Saudi Pharmaceutical Journal (2025) 33:11
https://doi.org/10.1007/s44446-025-00005-7

SaudiPharmaceutical Sodiety
&gl auasnlliaiconl

REVIEW ARTICLE q

Check for
updates

Cannabidiol as an immune modulator: A comprehensive review

Khizra Mujahid' - Muhammad Shahzaib Rasheed®? - Azka Sabir? - Jutaek Nam'® - Talha Ramzan?3 -

Waseem Ashraf? - Imran Imran?

Received: 26 January 2025 / Accepted: 12 March 2025
© The Author(s) 2025

Abstract

Cannabidiol (CBD), a non-psychoactive phytocannabinoid derived from Cannabis sativa, has emerged as a promising thera-
peutic agent due to its diverse pharmacological properties, including potent anti-inflammatory, neuroprotective, and immu-
nomodulatory effects. CBD modulates immune responses, including the regulation of T cell activity, induction of macrophage
apoptosis, suppression of pro-inflammatory cytokines, and modulation of signaling pathways involved in inflammation and
immune homeostasis. A comprehensive literature search was conducted using PubMed, Scopus, and Web of Science data-
bases to identify relevant preclinical and clinical studies on CBD’s immunomodulatory effects. Preclinical and clinical studies
demonstrate its efficacy in treating autoimmune diseases such as Type 1 diabetes, multiple sclerosis, rheumatoid arthritis,
and inflammatory bowel disease, along with its potential in neuropathic pain and cancer therapy. Recent advancements in
nanotechnology-based delivery systems have further enhanced CBD's therapeutic potential by improving its solubility,
bioavailability, and targeted delivery, enabling innovative approaches for wound healing, inflammation management, and
cancer treatment. However, challenges such as variability in immune responses, limited long-term safety data, and potential
drug-drug interactions persist. This review comprehensively examines CBD’s pharmacokinetics, pharmacodynamics, and
immunomodulatory mechanisms, highlighting its clinical potential, existing limitations, and future directions in advancing
its integration into precision medicine and immune regulation.
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1 Introduction

Cannabinoids are a class of structurally similar chemicals,
primarily found in plant-derived cannabis, commonly known
as marijuana. Among these, tetrahydrocannabinol (THC)
is the primary psychoactive constituent. While Cannabis
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contains 538 identified chemical compounds, only about
100 of them are naturally occurring cannabinoids known
as phytocannabinoids (El Oihabi et al. 2024). These phy-
tocannabinoids are categorized into 11 major subclasses:
cannabinol (CBN), cannabigerol (CBG), delta 9-tetrahydro-
cannabinol (THC), cannabielsoin, DSTHC, cannabicyclol,
cannabichromene (CBC), cannabitriol, cannabidiol (CBD),
cannabinodiol, and miscellaneous (Berman et al. 2018).
Among these, CBD and delta-9-THC have drawn the great-
est scientific attention. CBD was first isolated from Mexi-
can marijuana by Adams and colleagues in the late 1930s
(Adams et al. 1940) while in the 1963, Mechoulam and Shvo
were the first to study THC synthesis and isolate other can-
nabinoids. They also confirmed the stereochemical struc-
tures of THC and CBD, laying the groundwork for future
cannabinoid research (Mechoulam and Shvo 1963; Hively
et al. 1966).

CBD is non-psychoactive and differs from THC, the
compound in cannabis responsible for the 'high' sensation
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and potential dependence (Legare et al. 2022). The use of
CBD-based products has expanded significantly, driven
by its purported therapeutic benefits. While Epidiolex®
remains the only FDA-approved CBD product, unregulated
CBD formulations are widely available for self-medication
in regions with lenient cannabis regulations (Britch et al.
2021). Despite increasing popularity, clinical trials remain
limited, and the pharmacological mechanisms of CBD,
including its pharmacokinetics and pharmacodynamics, are
not yet fully understood.

CBD exerts diverse pharmacological effects through
its interaction with molecular targets such as cannabinoid
receptors, serotonin receptors, ion channels, and nuclear
receptors (Martini et al. 2023). These interactions underpin
its potential to modulate inflammatory pathways, immune
responses, and oxidative stress, making it a promising thera-
peutic candidate for conditions such as inflammation, auto-
immune diseases, neuropathic pain, and cancer. Preclinical
and clinical studies have demonstrated that CBD modulates
immune cells, including macrophages, neutrophils, mast
cells, and T cells, by influencing cytokine production and
other inflammatory processes (Nichols and Kaplan 2020).
However, the effects of CBD on immune function remain
inconsistent, with studies reporting both anti-inflammatory
and pro-inflammatory outcomes under different conditions.

