effect of Cannabidiol against the
Cariogenic Streptococcus Mutans Bacterium: An In Vitro Study. Int. J. Mol. Sci. 2022, 23, 15878. [CrossRef] [PubMed]

Campos, A.C.; Moreira, FEA.; Gomes, E.V.; Del Bel, E.A.; Guimaraes, ES. Multiple Mechanisms Involved in the Large-Spectrum
Therapeutic Potential of Cannabidiol in Psychiatric Disorders. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2012, 367, 3364-3378.
[CrossRef]

Peng, J.; Fan, M.; An, C.; Ni, E; Huang, W.; Luo, J. A Narrative Review of Molecular Mechanism and Therapeutic Effect of
Cannabidiol (CBD). Basic Clin. Pharmacol. Toxicol. 2022, 130, 439-456. [CrossRef] [PubMed]

Mori, M.A.; Meyer, E.; da Silva, EF,; Milani, H.; Guimaraes, ES.; Oliveira, R M.W. Differential Contribution of CB1, CB2, 5-HT1A,
and PPAR-y Receptors to Cannabidiol Effects on Ischemia-Induced Emotional and Cognitive Impairments. Eur. |. Neurosci.
2021, 53, 1738-1751. [CrossRef] [PubMed]

Wolf, S.A.; Bick-Sander, A.; Fabel, K.; Leal-Galicia, P.; Tauber, S.; Ramirez-Rodriguez, G.; Miiller, A.; Melnik, A.; Waltinger,
T.P.,; Ullrich, O.; et al. Cannabinoid Receptor CB1 Mediates Baseline and Activity-Induced Survival of New Neurons in Adult
Hippocampal Neurogenesis. Cell Commun. Signal 2010, 8, 12. [CrossRef]

Peyravian, N.; Deo, S.; Daunert, S.; Jimenez, ].J. Cannabidiol as a Novel Therapeutic for Immune Modulation. Immunotargets Ther.
2020, 9, 131-140. [CrossRef]

Ibeas Bih, C.; Chen, T.; Nunn, A.V.W.; Bazelot, M.; Dallas, M.; Whalley, B.]. Molecular Targets of Cannabidiol in Neurological
Disorders. Neurotherapeutics 2015, 12, 699-730. [CrossRef]

Muller, C.; Reggio, PH. An Analysis of the Putative CBD Binding Site in the Ionotropic Cannabinoid Receptors. Front. Cell.
Neurosci. 2020, 14, 615811. [CrossRef] [PubMed]

Ryberg, E.; Larsson, N.; Sjogren, S.; Hjorth, S.; Hermansson, N.-O.; Leonova, J.; Elebring, T.; Nilsson, K.; Drmota, T.; Greasley, PJ.
The Orphan Receptor GPR55 Is a Novel Cannabinoid Receptor. Br. J. Pharmacol. 2007, 152, 1092-1101. [CrossRef]

Balenga, N.A.B.; Aflaki, E.; Kargl, ].; Platzer, W.; Schroder, R.; Blattermann, S.; Kostenis, E.; Brown, A.J.; Heinemann, A.; Waldhoer,
M. GPR55 Regulates Cannabinoid 2 Receptor-Mediated Responses in Human Neutrophils. Cell Res. 2011, 21, 1452-1469.
[CrossRef] [PubMed]

Silvestro, S.; Schepici, G.; Bramanti, P.; Mazzon, E. Molecular Targets of Cannabidiol in Experimental Models of Neurological
Disease. Molecules 2020, 25, 5186. [CrossRef]

Nichols, ].M.; Kaplan, B.L.F. Immune Responses Regulated by Cannabidiol. Cannabis Cannabinoid Res. 2020, 5, 12-31. [CrossRef]
[PubMed]

Espejo-Porras, F; Ferndndez-Ruiz, J.; Pertwee, R.G.; Mechoulam, R.; Garcia, C. Motor Effects of the Non-Psychotropic Phyto-
cannabinoid Cannabidiol That Are Mediated by 5-HT1A Receptors. Neuropharmacology 2013, 75, 155-163. [CrossRef]


https://doi.org/10.1089/can.2016.0034
https://doi.org/10.1021/ja01865a080
https://doi.org/10.1007/s12210-020-00956-0
https://doi.org/10.1016/0040-4020(63)85022-X
https://doi.org/10.1146/annurev-pharmtox-051921-083709
https://www.ncbi.nlm.nih.gov/pubmed/35850522
https://doi.org/10.1111/j.1528-1157.1979.tb04816.x
https://www.ncbi.nlm.nih.gov/pubmed/113206
https://doi.org/10.1002/j.1552-4604.1981.tb02624.x
https://www.ncbi.nlm.nih.gov/pubmed/6975285
https://www.fda.gov/news-events/press-announcements/fda-approves-first-drug-comprised-active-ingredient-derived-marijuana-treat-rare-severe-forms
https://www.fda.gov/news-events/press-announcements/fda-approves-first-drug-comprised-active-ingredient-derived-marijuana-treat-rare-severe-forms
https://doi.org/10.1016/0014-2999(75)90087-4
https://www.ncbi.nlm.nih.gov/pubmed/1126373
https://doi.org/10.1042/BST20221316
https://doi.org/10.1037/pha0000659
https://www.ncbi.nlm.nih.gov/pubmed/37126037
https://doi.org/10.1038/s41598-020-60952-0
https://www.ncbi.nlm.nih.gov/pubmed/32139776
https://doi.org/10.3390/ijms232415878
https://www.ncbi.nlm.nih.gov/pubmed/36555519
https://doi.org/10.1098/rstb.2011.0389
https://doi.org/10.1111/bcpt.13710
https://www.ncbi.nlm.nih.gov/pubmed/35083862
https://doi.org/10.1111/ejn.15134
https://www.ncbi.nlm.nih.gov/pubmed/33522084
https://doi.org/10.1186/1478-811X-8-12
https://doi.org/10.2147/ITT.S263690
https://doi.org/10.1007/s13311-015-0377-3
https://doi.org/10.3389/fncel.2020.615811
https://www.ncbi.nlm.nih.gov/pubmed/33362478
https://doi.org/10.1038/sj.bjp.0707460
https://doi.org/10.1038/cr.2011.60
https://www.ncbi.nlm.nih.gov/pubmed/21467997
https://doi.org/10.3390/molecules25215186
https://doi.org/10.1089/can.2018.0073
https://www.ncbi.nlm.nih.gov/pubmed/32322673
https://doi.org/10.1016/j.neuropharm.2013.07.024

Int. J. Mol. Sci. 2025, 26, 699 33 of 40

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.
85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Liu, Y.-M,; Li, J.-C.; Gu, Y.-F; Qiu, R.-H.; Huang, J.-Y;; Xue, R.; Li, S.; Zhang, Y.; Zhang, K.; Zhang, Y.-Z. Cannabidiol Exerts
Sedative and Hypnotic Effects in Normal and Insomnia Model Mice Through Activation of 5-HT1A Receptor. Neurochem. Res.
2024, 49, 1150-1165. [CrossRef] [PubMed]

Martinez Naya, N.; Kelly, J.; Corna, G.; Golino, M.; Abbate, A.; Toldo, S. Molecular and Cellular Mechanisms of Action of
Cannabidiol. Molecules 2023, 28, 5980. [CrossRef] [PubMed]

Croasdell, A.; Duffney, PF,; Kim, N.; Lacy, S.H.; Sime, PJ.; Phipps, R.P. PPARy and the Innate Immune System Mediate the
Resolution of Inflammation. PPAR Res. 2015, 2015, 549691. [CrossRef]

Seeman, P. Cannabidiol Is a Partial Agonist at Dopamine D2High Receptors, Predicting Its Antipsychotic Clinical Dose.
Transl. Psychiatry 2016, 6, €920. [CrossRef]

Atalay, S.; Jarocka-Karpowicz, I.; Skrzydlewska, E. Antioxidative and Anti-Inflammatory Properties of Cannabidiol. Antioxidants
2019, 9, 21. [CrossRef]

Costa, B.; Giagnoni, G.; Franke, C.; Trovato, A.E.; Colleoni, M. Vanilloid TRPV1 Receptor Mediates the Antihyperalgesic Effect of
the Nonpsychoactive Cannabinoid, Cannabidiol, in a Rat Model of Acute Inflammation. Br. J. Pharmacol. 2004, 143, 247-250.
[CrossRef]

Etemad, L.; Karimi, G.; Alavi, M.S.; Roohbakhsh, A. Pharmacological Effects of Cannabidiol by Transient Receptor Potential
Channels. Life Sci. 2022, 300, 120582. [CrossRef]

Hegde, V.L.; Nagarkatti, P.S.; Nagarkatti, M. Role of Myeloid-Derived Suppressor Cells in Amelioration of Experimental
Autoimmune Hepatitis Following Activation of TRPV1 Receptors by Cannabidiol. PLoS ONE 2011, 6, €18281. [CrossRef]
[PubMed]

Bisogno, T.; Hanus, L.; De Petrocellis, L.; Tchilibon, S.; Ponde, D.E.; Brandi, I.; Moriello, A.S.; Davis, J.B.; Mechoulam, R.; Di
Marzo, V. Molecular Targets for Cannabidiol and Its Synthetic Analogues: Effect on Vanilloid VR1 Receptors and on the Cellular
Uptake and Enzymatic Hydrolysis of Anandamide. Br. J. Pharmacol. 2001, 134, 845-852. [CrossRef]

Iannotti, FA.; Hill, C.L.; Leo, A.; Alhusaini, A.; Soubrane, C.; Mazzarella, E.; Russo, E.; Whalley, B.J.; Di Marzo, V.; Stephens,
G.J. Nonpsychotropic Plant Cannabinoids, Cannabidivarin (CBDV) and Cannabidiol (CBD), Activate and Desensitize Transient
Receptor Potential Vanilloid 1 (TRPV1) Channels in Vitro: Potential for the Treatment of Neuronal Hyperexcitability. ACS Chem.
Neurosci. 2014, 5, 1131-1141. [CrossRef]

Muller, C.; Morales, P.; Reggio, PH. Cannabinoid Ligands Targeting TRP Channels. Front. Mol. Neurosci. 2018, 11, 487. [CrossRef]
Couch, D.G.; Tasker, C.; Theophilidou, E.; Lund, J.N.; O’Sullivan, S.E. Cannabidiol and Palmitoylethanolamide Are Anti-
Inflammatory in the Acutely Inflamed Human Colon. Clin. Sci. 2017, 131, 2611-2626. [CrossRef]

Marinelli, O.; Morelli, M.B.; Annibali, D.; Aguzzi, C.; Zeppa, L.; Tuyaerts, S.; Amantini, C.; Amant, F,; Ferretti, B.; Maggi, F;
et al. The Effects of Cannabidiol and Prognostic Role of TRPV2 in Human Endometrial Cancer. Int. J. Mol. Sci. 2020, 21, 5409.
[CrossRef] [PubMed]

Martinez Naya, N.; Kelly, J.; Corna, G.; Golino, M.; Polizio, A.H.; Abbate, A.; Toldo, S.; Mezzaroma, E. An Overview of
Cannabidiol as a Multifunctional Drug: Pharmacokinetics and Cellular Effects. Molecules 2024, 29, 473. [CrossRef] [PubMed]
Qin, N.; Neeper, M.P; Liu, Y.; Hutchinson, T.L.; Lubin, M.L.; Flores, C.M. TRPV2 Is Activated by Cannabidiol and Mediates
CGRP Release in Cultured Rat Dorsal Root Ganglion Neurons. J. Neurosci. 2008, 28, 6231-6238. [CrossRef] [PubMed]

De Petrocellis, L.; Orlando, P.; Moriello, A.S.; Aviello, G.; Stott, C.; 1zzo, A.A.; Di Marzo, V. Cannabinoid Actions at TRPV
Channels: Effects on TRPV3 and TRPV4 and Their Potential Relevance to Gastrointestinal Inflammation. Acta Physiol.
2012, 204, 255-266. [CrossRef] [PubMed]

Kowalski, C.W.; Ragozzino, FJ.; Lindberg, ].E.M.; Peterson, B.; Lugo, ].M.; McLaughlin, R.J.; Peters, ].H. Cannabidiol Activation
of Vagal Afferent Neurons Requires TRPAL. ]. Neurophysiol. 2020, 124, 1388-1398. [CrossRef] [PubMed]

De Petrocellis, L.; Vellani, V.; Schiano-Moriello, A.; Marini, P.; Magherini, P.C.; Orlando, P.; Di Marzo, V. Plant-Derived
Cannabinoids Modulate the Activity of Transient Receptor Potential Channels of Ankyrin Type-1 and Melastatin Type-8.
J. Pharmacol. Exp. Ther. 2008, 325, 1007-1015. [CrossRef]

Zhang, H.-X.B.; Heckman, L.; Niday, Z.; Jo, S.; Fujita, A.; Shim, J.; Pandey, R.; Al Jandal, H.; Jayakar, S.; Barrett, L.B.; et al.
Cannabidiol Activates Neuronal Kv7 Channels. eLife 2022, 11, €73246. [CrossRef] [PubMed]

Bornheim, L.M.; Correia, M.A. Selective Inactivation of Mouse Liver Cytochrome P-450IIIA by Cannabidiol. Mol. Pharmacol.
1990, 38, 319-326.

Chen, S.; Li, Y.; Li, X;; Wu, Q.; Puig, M.; Moulin, E; Gingrich, J.; Guo, L. Metabolism and Liver Toxicity of Cannabidiol. J. Environ.
Sci. Health C Toxicol. Carcinog. 2024, 42, 238-254. [CrossRef] [PubMed]

Nasrin, S.; Watson, C.J.W.; Perez-Paramo, Y.X.; Lazarus, P. Cannabinoid Metabolites as Inhibitors of Major Hepatic CYP450
Enzymes, with Implications for Cannabis-Drug Interactions. Drug Metab. Dispos. 2021, 49, 1070-1080. [CrossRef]

Beers, J.L.; Fu, D.; Jackson, K.D. Cytochrome P450-Catalyzed Metabolism of Cannabidiol to the Active Metabolite 7-Hydroxy-
Cannabidiol. Drug Metab. Dispos. 2021, 49, 882-891. [CrossRef]


https://doi.org/10.1007/s11064-024-04102-2
https://www.ncbi.nlm.nih.gov/pubmed/38296858
https://doi.org/10.3390/molecules28165980
https://www.ncbi.nlm.nih.gov/pubmed/37630232
https://doi.org/10.1155/2015/549691
https://doi.org/10.1038/tp.2016.195
https://doi.org/10.3390/antiox9010021
https://doi.org/10.1038/sj.bjp.0705920
https://doi.org/10.1016/j.lfs.2022.120582
https://doi.org/10.1371/journal.pone.0018281
https://www.ncbi.nlm.nih.gov/pubmed/21483776
https://doi.org/10.1038/sj.bjp.0704327
https://doi.org/10.1021/cn5000524
https://doi.org/10.3389/fnmol.2018.00487
https://doi.org/10.1042/CS20171288
https://doi.org/10.3390/ijms21155409
https://www.ncbi.nlm.nih.gov/pubmed/32751388
https://doi.org/10.3390/molecules29020473
https://www.ncbi.nlm.nih.gov/pubmed/38257386
https://doi.org/10.1523/JNEUROSCI.0504-08.2008
https://www.ncbi.nlm.nih.gov/pubmed/18550765
https://doi.org/10.1111/j.1748-1716.2011.02338.x
https://www.ncbi.nlm.nih.gov/pubmed/21726418
https://doi.org/10.1152/jn.00128.2020
https://www.ncbi.nlm.nih.gov/pubmed/32965166
https://doi.org/10.1124/jpet.107.134809
https://doi.org/10.7554/eLife.73246
https://www.ncbi.nlm.nih.gov/pubmed/35179483
https://doi.org/10.1080/26896583.2024.2366741
https://www.ncbi.nlm.nih.gov/pubmed/38904421
https://doi.org/10.1124/dmd.121.000442
https://doi.org/10.1124/dmd.120.000350

Int. J. Mol. Sci. 2025, 26, 699 34 of 40

97.

98.

99.

100.

101.

102.

103.
104.

105.

106.

107.

108.

109.

110.
111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

De Almeida, D.L.; Devi, L.A. Diversity of Molecular Targets and Signaling Pathways for CBD. Pharmacol. Res. Perspec
2020, 8, e00682. [CrossRef] [PubMed]

Elmes, M.W.; Kaczocha, M.; Berger, W.T.; Leung, K.; Ralph, B.P.; Wang, L.; Sweeney, ] M.; Miyauchi, ].T.; Tsirka, S.E.; Ojima, L;
et al. Fatty Acid-Binding Proteins (FABPs) Are Intracellular Carriers for A9-Tetrahydrocannabinol (THC) and Cannabidiol (CBD).
J. Biol. Chem. 2015, 290, 8711-8721. [CrossRef]

Kaplan, B.L.E,; Springs, A.E.B.; Kaminski, N.E. The Profile of Immune Modulation by Cannabidiol (CBD) Involves Deregulation
of Nuclear Factor of Activated T Cells (NFAT). Biochem. Pharmacol. 2008, 76, 726-737. [CrossRef] [PubMed]

Tomer, S.; Mu, W.; Suryawanshi, G.; Ng, H.; Wang, L.; Wennerberg, W.; Rezek, V.; Martin, H.; Chen, I; Kitchen, S.; et al. Cannabidiol
Modulates Expression of Type I IFN Response Genes and HIV Infection in Macrophages. Front. Immunol. 2022, 13, 926696. [CrossRef]
Czystowska-Kuzmicz, M.; Sosnowska, A.; Nowis, D.; Ramji, K.; Szajnik, M.; Chlebowska-Tuz, J.; Wolinska, E.; Gaj, P.; Grazul, M;
Pilch, Z.; et al. Small Extracellular Vesicles Containing Arginase-1 Suppress T-Cell Responses and Promote Tumor Growth in
Ovarian Carcinoma. Nat. Commun. 2019, 10, 3000. [CrossRef] [PubMed]

Yang, L.; Edwards, C.M.; Mundy, G.R. Gr-1+CD11b+ Myeloid-Derived Suppressor Cells: Formidable Partners in Tumor Metastasis.
J. Bone Miner. Res. 2010, 25, 1701-1706. [CrossRef] [PubMed]

Arnoult, D. Mitochondrial Fragmentation in Apoptosis. Trends Cell Biol. 2007, 17, 6-12. [CrossRef] [PubMed]

Juérez-Contreras, R.; Méndez-Reséndiz, K.A.; Rosenbaum, T.; Gonzalez-Ramirez, R.; Morales-Lazaro, S.L. TRPV1 Channel:
A Noxious Signal Transducer That Affects Mitochondrial Function. Int. J. Mol. Sci. 2020, 21, 8882. [CrossRef]

Giorgi, C.; Marchi, S.; Pinton, P. The Machineries, Regulation and Cellular Functions of Mitochondrial Calcium. Nat. Rev. Mol.
Cell Biol. 2018, 19, 713-730. [CrossRef] [PubMed]

Anand, U,; Jones, B.; Korchev, Y.; Bloom, S.R.; Pacchetti, B.; Anand, P.; Sodergren, M.H. CBD Effects on TRPV1 Signaling Pathways
in Cultured DRG Neurons. |. Pain Res. 2020, 13, 2269-2278. [CrossRef] [PubMed]

Froghi, S.; Grant, C.R.; Tandon, R.; Quaglia, A.; Davidson, B.; Fuller, B. New Insights on the Role of TRP Channels in Calcium
Signalling and Immunomodulation: Review of Pathways and Implications for Clinical Practice. Clin. Rev. Allergy Immunol.
2021, 60, 271-292. [CrossRef]

Youle, R.J.; Karbowski, M. Mitochondrial Fission in Apoptosis. Nat. Rev. Mol. Cell Biol. 2005, 6, 657—-663. [CrossRef]

Chan, ].Z.; Duncan, R.E. Regulatory Effects of Cannabidiol on Mitochondrial Functions: A Review. Cells 2021, 10, 1251. [CrossRef]
[PubMed]

Darré, L.; Domene, C. Binding of Capsaicin to the TRPV1 Ion Channel. Mol. Pharm. 2015, 12, 4454—4465. [CrossRef]

Caterina, M.].; Schumacher, M.A.; Tominaga, M.; Rosen, T.A.; Levine, ].D.; Julius, D. The Capsaicin Receptor: A Heat-Activated
Ion Channel in the Pain Pathway. Nature 1997, 389, 816-824. [CrossRef] [PubMed]

Jolayemi, A.; Ojewole, ]. Comparative Anti-Inflammatory Properties of Capsaicin and ethylaAcetate Extract of Capsicum Frutescens
Linn [Solanaceae] in Rats. Afr. Health Sci. 2013, 13, 357-361. [CrossRef] [PubMed]

Shang, K.; Amna, T.; Amina, M.; Al-Musayeib, N.M.; Al-Deyab, S.S.; Hwang, I. Influence of Capsaicin on Inflammatory Cytokines
Induced by Lipopolysaccharide in Myoblast Cells Under In Vitro Environment. Pharmacogn. Mag. 2017, 13, S26-5S32. [CrossRef]
Kang, S.-Y.; Seo, S.Y.; Bang, SK.; Cho, S.J.; Choi, K.-H.; Ryu, Y. Inhibition of Spinal TRPV1 Reduces NMDA Receptor 2B
Phosphorylation and Produces Anti-Nociceptive Effects in Mice with Inflammatory Pain. Int. J. Mol. Sci. 2021, 22, 11177.
[CrossRef]