Given the multifaceted pharmacological properties of
CBD, it holds significant promise as a therapeutic agent.
Yet, the translation of preclinical findings into clinical appli-
cations faces challenges, including limited understanding of
its mechanisms, variability in pharmacokinetics across for-
mulations and species, and potential drug-drug interactions.
This review aims to comprehensively summarize the current
knowledge on CBD’s pharmacokinetics, pharmacodynam-
ics, immunomodulatory effects while exploring its appli-
cations in autoimmune diseases, safety data and drug-drug
interactions. By integrating available evidence, this work
seeks to address existing gaps and pave the way for the clini-
cal development of CBD-based therapies.

2 Pharmacokinetics (PK) of CBD
2.1 Pre-Clinical PK

The pharmacokinetic profile of CBD is influenced by vari-
ous factors, including the route of administration, formula-
tion type, dosing schedule (single or multiple doses), and
the specific formulation system used (Polidoro et al. 2022a,
b; Limsuwan et al. 2024). CBD absorption in the gastroin-
testinal tract is assumed to be low, with oral bioavailability
reported at only 19% in dogs (Samara et al. 1988). The for-
mulation type plays a critical role in oral absorption, as dem-
onstrated in this study assessing plasma CBD kinetics in 32
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dogs after a single oral dose of four formulations (oil-based,
nanoemulsion, water-soluble, semi-solid treat) in a 1-period,
4-treatment parallel design, showing that the nanoemulsion
had the fastest absorption (T,,,, ~3 h) and highest C,,
(314 pg/L), the water-soluble form had a similar plasma pro-
file to the oil-based form, and the semi-solid treat resulted
in the lowest CBD levels (Limsuwan et al. 2024). Similarly,
a study in cats evaluated the pharmacokinetics of a CBD-
rich hemp paste, showing a CBD C,,, of 282.0 +149.4 ng/
mL with a half-life of ~2.1 + 1.1 h, and higher cannabinoid
retention after 1 week of twice-daily dosing. Compared to
oil-based formulations, this paste demonstrated better CBD
absorption with no adverse effects or significant biochemi-
cal alterations, indicating short-term safety (Wang et al.
2022). CBD undergoes extensive hepatic metabolism, as evi-
denced by the detection of metabolites in the urine of dogs
(Samara et al. 1990), prompting the exploration of alterna-
tive administration routes. For example, a study assessed
CBD pharmacokinetics in six Beagle dogs (3-8 years) after
intranasal (IN, 20 mg), intrarectal (IR, 100 mg), and oral
(PO, 100 mg) administration, showing that IR CBD was
undetectable, while IN had a faster T, (0.5 h) but lower
AUC (61 ng/mLh) and C_,, (28 ng/mL) than PO (T,
3.5h, AUC 1,376 ng/mLh, C,,,, 217 ng/mL). Despite faster
absorption with IN, PO was the most effective and practi-
cal route, while IR was unsuitable for clinical use (Polidoro
et al. 2022a, b). Pharmacokinetic parameters such as half-
life, C,,,, mean residence time (MRT), and area under the
curve (AUC) frequently vary following oral administration
of CBD oily solutions, even at standardized doses. Factors
such as age, breed, and sex can contribute to these variations
due to anatomical and physiological differences, including
reduced renal and hepatic function or variations in water-to-
adipose tissue ratio (Di Salvo et al. 2023).

2.2 Clinical PK

The clinical pharmacokinetics of CBD have garnered
increasing interest due to its therapeutic potential, yet its
absorption, distribution, metabolism, and excretion remain
complex and influenced by various factors. CBD is a highly
lipophilic compound with poor oral bioavailability, estimated
at as low as 6%, largely due to extensive first-pass metabo-
lism (Agurell et al. 1981). Strategies to improve its bioavaila-
bility have led to the development of advanced formulations,
such as oil-based products, self-emulsifying drug delivery
systems (SEDDS), and gelatin pellets, which enhance its
therapeutic potential (Zgair et al. 2016; Knaub et al. 2019).
Alternative administration routes influence absorption, as
shown by a systematic review of 24 studies reporting phar-
macokinetic parameters in humans. The CBD half-life was
1.4-10.9 h (oromucosal), 2-5 days (chronic oral), 24 h (IV),
and 31 h (smoking). Bioavailability was 31% for smoking,
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but absolute bioavailability for other routes remains unre-
ported. AUC and C_,,, increased dose-dependently, with a
faster T,,,, (0—4 h) for smoking/inhalation compared to oral/
oromucosal routes, while C,,, was higher in fed states and
lipid formulations (Millar et al. 2018). Once absorbed, CBD
is distributed extensively throughout the body, accumulat-
ing in lipophilic tissues such as adipose tissue and perfused
organs, including the brain, spleen, heart, lungs, and liver.
This distribution pattern leads to a gradual redistribution
to less perfused tissues, contributing to declining plasma
concentrations over time (Bardhi et al. 2022). CBD metabo-
lism occurs predominantly in the liver, involving cytochrome
P450 enzymes such as CYP3A4 and CYP2C19, with minor
contributions from CYP2D6, CYP2C9, CYP1A2, and
CYP1A1 (Nasrin et al. 2021). Despite the identification of
several metabolites, the pharmacological effects of these
metabolites in humans remain poorly characterized. CBD
exhibits a prolonged terminal elimination half-life, as dem-
onstrated in healthy volunteers, where twice-daily dosing
over seven days resulted in a half-life of 56-61 h (Taylor
et al. 2018). The compound is excreted primarily in feces,
with a smaller fraction eliminated in urine as CBD and its