Bujak, ].K.; Kosmala, D.; Szopa, . M.; Majchrzak, K.; Bednarczyk, P. Inflammation, Cancer and Immunity-Implication of TRPV1
Channel. Front. Oncol. 2019, 9, 1087. [CrossRef] [PubMed]

Levine, J.D.; Alessandri-Haber, N. TRP Channels: Targets for the Relief of Pain. Biochim. Biophys. Acta 2007, 1772, 989-1003.
[CrossRef] [PubMed]

Costa, B.; Trovato, A.E.; Comelli, F.; Giagnoni, G.; Colleoni, M. The Non-Psychoactive Cannabis Constituent Cannabidiol Is
an Orally Effective Therapeutic Agent in Rat Chronic Inflammatory and Neuropathic Pain. Eur. . Pharmacol. 2007, 556, 75-83.
[CrossRef]

Rosenbaum, T.; Morales-Lazaro, S.L.; Islas, L.D. TRP Channels: A Journey towards a Molecular Understanding of Pain. Nat. Rev.
Neurosci. 2022, 23, 596-610. [CrossRef]

Rosenbaum, T.; Simon, S.A. TRPV1 Receptors and Signal Transduction. In TRP Ion Channel Function in Sensory Transduction and
Cellular Signaling Cascades; Liedtke, W.B., Heller, S., Eds.; Frontiers in Neuroscience; CRC Press/Taylor & Francis: Boca Raton, FL,
USA, 2007; ISBN 978-0-8493-4048-2.

Premkumar, L.S.; Sikand, P. TRPV1: A Target for next Generation Analgesics. Curr. Neuropharmacol. 2008, 6, 151-163. [CrossRef]
Daynes, R.A.; Jones, D.C. Emerging Roles of PPARS in Inflammation and Immunity. Naf. Rev. Immunol. 2002, 2, 748-759.
[CrossRef] [PubMed]

Choi, ].-M.; Bothwell, A.L.M. The Nuclear Receptor PPARs as Important Regulators of T-Cell Functions and Autoimmune
Diseases. Mol. Cells 2012, 33, 217-222. [CrossRef]


https://doi.org/10.1002/prp2.682
https://www.ncbi.nlm.nih.gov/pubmed/33169541
https://doi.org/10.1074/jbc.M114.618447
https://doi.org/10.1016/j.bcp.2008.06.022
https://www.ncbi.nlm.nih.gov/pubmed/18656454
https://doi.org/10.3389/fimmu.2022.926696
https://doi.org/10.1038/s41467-019-10979-3
https://www.ncbi.nlm.nih.gov/pubmed/31278254
https://doi.org/10.1002/jbmr.154
https://www.ncbi.nlm.nih.gov/pubmed/20572008
https://doi.org/10.1016/j.tcb.2006.11.001
https://www.ncbi.nlm.nih.gov/pubmed/17116393
https://doi.org/10.3390/ijms21238882
https://doi.org/10.1038/s41580-018-0052-8
https://www.ncbi.nlm.nih.gov/pubmed/30143745
https://doi.org/10.2147/JPR.S258433
https://www.ncbi.nlm.nih.gov/pubmed/32982390
https://doi.org/10.1007/s12016-020-08824-3
https://doi.org/10.1038/nrm1697
https://doi.org/10.3390/cells10051251
https://www.ncbi.nlm.nih.gov/pubmed/34069407
https://doi.org/10.1021/acs.molpharmaceut.5b00641
https://doi.org/10.1038/39807
https://www.ncbi.nlm.nih.gov/pubmed/9349813
https://doi.org/10.4314/ahs.v13i2.23
https://www.ncbi.nlm.nih.gov/pubmed/24235936
https://doi.org/10.4103/0973-1296.203984
https://doi.org/10.3390/ijms222011177
https://doi.org/10.3389/fonc.2019.01087
https://www.ncbi.nlm.nih.gov/pubmed/31681615
https://doi.org/10.1016/j.bbadis.2007.01.008
https://www.ncbi.nlm.nih.gov/pubmed/17321113
https://doi.org/10.1016/j.ejphar.2006.11.006
https://doi.org/10.1038/s41583-022-00611-7
https://doi.org/10.2174/157015908784533888
https://doi.org/10.1038/nri912
https://www.ncbi.nlm.nih.gov/pubmed/12360213
https://doi.org/10.1007/s10059-012-2297-y

Int. J. Mol. Sci. 2025, 26, 699 35 of 40

123.

124.

125.

126.
127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

Harris, S.G.; Phipps, R.P. The Nuclear Receptor PPAR Gamma Is Expressed by Mouse T Lymphocytes and PPAR Gamma Agonists
Induce Apoptosis. Eur. |. Immunol. 2001, 31, 1098-1105. [CrossRef]

Jones, D.C.; Ding, X.; Daynes, R.A. Nuclear Receptor Peroxisome Proliferator-Activated Receptor o (PPAR) Is Expressed in
Resting Murine Lymphocytes. . Biol. Chem. 2002, 277, 6838-6845. [CrossRef]

Wagner, K.-D.; Wagner, N. Peroxisome Proliferator-Activated Receptor Beta/Delta (PPAR[/5) Acts as Regulator of Metabolism
Linked to Multiple Cellular Functions. Pharmacol. Ther. 2010, 125, 423-435. [CrossRef]

Wagner, N.; Wagner, K.-D. The Role of PPARs in Disease. Cells 2020, 9, 2367. [CrossRef] [PubMed]

Tan, N.S.; Michalik, L.; Noy, N.; Yasmin, R.; Pacot, C.; Heim, M.; Flihmann, B.; Desvergne, B.; Wahli, W. Critical Roles of PPAR
Beta/Delta in Keratinocyte Response to Inflammation. Genes. Dev. 2001, 15, 3263-3277. [CrossRef]

Lago-Fernandez, A.; Zarzo-Arias, S.; Jagerovic, N.; Morales, P. Relevance of Peroxisome Proliferator Activated Receptors in
Multitarget Paradigm Associated with the Endocannabinoid System. Int. J. Mol. Sci. 2021, 22, 1001. [CrossRef]

Harmon, G.S.; Lam, M.T; Glass, C.K. PPARs and Lipid Ligands in Inflammation and Metabolism. Chem. Rev. 2011, 111, 6321-6340.
[CrossRef] [PubMed]

Bougarne, N.; Weyers, B.; Desmet, S.J.; Deckers, J.; Ray, D.W.; Staels, B.; De Bosscher, K. Molecular Actions of PPAR« in Lipid
Metabolism and Inflammation. Endocr. Rev. 2018, 39, 760-802. [CrossRef]

Fang, S.; Livergood, M.C.; Nakagawa, P.; Wu, ].; Sigmund, C.D. Role of the Peroxisome Proliferator Activated Receptors in
Hypertension. Circ. Res. 2021, 128, 1021-1039. [CrossRef] [PubMed]

Hernandez-Quiles, M.; Broekema, M.F.; Kalkhoven, E. PPARgamma in Metabolism, Immunity, and Cancer: Unified and Diverse
Mechanisms of Action. Front. Endocrinol. 2021, 12, 624112. [CrossRef]

Varga, T.; Czimmerer, Z.; Nagy, L. PPARs Are a Unique Set of Fatty Acid Regulated Transcription Factors Controlling Both Lipid
Metabolism and Inflammation. Biochim. Biophys. Acta (BBA) Mol. Basis Dis. 2011, 1812, 1007-1022. [CrossRef] [PubMed]
Grygiel-Gérniak, B. Peroxisome Proliferator-Activated Receptors and Their Ligands: Nutritional and Clinical Implications—A Review.
Nutr. J. 2014, 13, 17. [CrossRef] [PubMed]

Tontonoz, P; Spiegelman, B.M. Fat and Beyond: The Diverse Biology of PPARy. Annu. Rev. Biochem. 2008, 77,289-312. [CrossRef]
[PubMed]

Le Menn, G.; Neels, ].G. Regulation of Immune Cell Function by PPARs and the Connection with Metabolic and Neurodegenera-
tive Diseases. Int. J. Mol. Sci. 2018, 19, 1575. [CrossRef]

Yan, J.; Xu, S.-C.; Kong, C.-Y.; Zhou, X.-Y,; Bian, Z.-Y.; Yan, L.; Tang, Q.-Z. Piperine Alleviates Doxorubicin-Induced Cardiotoxicity
via Activating PPAR-y in Mice. PPAR Res. 2019, 2019, 2601408. [CrossRef]

Wang, Y.; Yao, Y.; Liu, J.; Wu, L; Liu, T.; Cui, J.; Lee, D.Y.-W. Synthesis and Biological Activity of Piperine Derivatives as Potential
PPARy Agonists. Drug Des. Dev. Ther. 2020, 14, 2069-2078. [CrossRef] [PubMed]

Enayati, A.; Ghojoghnejad, M.; Roufogalis, B.D.; Maollem, S.A.; Sahebkar, A. Impact of Phytochemicals on PPAR Receptors:
Implications for Disease Treatments. PPAR Res. 2022, 2022, 1-43. [CrossRef]

Rau, O.; Wurglics, M.; Paulke, A.; Zitzkowski, J.; Meindl, N.; Bock, A.; Dingermann, T.; Abdel-Tawab, M.; Schubert-Zsilavecz, M.
Carnosic Acid and Carnosol, Phenolic Diterpene Compounds of the Labiate Herbs Rosemary and Sage, Are Activators of the
Human Peroxisome Proliferator-Activated Receptor Gamma. Planta Med. 2006, 72, 881-887. [CrossRef] [PubMed]

Baradaran Rahimi, V.; Askari, V.R. A Mechanistic Review on Immunomodulatory Effects of Selective Type Two Cannabinoid
Receptor B-caryophyllene. BioFactors 2022, 48, 857-882. [CrossRef] [PubMed]

Youssef, D.A.; El-Fayoumi, H.M.; Mahmoud, M.F. Beta-Caryophyllene Alleviates Diet-Induced Neurobehavioral Changes in Rats:
The Role of CB2 and PPAR-y Receptors. Biomed. Pharmacother. 2019, 110, 145-154. [CrossRef]

El-Houri, R.; Mortier, J.; Murgueitio, M.; Wolber, G.; Christensen, L. Identification of PPARy Agonists from Natural Sources Using
Different In Silico Approaches. Planta Med. 2014, 81, 488—494. [CrossRef] [PubMed]

Wang, L.; Waltenberger, B.; Pferschy-Wenzig, E.-M.; Blunder, M.; Liu, X.; Malainer, C.; Blazevic, T.; Schwaiger, S.; Rollinger,
J.M.; Heiss, E.H,; et al. Natural Product Agonists of Peroxisome Proliferator-Activated Receptor Gamma (PPARY): A Review.
Biochem. Pharmacol. 2014, 92, 73-89. [CrossRef]

Jin, R;; Hao, J.; Yu, J.; Wang, P.; Sauter, E.R.; Li, B. Role of FABP5 in T Cell Lipid Metabolism and Function in the Tumor
Microenvironment. Cancers 2023, 15, 657. [CrossRef] [PubMed]

Jenkins, E.; Whitehead, T.; Fellermeyer, M.; Davis, S.J.; Sharma, S. The Current State and Future of T-Cell Exhaustion Research.
Oxf. Open Immunol. 2023, 4, iqad006. [CrossRef]

Furuhashi, M.; Hotamisligil, G.S. Fatty Acid-Binding Proteins: Role in Metabolic Diseases and Potential as Drug Targets. Nat. Rev.
Drug Discov. 2008, 7, 489-503. [CrossRef]

Wnorowski, A.; Wojcik, J.; Maj, M. Gene Expression Data Mining Reveals the Involvement of GPR55 and Its Endogenous Ligands
in Immune Response, Cancer, and Differentiation. Int. J. Mol. Sci. 2021, 22, 13328. [CrossRef]

Yang, H.; Zhou, J.; Lehmann, C. GPR55—A Putative “Type 3” Cannabinoid Receptor in Inflammation. J. Basic Clin. Physiol.
Pharmacol. 2016, 27, 297-302. [CrossRef] [PubMed]


https://doi.org/10.1002/1521-4141(200104)31:4%3C1098::AID-IMMU1098%3E3.0.CO;2-I
https://doi.org/10.1074/jbc.M106908200
https://doi.org/10.1016/j.pharmthera.2009.12.001
https://doi.org/10.3390/cells9112367
https://www.ncbi.nlm.nih.gov/pubmed/33126411
https://doi.org/10.1101/gad.207501
https://doi.org/10.3390/ijms22031001
https://doi.org/10.1021/cr2001355
https://www.ncbi.nlm.nih.gov/pubmed/21988241
https://doi.org/10.1210/er.2018-00064
https://doi.org/10.1161/CIRCRESAHA.120.318062
https://www.ncbi.nlm.nih.gov/pubmed/33793338
https://doi.org/10.3389/fendo.2021.624112
https://doi.org/10.1016/j.bbadis.2011.02.014
https://www.ncbi.nlm.nih.gov/pubmed/21382489
https://doi.org/10.1186/1475-2891-13-17
https://www.ncbi.nlm.nih.gov/pubmed/24524207
https://doi.org/10.1146/annurev.biochem.77.061307.091829
https://www.ncbi.nlm.nih.gov/pubmed/18518822
https://doi.org/10.3390/ijms19061575
https://doi.org/10.1155/2019/2601408
https://doi.org/10.2147/DDDT.S238245
https://www.ncbi.nlm.nih.gov/pubmed/32546971
https://doi.org/10.1155/2022/4714914
https://doi.org/10.1055/s-2006-946680
https://www.ncbi.nlm.nih.gov/pubmed/16858665
https://doi.org/10.1002/biof.1869
https://www.ncbi.nlm.nih.gov/pubmed/35648433
https://doi.org/10.1016/j.biopha.2018.11.039
https://doi.org/10.1055/s-0034-1383119
https://www.ncbi.nlm.nih.gov/pubmed/25251562
https://doi.org/10.1016/j.bcp.2014.07.018
https://doi.org/10.3390/cancers15030657
https://www.ncbi.nlm.nih.gov/pubmed/36765614
https://doi.org/10.1093/oxfimm/iqad006
https://doi.org/10.1038/nrd2589
https://doi.org/10.3390/ijms222413328
https://doi.org/10.1515/jbcpp-2015-0080
https://www.ncbi.nlm.nih.gov/pubmed/26669245

Int. J. Mol. Sci. 2025, 26, 699 36 of 40

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

Lauckner, J.E.; Jensen, ].B.; Chen, H.-Y.,; Lu, H.-C.; Hille, B.; Mackie, K. GPR55 Is a Cannabinoid Receptor That Increases
Intracellular Calcium and Inhibits M Current. Proc. Natl. Acad. Sci. USA 2008, 105, 2699-2704. [CrossRef]

Henstridge, C.M.; Balenga, N.A.B.; Kargl, J.; Andradas, C.; Brown, A.].; Irving, A.; Sanchez, C.; Waldhoer, M. Minireview: Recent
Developments in the Physiology and Pathology of the Lysophosphatidylinositol-Sensitive Receptor GPR55. Mol. Endocrinol.
2011, 25, 1835-1848. [CrossRef]

Tanikawa, T.; Oka, S.; Nakajima, K.; Hayashi, Y.; Nemoto-Sasaki, Y.; Arata, Y.; Sugiura, T.; Yamashita, A. Expression and
Distribution of GPR55, a Receptor for Lysophosphatidylinositol, in Mouse Tissues and Cells. BPB Rep. 2022, 5, 16-20. [CrossRef]
Wang, T.; Xia, K.; Qiu, T.; Han, S.; Chen, Z.; Ma, X.; Zhang, L.; Zou, ].; Zhang, Y.; Yu, B.; et al. A Comprehensive Survival and
Prognosis Analysis of GPR55 Expression in Hepatocellular Carcinoma. Aging 2023, 15, 8930-8947. [CrossRef] [PubMed]
Chiurchit, V.; Lanuti, M.; De Bardi, M.; Battistini, L.; Maccarrone, M. The Differential Characterization of GPR55 Receptor in
Human Peripheral Blood Reveals a Distinctive Expression in Monocytes and NK Cells and a Proinflammatory Role in These
Innate Cells. Int. Immunol. 2015, 27, 153-160. [CrossRef] [PubMed]

Galiegue, S.; Mary, S.; Marchand, J.; Dussossoy, D.; Carriére, D.; Carayon, P.; Bouaboula, M.; Shire, D.; Le Fur, G.; Casellas, P.
Expression of Central and Peripheral Cannabinoid Receptors in Human Immune Tissues and Leukocyte Subpopulations. Eur. J.
Biochem. 1995, 232, 54-61. [CrossRef] [PubMed]

Simard, M.; Rakotoarivelo, V.; Di Marzo, V.; Flamand, N. Expression and Functions of the CB2 Receptor in Human Leukocytes.
Front. Pharmacol. 2022, 13, 826400. [CrossRef]

Turcotte, C.; Blanchet, M.-R.; Laviolette, M.; Flamand, N. The CB2 Receptor and Its Role as a Regulator of Inflammation. Cell. Mol.
Life Sci. 2016, 73, 4449-4470. [CrossRef] [PubMed]

Atwood, B.K.; Mackie, K. CB2: A Cannabinoid Receptor with an Identity Crisis. Br. J. Pharmacol. 2010, 160, 467-479. [CrossRef]
[PubMed]

Marchalant, Y.; Brownjohn, PW.; Bonnet, A.; Kleffmann, T.; Ashton, J.C. Validating Antibodies to the Cannabinoid CB2 Receptor:
Antibody Sensitivity Is Not Evidence of Antibody Specificity. J. Histochem. Cytochem. 2014, 62, 395-404. [CrossRef]

Bie, B.; Wu, J.; Foss, ].F.; Naguib, M. An Overview of the Cannabinoid Type 2 Receptor System and Its Therapeutic Potential.
Curr. Opin. Anaesthesiol. 2018, 31, 407-414. [CrossRef]

An, D,; Peigneur, S.; Hendrickx, L.A.; Tytgat, J. Targeting Cannabinoid Receptors: Current Status and Prospects of Natural
Products. Int. ]. Mol. Sci. 2020, 21, 5064. [CrossRef] [PubMed]

Deutsch, D.G. A Personal Retrospective: Elevating Anandamide (AEA) by Targeting Fatty Acid Amide Hydrolase (FAAH) and
the Fatty Acid Binding Proteins (FABPs). Front. Pharmacol. 2016, 7, 370. [CrossRef]

Morello, S.; Sorrentino, R.; Pinto, A. Adenosine A2a Receptor Agonists as Regulators of Inflammation: Pharmacology and
Therapeutic Opportunities. J. Recept. Ligand Channel Res. 2009, 2, 11-17. [CrossRef]

Antonioli, L.; Fornai, M.; Blandizzi, C.; Pacher, P.; Hask6, G. Adenosine Signaling and the Immune System: When a Lot Could Be
Too Much. Immunol. Lett. 2019, 205, 9-15. [CrossRef]

Jacobson, K.A.; Moro, S.; Manthey, J.A.; West, PL.; Ji, X.-D. Interactions of Flavones and Other Phytochemicals with Adenosine
Receptors. Adv. Exp. Med. Biol. 2002, 505, 163-171. [CrossRef]

Karton, Y; Jiang, J.L.; Ji, X.D.; Melman, N.; Olah, M.E,; Stiles, G.L.; Jacobson, K.A. Synthesis and Biological Activities of Flavonoid
Derivatives as A3 Adenosine Receptor Antagonists. ]. Med. Chem. 1996, 39, 2293-2301. [CrossRef]

Ji, X.D.; Melman, N.; Jacobson, K.A. Interactions of Flavonoids and Other Phytochemicals with Adenosine Receptors. J. Med.
Chem. 1996, 39, 781-788. [CrossRef] [PubMed]

Atalay Ekiner, S.; Gegotek, A.; Skrzydlewska, E. The Molecular Activity of Cannabidiol in the Regulation of Nrf2 System
Interacting with NF-kB Pathway under Oxidative Stress. Redox Biol. 2022, 57, 102489. [CrossRef] [PubMed]

Talebi, M.; Sadoughi, M.M.; Ayatollahi, S.A.; Ainy, E.; Kiani, R.; Zali, A.; Miri, M. Therapeutic Potentials of Cannabidiol: Focus on
the Nrf2 Signaling Pathway. Biomed. Pharmacother. 2023, 168, 115805. [CrossRef] [PubMed]

Jastrzab, A.; Gegotek, A.; Skrzydlewska, E. Cannabidiol Regulates the Expression of Keratinocyte Proteins Involved in the
Inflammation Process through Transcriptional Regulation. Cells 2019, 8, 827. [CrossRef] [PubMed]

Zhao, M.; Ma, J; Li, M.; Zhang, Y.; Jiang, B.; Zhao, X.; Huai, C.; Shen, L.; Zhang, N.; He, L.; et al. Cytochrome P450 Enzymes and
Drug Metabolism in Humans. Int. ]. Mol. Sci. 2021, 22, 12808. [CrossRef]

Stollberger, C.; Finsterer, ]. Cannabidiol’s Impact on Drug-Metabolization. Eur. ]. Intern. Med. 2023, 118, 6-13. [CrossRef]
[PubMed]