glucuronide conjugates (Ujvary and Hanus 2016). The avail-
ability of diverse formulations, including oils, tablets, sub-
lingual sprays, capsules, creams, and nasal sprays, provides
flexibility in CBD administration and expands its therapeutic
applications (Schlag et al. 2021). The data derived from pre-
clinical and clinical studies on the pharmacokinetics of CBD
are summarized in Table 1.

3 Drug-drug interactions and safety
considerations

CBD and its active metabolite, 7-hydroxy-CBD (7-OH-
CBD), are primarily metabolized by CYP3A4 and
CYP2C19, with additional involvement of CYP2C9, 1A2,
2C8, 2B6, and 2E1 (Nasrin et al. 2021). CBD acts as both
a substrate and an inhibitor of various CYP450 enzymes,
notably inhibiting CYP2CS, 2C9, 2D6, and 2C19. Addition-
ally, Epidiolex labeling suggests potential dual inhibition/
induction of CYP1A2 and CYP2B6 (Jiang et al. 2011). CBD
also inhibits UGT1A9 and UGT2B7, reducing excretion and
increasing bioavailability of substrates like acetaminophen,

Table 1 Pharmacokinetics studies related to CBD dosage and parameters in preclinical and clinical studies

Species/ Condition Dose Dosage form PK parameters References
Preclinical studies

Mice 5-10 mg/kg LP n/a (Ward et al. 2011)
Rat 10 mg Oral capsules Thax=1h; C,y =2.1; AUC_,=6.9 (Cherniakov et al. 2017)
Cat 4 mg/kg/day Soft chew Chax=43+9 ng/mL (Deabold et al. 2019)

AUC=164 ng-h/mL

Tmax = 2 h
Dog 1.7-64.7 mg/kg Predominant oil Half-life=6 h (Vaughn et al. 2020)
Dog 2 mg/kg/day Small and large soft chew Cax =301 ng/mL (Deabold et al. 2019)

With 10-15 mg CBD AUC=1297 ng-h/mL

Tox=14h

Dog 20 mg intranasal (IN), For IN, CBD in PEG:NaCl INT, .=05h (Bartner et al. 2018; Polidoro
100 mg intrarectal (IR) solution IN AUC=61 ng/ml-h et al. 2022a, b)
and oral (PO) For IR, CBD suppositories IN C,,,=28 ng/mL
Tablets for PO POT,,=35h

PO AUC=1376 ng/ml-h

PO C,,,,=217 ng/mL
Dog 1 mg/kg Hemp extract Cphax =145+ 69 ng/mL (Wakshlag et al. 2020)
Dog 1,2,4 and 12 mg/kg Oil AUC 1, =183+43,287+ 178,859 +475,1,43 (Vaughn et al. 2021)

0+610,
Half-
life (h)=5.6+1.09.3+6.6,54+1.4,72+n/a

Guinea pig 25-50 mg/kg Oil Cphax =42 & 96.8 ng/mL (Spittler et al. 2021)
Horse 0.35 or 2.0 mg/kg Oral pellets Cpax=0.6+2.1 ng/mL (Williams et al. 2022)

Clinical studies

Healthy individuals

Cannabis smokers

Healthy men

Children with Dravet
syndrome

5.4 mg once a week for
3 weeks

2 mg once
100 mg

2.5, 5, 10 and 20 mg/kg/day

Oral capsules

Cigaratte

Oral gelatin matrix pellet

Oral solution

Tp=1.8£12h

Thax=0.5-2 h; C,,, =0-2.6; AUC,_,,=2.7-5.6 (Nadulski et al. 2005)
Thax=0.25-0.50h; C,,=2h (Schwope et al. 2011)
Thax=3.5h; C

max max = 47.44 h; AUC (Atsmon et al. 2018)
o1 = 149.54 h; Half-life=3.50 h

AUC,,4=70.23, 241, 722, 963 (Devinsky et al. 2018)

C

max?