Bardhi, K.; Coates, S.; Watson, C.J.W.; Lazarus, P. Cannabinoids and Drug Metabolizing Enzymes: Potential for Drug-Drug
Interactions and Implications for Drug Safety and Efficacy. Expert Rev. Clin. Pharmacol. 2022, 15, 1443-1460. [CrossRef] [PubMed]
Smith, R.T.; Gruber, S.A. Contemplating Cannabis? The Complex Relationship between Cannabinoids and Hepatic Metabolism
Resulting in the Potential for Drug-Drug Interactions. Front. Psychiatry 2022, 13, 1055481. [CrossRef] [PubMed]

Paton, W.D.; Pertwee, R.G. Effect of Cannabis and Certain of Its Constituents on Pentobarbitone Sleeping Time and Phenazone
Metabolism. Br. J. Pharmacol. 1972, 44, 250-261. [CrossRef] [PubMed]


https://doi.org/10.1073/pnas.0711278105
https://doi.org/10.1210/me.2011-1197
https://doi.org/10.1248/bpbreports.5.2_16
https://doi.org/10.18632/aging.205008
https://www.ncbi.nlm.nih.gov/pubmed/37688769
https://doi.org/10.1093/intimm/dxu097
https://www.ncbi.nlm.nih.gov/pubmed/25344934
https://doi.org/10.1111/j.1432-1033.1995.tb20780.x
https://www.ncbi.nlm.nih.gov/pubmed/7556170
https://doi.org/10.3389/fphar.2022.826400
https://doi.org/10.1007/s00018-016-2300-4
https://www.ncbi.nlm.nih.gov/pubmed/27402121
https://doi.org/10.1111/j.1476-5381.2010.00729.x
https://www.ncbi.nlm.nih.gov/pubmed/20590558
https://doi.org/10.1369/0022155414530995
https://doi.org/10.1097/ACO.0000000000000616
https://doi.org/10.3390/ijms21145064
https://www.ncbi.nlm.nih.gov/pubmed/32709050
https://doi.org/10.3389/fphar.2016.00370
https://doi.org/10.2147/JRLCR.S4710
https://doi.org/10.1016/j.imlet.2018.04.006
https://doi.org/10.1007/978-1-4757-5235-9_15
https://doi.org/10.1021/jm950923i
https://doi.org/10.1021/jm950661k
https://www.ncbi.nlm.nih.gov/pubmed/8576921
https://doi.org/10.1016/j.redox.2022.102489
https://www.ncbi.nlm.nih.gov/pubmed/36198205
https://doi.org/10.1016/j.biopha.2023.115805
https://www.ncbi.nlm.nih.gov/pubmed/39491419
https://doi.org/10.3390/cells8080827
https://www.ncbi.nlm.nih.gov/pubmed/31382646
https://doi.org/10.3390/ijms222312808
https://doi.org/10.1016/j.ejim.2023.07.029
https://www.ncbi.nlm.nih.gov/pubmed/37541924
https://doi.org/10.1080/17512433.2022.2148655
https://www.ncbi.nlm.nih.gov/pubmed/36384377
https://doi.org/10.3389/fpsyt.2022.1055481
https://www.ncbi.nlm.nih.gov/pubmed/36704740
https://doi.org/10.1111/j.1476-5381.1972.tb07261.x
https://www.ncbi.nlm.nih.gov/pubmed/4668592

Int. J. Mol. Sci. 2025, 26, 699 37 of 40

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

Watanabe, K.; Hamajima, K.; Narimatsu, S.; Yamamoto, I.; Yoshimura, H. Effects of Two Cannabinoids on Hepatic Microsomal
Cytochrome P-450. |. Pharmacobio-Dyn. 1986, 9, 39—45. [CrossRef]

Jiang, R.; Yamaori, S.; Takeda, S.; Yamamoto, I.; Watanabe, K. Identification of Cytochrome P450 Enzymes Responsible for
Metabolism of Cannabidiol by Human Liver Microsomes. Life Sci. 2011, 89, 165-170. [CrossRef]

Doohan, PT.; Oldfield, L.D.; Arnold, J.C.; Anderson, L.L. Cannabinoid Interactions with Cytochrome P450 Drug Metabolism:
A Full-Spectrum Characterization. AAPS J. 2021, 23, 91. [CrossRef]

Zhou, S.-F; Liu, J.-P.; Chowbay, B. Polymorphism of Human Cytochrome P450 Enzymes and Its Clinical Impact. Drug Metab. Rev.
2009, 41, 89-295. [CrossRef]

Bansal, S.; Paine, M.F,; Unadkat, ].D. Comprehensive Predictions of Cytochrome P450 (P450)-Mediated In Vivo Cannabinoid-Drug
Interactions Based on Reversible and Time-Dependent P450 Inhibition in Human Liver Microsomes. Drug Metab. Dispos.
2022, 50, 351-360. [CrossRef] [PubMed]

Ujvary, I.; Hanus, L. Human Metabolites of Cannabidiol: A Review on Their Formation, Biological Activity, and Relevance in
Therapy. Cannabis Cannabinoid Res. 2016, 1, 90-101. [CrossRef]

Lampen, A.; Christians, U.; Guengerich, F.P; Watkins, P.B.; Kolars, J.C.; Bader, A.; Gonschior, A.K.; Dralle, H.; Hackbarth, I;
Sewing, K.F. Metabolism of the Inmunosuppressant Tacrolimus in the Small Intestine: Cytochrome P450, Drug Interactions, and
Interindividual Variability. Drug Metab. Dispos. 1995, 23, 1315-1324. [PubMed]

Iwasaki, K. Metabolism of Tacrolimus (FK506) and Recent Topics in Clinical Pharmacokinetics. Drug Metab. Pharmacokinet.
2007, 22, 328-335. [CrossRef] [PubMed]

Iwasaki, K.; Shiraga, T.; Nagase, K.; Tozuka, Z.; Noda, K.; Sakuma, S.; Fujitsu, T.; Shimatani, K.; Sato, A.; Fujioka, M. Isolation,
Identification, and Biological Activities of Oxidative Metabolites of FK506, a Potent Immunosuppressive Macrolide Lactone.
Drug Metab. Dispos. 1993, 21, 971-977. [PubMed]

Vincent, S.H.; Karanam, B.V.; Painter, S.K.; Chiu, S.-H.L. In Vitro Metabolism of FK-506 in Rat, Rabbit, and Human Liver
Microsomes: Identification of a Major Metabolite and of Cytochrome P450 3A as the Major Enzymes Responsible for Its
Metabolism. Arch. Biochem. Biophys. 1992, 294, 454-460. [CrossRef]

Hannachi, I.; Chadli, Z.; Kerkeni, E.; Chaabane, A.; Ben-Fredj, N.; A Boughattas, N.; Aouam, K. Distribution of CYP3A4 and
CYP3A5 Polymorphisms and Genotype Combination Implicated in Tacrolimus Metabolism. Tunis. Med. 2024, 102, 537-542.
[CrossRef] [PubMed]

Tillman, E.; Nikirk, M.G.; Chen, ].; Skaar, T.C.; Shugg, T.; Maddatu, J.P; Sharfuddin, A.A.; Eadon, M.T. Implementation of Clinical
Cytochrome P450 3A Genotyping for Tacrolimus Dosing in a Large Kidney Transplant Program. J. Clin. Pharmacol. 2023, 63, 961-967.
[CrossRef] [PubMed]

Havlasek, J.; Vrba, J.; Zatloukalova, M.; Papouskova, B.; Modriansky, M.; Storch, J.; Vacek, ]J. Hepatic Biotransformation of
Non-Psychotropic Phytocannabinoids and Activity Screening on Cytochromes P450 and UDP-Glucuronosyltransferases. Toxicol.
Appl. Pharmacol. 2023, 476, 116654. [CrossRef]

Véazquez, M.; Guevara, N.; Maldonado, C.; Guido, P.C.; Schaiquevich, P. Potential Pharmacokinetic Drug-Drug Interactions
between Cannabinoids and Drugs Used for Chronic Pain. BioMed Res. Int. 2020, 2020, 902740. [CrossRef]

Coates, S.; Bardhi, K.; Lazarus, P. Cannabinoid-Induced Inhibition of Morphine Glucuronidation and the Potential for In Vivo
Drug-Drug Interactions. Pharmaceutics 2024, 16, 418. [CrossRef] [PubMed]

Leino, A.D.; Emoto, C.; Fukuda, T.; Privitera, M.; Vinks, A.A.; Alloway, R.R. Evidence of a Clinically Significant Drug-Drug
Interaction between Cannabidiol and Tacrolimus. Am. |. Transplant. 2019, 19, 2944-2948. [CrossRef] [PubMed]

Watkins, P.B.; Church, R.J.; Li, J.; Knappertz, V. Cannabidiol and Abnormal Liver Chemistries in Healthy Adults: Results of a
Phase I Clinical Trial. Clin. Pharmacol. Ther. 2021, 109, 1224-1231. [CrossRef]

Klein, P; Tolbert, D.; Gidal, B.E. Drug-Drug Interactions and Pharmacodynamics of Concomitant Clobazam and Cannabidiol or
Stiripentol in Refractory Seizures. Epilepsy Behav. 2019, 99, 106459. [CrossRef]

Patsalos, P.N.; Szaflarski, J.P.; Gidal, B.; VanLandingham, K.; Critchley, D.; Morrison, G. Clinical Implications of Trials Investigating
Drug-drug Interactions between Cannabidiol and Enzyme Inducers or Inhibitors or Common Antiseizure Drugs. Epilepsia
2020, 61, 1854-1868. [CrossRef]

Thai, C.; Tayo, B.; Critchley, D. A Phase 1 Open-Label, Fixed-Sequence Pharmacokinetic Drug Interaction Trial to Investigate
the Effect of Cannabidiol on the CYP1A2 Probe Caffeine in Healthy Subjects. Clin. Pharmacol. Drug Dev. 2021, 10, 1279-1289.
[CrossRef] [PubMed]

Graham, M.; Martin, J.H.; Lucas, C.J.; Murnion, B.; Schneider, J. Cannabidiol Drug Interaction Considerations for Prescribers and
Pharmacists. Expert Rev. Clin. Pharmacol. 2022, 15, 1383-1397. [CrossRef] [PubMed]

Bansal, S.; Zamarripa, C.A.; Spindle, T.R.; Weerts, E.M.; Thummel, K.E.; Vandrey, R.; Paine, M.F.,; Unadkat, ]J.D. Evaluation
of Cytochrome P450-MEDIATED CANNABINOID-DRUG Interactions in Healthy Adult Participants. Clin. Pharmacol. Ther.
2023, 114, 693-703. [CrossRef]


https://doi.org/10.1248/bpb1978.9.39
https://doi.org/10.1016/j.lfs.2011.05.018
https://doi.org/10.1208/s12248-021-00616-7
https://doi.org/10.1080/03602530902843483
https://doi.org/10.1124/dmd.121.000734
https://www.ncbi.nlm.nih.gov/pubmed/35115300
https://doi.org/10.1089/can.2015.0012
https://www.ncbi.nlm.nih.gov/pubmed/8689938
https://doi.org/10.2133/dmpk.22.328
https://www.ncbi.nlm.nih.gov/pubmed/17965516
https://www.ncbi.nlm.nih.gov/pubmed/7507815
https://doi.org/10.1016/0003-9861(92)90711-5
https://doi.org/10.62438/tunismed.v102i9.4969
https://www.ncbi.nlm.nih.gov/pubmed/39287345
https://doi.org/10.1002/jcph.2249
https://www.ncbi.nlm.nih.gov/pubmed/37042314
https://doi.org/10.1016/j.taap.2023.116654
https://doi.org/10.1155/2020/3902740
https://doi.org/10.3390/pharmaceutics16030418
https://www.ncbi.nlm.nih.gov/pubmed/38543313
https://doi.org/10.1111/ajt.15398
https://www.ncbi.nlm.nih.gov/pubmed/31012522
https://doi.org/10.1002/cpt.2071
https://doi.org/10.1016/j.yebeh.2019.106459
https://doi.org/10.1111/epi.16674
https://doi.org/10.1002/cpdd.950
https://www.ncbi.nlm.nih.gov/pubmed/33951339
https://doi.org/10.1080/17512433.2022.2142114
https://www.ncbi.nlm.nih.gov/pubmed/36317739
https://doi.org/10.1002/cpt.2973

Int. J. Mol. Sci. 2025, 26, 699 38 of 40

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.
208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

Herdegen, T.; Cascorbi, I. Drug Interactions of Tetrahydrocannabinol and Cannabidiol in Cannabinoid Drugs. Dtsch. Arztebl. Int.
2023, 833-840. [CrossRef]

Luz-Veiga, M.; Azevedo-Silva, J.; Fernandes, ].C. Beyond Pain Relief: A Review on Cannabidiol Potential in Medical Therapies.
Pharmaceuticals 2023, 16, 155. [CrossRef]

So, G.; Lu, J.; Koyama, S.; Cheng, Y.-H.; Gisch, D.; McClara, K.; Dexter, P.; Sharfuddin, A.; Tillman, E.; Beamon, T.; et al. A Phase 1
Trial of the Pharmacokinetic Interaction between Cannabidiol and Tacrolimus. Clin. Pharmacol. Ther. 2024. [CrossRef] [PubMed]
Solus, J.E; Arietta, B.].; Harris, J.R.; Sexton, D.P,; Steward, J.Q.; McMunn, C.; Thrie, P.; Mehall, ].M.; Edwards, T.L.; Dawson, E.P.
Genetic Variation in Eleven Phase I Drug Metabolism Genes in an Ethnically Diverse Population. Pharmacogenomics 2004, 5, 895-931.
[CrossRef]

Zanger, U.M.; Schwab, M. Cytochrome P450 Enzymes in Drug Metabolism: Regulation of Gene Expression, Enzyme Activities,
and Impact of Genetic Variation. Pharmacol. Ther. 2013, 138, 103-141. [CrossRef] [PubMed]

Scheibner, A.; Remmel, R.; Schladt, D.; Oetting, W.S.; Guan, W.; Wu, B.; Dorr, C.; Israni, A.; Jacobson, P.A. Tacrolimus Elimination
in Four Patients With a CYP3A5*3/*3 CYP3A4*22/%*22 Genotype Combination. Pharmacotherapy 2018, 38, e46—e52. [CrossRef]
[PubMed]

Yanik, M.V,; Seifert, M.E.; Locke, J.E.; Hauptfeld-Dolejsek, V.; Crowley, M.R.; Cutter, G.R.; Mannon, R.B.; Feig, D.I; Limdi, N.A.
CYP3AS5 Genotype Affects Time to Therapeutic Tacrolimus Level in Pediatric Kidney Transplant Recipients. Pediatr. Transplant.
2019, 23, e13494. [CrossRef] [PubMed]

Chauhan, PM.; Hemani, R.J.; Solanki, N.D.; Shete, N.B.; Gang, S.D.; Konnur, A.M.; Srivastava, R.; Pandey, S.N. A Systematic
Review and Meta-Analysis Recite the Efficacy of Tacrolimus Treatment in Renal Transplant Patients in Association with Genetic
Variants of CYP3A5 Gene. Am. ]. Clin. Exp. Urol. 2023, 11, 275-292. [PubMed]

D’Onofrio, G.; Santangelo, A.; Riva, A.; Striano, P. Genetic Polymorphisms of Drug-Metabolizing Enzymes in Older and Newer
Anti-Seizure Medications. Expert Opin. Drug Metab. Toxicol. 2024, 20, 407-410. [CrossRef] [PubMed]

Smith-Garvin, J.E.; Koretzky, G.A.; Jordan, M.S. T Cell Activation. Annu. Rev. Immunol. 2009, 27, 591-619. [CrossRef] [PubMed]
Hwang, J.-R.; Byeon, Y.; Kim, D.; Park, S.-G. Recent Insights of T Cell Receptor-Mediated Signaling Pathways for T Cell Activation
and Development. Exp. Mol. Med. 2020, 52, 750-761. [CrossRef]

Shah, K.; Al-Haidari, A.; Sun, ].; Kazi, ].U. T Cell Receptor (TCR) Signaling in Health and Disease. Signal Transduct. Target. Ther.
2021, 6, 412. [CrossRef] [PubMed]

Zheng, T.; BouSaba, J.; Taylor, A.; Dilmaghani, S.; Busciglio, I.; Carlson, P,; Torres, M.; Ryks, M.; Burton, D.; Harmsen, W.S.; et al.
A Randomized, Controlled Trial of Efficacy and Safety of Cannabidiol in Idiopathic and Diabetic Gastroparesis. Clin. Gastroenterol.
Hepatol. 2023, 21, 3405-3414.e4. [CrossRef] [PubMed]

Huestis, M.A.; Solimini, R.; Pichini, S.; Pacifici, R.; Carlier, ].; Busardo, EP. Cannabidiol Adverse Effects and Toxicity. Curr. Neu-
ropharmacol. 2019, 17, 974-989. [CrossRef] [PubMed]

Nguyen, C.; Moeller, K.E.; McGuire, M.; Melton, B.L. Consumer Perception, Knowledge, and Uses of Cannabidiol. Ment. Health
Clin. 2023, 13, 217-224. [CrossRef] [PubMed]

Koyama, S.; Heinbockel, T. The Effects of Essential Oils and Terpenes in Relation to Their Routes of Intake and Application. Int. J.
Mol. Sci. 2020, 21, 1558. [CrossRef] [PubMed]

Koyama, S.; Kondo, K.; Ueha, R.; Kashiwadani, H.; Heinbockel, T. Possible Use of Phytochemicals for Recovery from COVID-19-
Induced Anosmia and Ageusia. Int. . Mol. Sci. 2021, 22, 8912. [CrossRef] [PubMed]

Zhu, F; Du, B.; Xu, B. Anti-Inflammatory Effects of Phytochemicals from Fruits, Vegetables, and Food Legumes: A Review.
Crit. Rev. Food Sci. Nutr. 2018, 58, 1260-1270. [CrossRef] [PubMed]

Srinivasan, K. Black Pepper and Its Pungent Principle-Piperine: A Review of Diverse Physiological Effects. Crit. Rev. Food Sci.
Nutr. 2007, 47, 735-748. [CrossRef] [PubMed]

He, Y,; Yue, Y.; Zheng, X.; Zhang, K.; Chen, S.; Du, Z. Curcumin, Inflammation, and Chronic Diseases: How Are They Linked?
Molecules 2015, 20, 9183-9213. [CrossRef] [PubMed]

De Cassia Da Silveira E S4, R.; Andrade, L.; De Sousa, D. A Review on Anti-Inflammatory Activity of Monoterpenes. Molecules
2013, 18, 1227-1254. [CrossRef] [PubMed]

Johnson, W.W. Cytochrome P450 Inactivation by Pharmaceuticals and Phytochemicals: Therapeutic Relevance. Drug Metab. Rev.
2008, 40, 101-147. [CrossRef] [PubMed]

Bhardwaj, R.K.; Glaeser, H.; Becquemont, L.; Klotz, U.; Gupta, S.K.; Fromm, M.E. Piperine, a Major Constituent of Black Pepper,
Inhibits Human P-Glycoprotein and CYP3A4. J. Pharmacol. Exp. Ther. 2002, 302, 645-650. [CrossRef]

Gertsch, J. The Intricate Influence of the Placebo Effect on Medical Cannabis and Cannabinoids. Med. Cannabis Cannabinoids
2018, 1, 60-64. [CrossRef]

Nelson, K.M,; Bisson, J.; Singh, G.; Graham, J.G.; Chen, S.-N; Friesen, ].B.; Dahlin, J.L.; Niemitz, M.; Walters, M.A.; Pauli, G.F. The
Essential Medicinal Chemistry of Cannabidiol (CBD). J. Med. Chem. 2020, 63, 12137-12155. [CrossRef] [PubMed]
Chayasirisobhon, S. Mechanisms of Action and Pharmacokinetics of Cannabis. Perm. J. 2021, 25, 1-3. [CrossRef]


https://doi.org/10.3238/arztebl.m2023.0223
https://doi.org/10.3390/ph16020155
https://doi.org/10.1002/cpt.3504
https://www.ncbi.nlm.nih.gov/pubmed/39601108
https://doi.org/10.1517/14622416.5.7.895
https://doi.org/10.1016/j.pharmthera.2012.12.007
https://www.ncbi.nlm.nih.gov/pubmed/23333322
https://doi.org/10.1002/phar.2131
https://www.ncbi.nlm.nih.gov/pubmed/29804290
https://doi.org/10.1111/petr.13494
https://www.ncbi.nlm.nih.gov/pubmed/31124575
https://www.ncbi.nlm.nih.gov/pubmed/37645617
https://doi.org/10.1080/17425255.2024.2362190
https://www.ncbi.nlm.nih.gov/pubmed/38809019
https://doi.org/10.1146/annurev.immunol.021908.132706
https://www.ncbi.nlm.nih.gov/pubmed/19132916
https://doi.org/10.1038/s12276-020-0435-8
https://doi.org/10.1038/s41392-021-00823-w
https://www.ncbi.nlm.nih.gov/pubmed/34897277
https://doi.org/10.1016/j.cgh.2023.07.008
https://www.ncbi.nlm.nih.gov/pubmed/37482172
https://doi.org/10.2174/1570159X17666190603171901
https://www.ncbi.nlm.nih.gov/pubmed/31161980
https://doi.org/10.9740/mhc.2023.10.217
https://www.ncbi.nlm.nih.gov/pubmed/38131055
https://doi.org/10.3390/ijms21051558
https://www.ncbi.nlm.nih.gov/pubmed/32106479
https://doi.org/10.3390/ijms22168912
https://www.ncbi.nlm.nih.gov/pubmed/34445619
https://doi.org/10.1080/10408398.2016.1251390
https://www.ncbi.nlm.nih.gov/pubmed/28605204
https://doi.org/10.1080/10408390601062054
https://www.ncbi.nlm.nih.gov/pubmed/17987447
https://doi.org/10.3390/molecules20059183
https://www.ncbi.nlm.nih.gov/pubmed/26007179
https://doi.org/10.3390/molecules18011227
https://www.ncbi.nlm.nih.gov/pubmed/23334570
https://doi.org/10.1080/03602530701836704
https://www.ncbi.nlm.nih.gov/pubmed/18259986
https://doi.org/10.1124/jpet.102.034728
https://doi.org/10.1159/000489291
https://doi.org/10.1021/acs.jmedchem.0c00724
https://www.ncbi.nlm.nih.gov/pubmed/32804502
https://doi.org/10.7812/TPP/19.200

Int. J. Mol. Sci. 2025, 26, 699 39 of 40

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

Gertsch, J.; Leonti, M.; Raduner, S.; Racz, I; Chen, ].-Z.; Xie, X.-Q.; Altmann, K.-H.; Karsak, M.; Zimmer, A. Beta-Caryophyllene Is
a Dietary Cannabinoid. Proc. Natl. Acad. Sci. USA 2008, 105, 9099-9104. [CrossRef] [PubMed]

Nguyen, L.T.; Mysliveckova, Z.; Szotdkova, B.; épiéékové, A.; Lnénickovd, K.; Ambroz, M.; Kubicek, V.; Krasulovi, K.; Anzen-
bacher, P; Skdlova, L. The Inhibitory Effects of 3-Caryophyllene, 3-Caryophyllene Oxide and a-Humulene on the Activities of
the Main Drug-Metabolizing Enzymes in Rat and Human Liver in Vitro. Chem. Biol. Interact. 2017, 278, 123-128. [CrossRef]
Blanton, H.; Yin, L.; Duong, J.; Benamar, K. Cannabidiol and Beta-Caryophyllene in Combination: A Therapeutic Functional
Interaction. Int. . Mol. Sci. 2022, 23, 15470. [CrossRef] [PubMed]

Eeswara, A.; Pacheco-Spiewak, A.; Jergova, S.; Sagen, ]. Combined Non-Psychoactive Cannabis Components Cannabidiol and
-Caryophyllene Reduce Chronic Pain via CB1 Interaction in a Rat Spinal Cord Injury Model. PLoS ONE 2023, 18, e0282920.
[CrossRef]

Hao, M.; Chu, Y;; Lei, ].; Yao, Z.; Wang, P.; Chen, Z.; Wang, K.; Sang, X.; Han, X.; Wang, L.; et al. Pharmacological Mechanisms and
Clinical Applications of Curcumin: Update. Aging Dis. 2023, 14, 716-749. [CrossRef] [PubMed]

Shoba, G.; Joy, D.; Joseph, T.; Majeed, M.; Rajendran, R.; Srinivas, P.S. Influence of Piperine on the Pharmacokinetics of Curcumin
in Animals and Human Volunteers. Planta Med. 1998, 64, 353-356. [CrossRef]

Khajeh Pour, S.; Blanton, C.; Ghimire, B.; Aghazadeh-Habashi, A. Development of a Rapid, Sensitive, and Selective LC-MS/MS
Method for Quantifying Curcumin Levels in Healthy Human Urine: Effect of Pepper on Curcumin Bioavailability. Food Sci. Nutr.
2023, 11, 7732-7741. [CrossRef]

Patil, V.M,; Das, S.; Balasubramanian, K. Quantum Chemical and Docking Insights into Bioavailability Enhancement of Curcumin
by Piperine in Pepper. |. Phys. Chem. A 2016, 120, 3643-3653. [CrossRef] [PubMed]

Cherniakov, L; Izgelov, D.; Domb, A.].; Hoffman, A. The Effect of Pro NanoLipospheres (PNL) Formulation Containing Natural
Absorption Enhancers on the Oral Bioavailability of Delta-9-Tetrahydrocannabinol (THC) and Cannabidiol (CBD) in a Rat Model.
Eur. J. Pharm. Sci. 2017, 109, 21-30. [CrossRef]

Changsan, N.; Sawatdee, S.; Suedee, R.; Chunhachaichana, C.; Srichana, T. Aqueous Cannabidiol 3-Cyclodextrin Complexed Polymeric
Micelle Nasal Spray to Attenuate in Vitro and Ex Vivo SARS-CoV-2-Induced Cytokine Storms. Int. ]. Pharm. 2023, 640, 123035. [CrossRef]
Zhu, P; Lv, P; Zhang, Y,; Liao, R.; Liu, J.; Guo, R.; Chen, X.; Liao, X.; Gao, C.; Zhang, K; et al. Self-Assembly System Based on
Cyclodextrin for Targeted Delivery of Cannabidiol. Front. Chem. 2021, 9, 754832. [CrossRef] [PubMed]

Rodriguez-Martinez, J.; Sinchez-Martin, M.-].; Valiente, M. Efficient Controlled Release of Cannabinoids Loaded in y-CD-MOFs
and DPPC Liposomes as Novel Delivery Systems in Oral Health. Mikrochim. Acta 2023, 190, 125. [CrossRef] [PubMed]
Klinsang, T.; Charoensit, P.; Phimnuan, P.; Luangpraditkun, K.; Ross, G.M.; Viennet, C.; Ross, S.; Viyoch, J. In Vitro Wound
Healing Potential of a Fibroin Film Incorporating a Cannabidiol /2-Hydroxypropyl-3-Cyclodextrin Complex. Pharmaceutics
2023, 15, 2682. [CrossRef] [PubMed]

Fraguas-Sanchez, A.L; Torres-Sudrez, A.L,; Cohen, M.; Delie, F.; Bastida-Ruiz, D.; Yart, L.; Martin-Sabroso, C.; Fernandez-
Carballido, A. PLGA Nanoparticles for the Intraperitoneal Administration of CBD in the Treatment of Ovarian Cancer: In Vitro
and In Ovo Assessment. Pharmaceutics 2020, 12, 439. [CrossRef] [PubMed]

Jin, Z.; Zhan, Y.; Zheng, L.; Wei, Q.; Xu, S.; Qin, Z. Cannabidiol-Loaded Poly Lactic-Co-Glycolic Acid Nanoparticles with
Improved Bioavailability as a Potential for Osteoarthritis Therapeutic. Chembiochem 2023, 24, €202200698. [CrossRef] [PubMed]
Alsaab, H.O.; Alharbi, ED.; Alhibs, A.S.; Alanazi, N.B.; Alshehri, B.Y.; Saleh, M.A.; Alshehri, ES.; Algarni, M.A.; Almugaiteeb, T.;
Uddin, M.N,; et al. PLGA-Based Nanomedicine: History of Advancement and Development in Clinical Applications of Multiple
Diseases. Pharmaceutics 2022, 14, 2728. [CrossRef] [PubMed]

Kaur, G.; Garg, T.; Rath, G.; Goyal, A K. Archaeosomes: An Excellent Carrier for Drug and Cell Delivery. Drug Deliv.
2016, 23, 2497-2512. [CrossRef] [PubMed]

Sedlmayr, V.; Horn, C.; Wurm, D.J.; Spadiut, O.; Quehenberger, J. Archaeosomes Facilitate Storage and Oral Delivery of
Cannabidiol. Int. ]. Pharm. 2023, 645, 123434. [CrossRef]

Patel, N.; Kommineni, N.; Surapaneni, S.K.; Kalvala, A.; Yaun, X.; Gebeyehu, A.; Arthur, P; Duke, L.C.; York, S.B.; Bagde, A.; et al.
Cannabidiol Loaded Extracellular Vesicles Sensitize Triple-Negative Breast Cancer to Doxorubicin in Both in-Vitro and in Vivo
Models. Int. J. Pharm. 2021, 607, 120943. [CrossRef]

Kalvala, A.; Bagde, A.; Arthur, P.; Kulkarni, T.; Bhattacharya, S.; Surapaneni, S.; Patel, N.; Nimma, R.; Gebeyehu, A.; Kommineni,
N.; et al. Cannabidiol-Loaded Extracellular Vesicles from Human Umbilical Cord Mesenchymal Stem Cells Alleviate Paclitaxel-
Induced Peripheral Neuropathy. Pharmaceutics 2023, 15, 554. [CrossRef]

Knaub, K.; Sartorius, T.; Dharsono, T.; Wacker, R.; Wilhelm, M.; Schon, C. A Novel Self-Emulsifying Drug Delivery System
(SEDDS) Based on VESIsorb® Formulation Technology Improving the Oral Bioavailability of Cannabidiol in Healthy Subjects.
Molecules 2019, 24, 2967. [CrossRef]

Neslihan Gursoy, R.; Benita, S. Self-Emulsifying Drug Delivery Systems (SEDDS) for Improved Oral Delivery of Lipophilic Drugs.
Biomed. Pharmacother. 2004, 58, 173-182. [CrossRef] [PubMed]


https://doi.org/10.1073/pnas.0803601105
https://www.ncbi.nlm.nih.gov/pubmed/18574142
https://doi.org/10.1016/j.cbi.2017.10.021
https://doi.org/10.3390/ijms232415470
https://www.ncbi.nlm.nih.gov/pubmed/36555111
https://doi.org/10.1371/journal.pone.0282920
https://doi.org/10.14336/AD.2022.1101
https://www.ncbi.nlm.nih.gov/pubmed/37191432
https://doi.org/10.1055/s-2006-957450
https://doi.org/10.1002/fsn3.3691
https://doi.org/10.1021/acs.jpca.6b01434
https://www.ncbi.nlm.nih.gov/pubmed/27111639
https://doi.org/10.1016/j.ejps.2017.07.003
https://doi.org/10.1016/j.ijpharm.2023.123035
https://doi.org/10.3389/fchem.2021.754832
https://www.ncbi.nlm.nih.gov/pubmed/34820356
https://doi.org/10.1007/s00604-023-05692-4
https://www.ncbi.nlm.nih.gov/pubmed/36894805
https://doi.org/10.3390/pharmaceutics15122682
https://www.ncbi.nlm.nih.gov/pubmed/38140022
https://doi.org/10.3390/pharmaceutics12050439
https://www.ncbi.nlm.nih.gov/pubmed/32397428
https://doi.org/10.1002/cbic.202200698
https://www.ncbi.nlm.nih.gov/pubmed/36793188
https://doi.org/10.3390/pharmaceutics14122728
https://www.ncbi.nlm.nih.gov/pubmed/36559223
https://doi.org/10.3109/10717544.2015.1019653
https://www.ncbi.nlm.nih.gov/pubmed/25777339
https://doi.org/10.1016/j.ijpharm.2023.123434
https://doi.org/10.1016/j.ijpharm.2021.120943
https://doi.org/10.3390/pharmaceutics15020554
https://doi.org/10.3390/molecules24162967
https://doi.org/10.1016/j.biopha.2004.02.001
https://www.ncbi.nlm.nih.gov/pubmed/15082340

Int. J. Mol. Sci. 2025, 26, 699 40 of 40

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.
261.

262.

263.

264.

265.

266.

267.

268.

269.

Millar, S.A.; Maguire, R.E; Yates, A.S.; O’Sullivan, S.E. Towards Better Delivery of Cannabidiol (CBD). Pharmaceuticals 2020, 13, 219.
[CrossRef]

Dokania, S.; Joshi, A.K. Self-Microemulsifying Drug Delivery System (SMEDDS)—Challenges and Road Ahead. Drug Deliv.
2015, 22, 675-690. [CrossRef]

Cherniakov, I; Izgelov, D.; Barasch, D.; Davidson, E.; Domb, A.J.; Hoffman, A. Piperine-pro-Nanolipospheres as a Novel
Oral Delivery System of Cannabinoids: Pharmacokinetic Evaluation in Healthy Volunteers in Comparison to Buccal Spray
Administration. J. Control. Release 2017, 266, 1-7. [CrossRef]

Caggiano, N.J.; Wilson, B.K,; Priestley, R.D.; Prud’homme, R.K. Development of an In Vitro Release Assay for Low-Density
Cannabidiol Nanoparticles Prepared by Flash NanoPrecipitation. Mol. Pharm. 2022, 19, 1515-1525. [CrossRef] [PubMed]
Markwalter, C.E.; Pagels, R.E; Wilson, B.K; Ristroph, K.D.; Prud’homme, R K. Flash NanoPrecipitation for the Encapsulation of
Hydrophobic and Hydrophilic Compounds in Polymeric Nanoparticles. . Vis. Exp. 2019, 58757. [CrossRef]

Johnson, B.K.; Prud’homme, R.K. Flash NanoPrecipitation of Organic Actives and Block Copolymers Using a Confined Impinging
Jets Mixer. Aust. J. Chem. 2003, 56, 1021-1024. [CrossRef]

ElSohly, M.A.; Shahzadji, I.; Gul, W. Absorption and Bioavailability of Novel UltraShear Nanoemulsion of Cannabidiol in Rats.
Med. Cannabis Cannabinoids 2023, 6, 148-159. [CrossRef] [PubMed]

Banerjee, A.; Binder, ].; Salama, R.; Trant, J.F. Synthesis, Characterization and Stress-Testing of a Robust Quillaja Saponin Stabilized
Oil-in-Water Phytocannabinoid Nanoemulsion. J. Cannabis Res. 2021, 3, 43. [CrossRef] [PubMed]

Gonzalez Pereira, A.; Carpena, M.; Garcia Oliveira, P.; Mejuto, J.C.; Prieto, M.A.; Simal Gandara, ]J. Main Applications of
Cyclodextrins in the Food Industry as the Compounds of Choice to Form Host-Guest Complexes. Int. J. Mol. Sci. 2021, 22, 1339.
[CrossRef]

Tiwari, G.; Tiwari, R.; Rai, A K. Cyclodextrins in Delivery Systems: Applications. J. Pharm. Bioallied Sci. 2010, 2, 72-79. [CrossRef]
Tkach, M.; Théry, C. Communication by Extracellular Vesicles: Where We Are and Where We Need to Go. Cell 2016, 164, 1226-1232.
[CrossRef] [PubMed]

Van Niel, G.; D’Angelo, G.; Raposo, G. Shedding Light on the Cell Biology of Extracellular Vesicles. Nat. Rev. Mol. Cell Biol.
2018, 19, 213-228. [CrossRef]

Camussi, G.; Deregibus, M.C.; Bruno, S.; Cantaluppi, V.; Biancone, L. Exosomes/Microvesicles as a Mechanism of Cell-to-Cell
Communication. Kidney Int. 2010, 78, 838-848. [CrossRef] [PubMed]

Tiwari, P; Yadav, K; Shukla, R.P; Bakshi, A.K;; Panwar, D.; Das, S.; Mishra, PR. Extracellular Vesicles-Powered Immunotherapy:
Unleashing the Potential for Safer and More Effective Cancer Treatment. Arch. Biochem. Biophys. 2024, 756, 110022. [CrossRef] [PubMed]
Kaur, S.; Nathani, A.; Singh, M. Exosomal Delivery of Cannabinoids against Cancer. Cancer Lett. 2023, 566, 216243. [CrossRef] [PubMed]
Hillman, T. The Application of Plant-Exosome-like Nanovesicles as Improved Drug Delivery Systems for Cancer Vaccines.
Discov. Oncol. 2024, 15, 136. [CrossRef]

Pang, ]J.-L.; Shao, H.; Xu, X.-G.; Lin, Z.-W.; Chen, X.-Y.; Chen, ]J.-Y.; Mou, X.-Z.; Hu, P-Y. Targeted Drug Delivery of Engi-
neered Mesenchymal Stem/Stromal-Cell-Derived Exosomes in Cardiovascular Disease: Recent Trends and Future Perspectives.
Front. Bioeng. Biotechnol. 2024, 12, 1363742. [CrossRef]

Xiao, T.; Wei, J.; Cai, D.; Wang, Y.; Cui, Z.; Chen, Q.; Gu, Q.; Zou, A.; Mao, L.; Chi, B.; et al. Extracellular Vesicle Mediated
Targeting Delivery of Growth Differentiation Factor-15 Improves Myocardial Repair by Reprogramming Macrophages Post
Myocardial Injury. Biomed. Pharmacother. 2024, 172, 116224. [CrossRef] [PubMed]

Xia, B.; Gao, J.; Li, S.; Huang, L.; Zhu, L.; Ma, T.; Zhao, L.; Yang, Y.; Luo, K,; Shi, X,; et al. Mechanical Stimulation of Schwann
Cells Promote Peripheral Nerve Regeneration via Extracellular Vesicle-Mediated Transfer of microRNA 23b-3p. Theranostics
2020, 10, 8974-8995. [CrossRef]

Madison, R.D.; Robinson, G.A. Muscle-Derived Extracellular Vesicles Influence Motor Neuron Regeneration Accuracy.
Neuroscience 2019, 419, 46-59. [CrossRef] [PubMed]

Tajik, T.; Baghaei, K.; Moghadam, V.E.; Farrokhi, N.; Salami, S.A. Extracellular Vesicles of Cannabis with High CBD Content
Induce Anticancer Signaling in Human Hepatocellular Carcinoma. Biomed. Pharmacother. 2022, 152, 113209. [CrossRef]

Buya, A.B.; Beloqui, A.; Memvanga, P.B.; Préat, V. Self-Nano-Emulsifying Drug-Delivery Systems: From the Development to the
Current Applications and Challenges in Oral Drug Delivery. Pharmaceutics 2020, 12, 1194. [CrossRef]

Haist, M.; Maildnder, V.; Bros, M. Nanodrugs Targeting T Cells in Tumor Therapy. Front. Immunol. 2022, 13, 912594. [CrossRef]
[PubMed]

Chen, B.-J.; Zhao, J].-W.; Zhang, D.-H.; Zheng, A.-H.; Wu, G.-Q. Immunotherapy of Cancer by Targeting Regulatory T Cells.
Int. Immunopharmacol. 2022, 104, 108469. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/ph13090219
https://doi.org/10.3109/10717544.2014.896058
https://doi.org/10.1016/j.jconrel.2017.09.011
https://doi.org/10.1021/acs.molpharmaceut.2c00041
https://www.ncbi.nlm.nih.gov/pubmed/35412842
https://doi.org/10.3791/58757-v
https://doi.org/10.1071/CH03115
https://doi.org/10.1159/000534473
https://www.ncbi.nlm.nih.gov/pubmed/37942295
https://doi.org/10.1186/s42238-021-00094-w
https://www.ncbi.nlm.nih.gov/pubmed/34556180
https://doi.org/10.3390/ijms22031339
https://doi.org/10.4103/0975-7406.67003
https://doi.org/10.1016/j.cell.2016.01.043
https://www.ncbi.nlm.nih.gov/pubmed/26967288
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.1038/ki.2010.278
https://www.ncbi.nlm.nih.gov/pubmed/20703216
https://doi.org/10.1016/j.abb.2024.110022
https://www.ncbi.nlm.nih.gov/pubmed/38697343
https://doi.org/10.1016/j.canlet.2023.216243
https://www.ncbi.nlm.nih.gov/pubmed/37257632
https://doi.org/10.1007/s12672-024-00974-6
https://doi.org/10.3389/fbioe.2024.1363742
https://doi.org/10.1016/j.biopha.2024.116224
https://www.ncbi.nlm.nih.gov/pubmed/38308970
https://doi.org/10.7150/thno.44912
https://doi.org/10.1016/j.neuroscience.2019.08.028
https://www.ncbi.nlm.nih.gov/pubmed/31454553
https://doi.org/10.1016/j.biopha.2022.113209
https://doi.org/10.3390/pharmaceutics12121194
https://doi.org/10.3389/fimmu.2022.912594
https://www.ncbi.nlm.nih.gov/pubmed/35693776
https://doi.org/10.1016/j.intimp.2021.108469
https://www.ncbi.nlm.nih.gov/pubmed/35008005

	Introduction 
	Background 
	Cannabis sativa, L. 
	Brief History of CBD 

	Multiple Targets and Multiple Effects of CBD 
	Anti-Inflammatory Effects of CBD 
	Representative Molecular Targets and Signaling Pathways 
	TRPV1 
	PPAR 
	GPR55 
	CB1/CB2 
	Adenosine Receptor 
	Inflammatory Signaling Pathways Affected by CBD 


	Binding of Cannabidiol to CYP and UGT Enzymes 
	The Early Findings on the Inhibition of CYP by CBD 
	Metabolism of CBD by CYP 
	Metabolism of Tacrolimus by CYP 
	Phase II Metabolism by UGT 
	Clinical Trials Co-Administrating CBD with Drugs 
	Polymorphism of CYP and Its Influences on Drug Metabolism 

	Possible Side Effects and Strategies to Overcome 
	Types of Adverse Events 
	Strategies to Overcome 
	Co-Administration with Other Phytochemicals 
	Enhancing Bioavailability and Reducing the Amount of Administration: Formulation
	Targeted Drug Delivery 


	Conclusions 
	References