Maximum concentration; AUC, Area under the curve

@ Springer



1 Page 4 of 23

Saudi Pharmaceutical Journal (2025) 33:11

ibuprofen, and valproic acid, requiring caution in co-
administration. A study showed CBD decreased UGT1A9
activity by 49% and UGT2B7 by 70%, though clinical rel-
evance remains unclear (Al Saabi et al. 2013). The inac-
tive 7-COOH-CBD metabolite inhibits breast cancer resist-
ance protein (BCRP), potentially affecting drug efflux and
increasing substrate side effects. BCRP substrates, including
glyburide, methotrexate, and statins, may have altered distri-
bution and excretion. Toxicity monitoring and dose adjust-
ments are recommended when co-administering CBD with
these drugs (Brown and Winterstein 2019) Table 2.
Similarly, safety studies of CBD across various clinical
conditions have demonstrated a generally favorable profile,
though dose-dependent adverse events are reported. In can-
cer pain management, Sativex® (THC: CBD oromucosal
spray) was associated with dose-dependent side effects, with
high-dose groups experiencing a worse safety profile than
placebo. The most common adverse events included nau-
sea, dizziness, vomiting, and somnolence, though no seri-
ous safety concerns were reported (Portenoy et al. 2012;
Fallon et al. 2017). In lymphoma and chronic lymphocytic
leukemia patients, a single-dose THC/CBD treatment led
to grade 1-2 adverse events in 91% of patients, with dry
mouth (78%), vertigo (70%), and somnolence (43%) as the
most frequent side effects (Melén et al. 2022). Similarly, for
multiple sclerosis (MS), CBD-based therapies were well tol-
erated, though dizziness, dry mouth, and somnolence were
more commonly reported than in placebo groups (Rog et al.
2005). A large-scale study on MS spasticity (N=1,615)
revealed that 18.7% of patients discontinued treatment due
to adverse events, highlighting individual variability in toler-
ability (Patti et al. 2016). Similarly, in inflammatory bowel
diseases (IBD), CBD-rich cannabis oil was well tolerated,
with no significant adverse effects reported (Naftali et al.
2021). In gastroparesis, CBD administration led to mild-
to-moderate adverse effects, with diarrhea (14), fatigue (8),

headache (8), and nausea (7) among 44 patients (Zheng et al.
2023). Studies in rheumatoid arthritis and ankylosing spon-
dylitis focused on long-term CBD and THC exposure, with
serious adverse events monitored, though specific safety data
were not detailed (Hendricks et al. 2019). In hand osteoar-
thritis and psoriatic arthritis, CBD showed no serious safety
concerns, with similar adverse event rates between CBD and
placebo groups (Vela et al. 2022) Table 3. Overall, CBD
appears safe and well tolerated, though higher doses may
increase the risk of adverse events, and individual variability
in response necessitates further investigation across different
autoimmune and chronic pain conditions.

4 CBD receptors and pharmacodynamics

CBD is a complex multi-target molecule that exerts diverse
pharmacological effects by interacting with a wide range
of molecular targets. These targets include G-protein cou-
pled receptors (GPCRs), ion channels, enzymes, serotonin
receptors, and nuclear receptors. In vivo investigations have
identified several critical molecular targets for CBD, such as
CB1, CB2, transient receptor potential vanilloid 1 (TRPV1),
G protein-coupled receptor 55 (GPRS55), Mu-opioid receptor
(MOR), 5-hydroxytryptamine receptor 1A (5-HT1A), dopa-
mine (DA) receptors, toll like receptor-4 (TLR-4), and ion
channels (Castillo-Arellano et al. 2023).

Cannabinoid receptors, CB1 and CB2 (CB1R/CB2R), are
GPCRs and primary targets of the endocannabinoid system.
CBI1 receptors are predominantly expressed in the central
and peripheral nervous systems, controlling excitatory and
inhibitory neurotransmitter release, which impacts physi-
ological processes such as memory, learning, and synap-
tic plasticity (Pertwee 2001; Busquets Garcia et al. 2016).
CB2R’s, classified as peripheral receptors, are expressed
in immune cells and play significant roles in immunity,

Table 2 CBD drug interactions with enzyme substrates, inducers, inhibitors and transport proteins (Brown and Winterstein 2019)

CYP3A4

Substrates Inducers

Chemotherapeutics, immunosuppressants, antip-
sychotics, calcium channel blockers, statins
pioglitazone
CYP2C19

Substrates Inducers

Antidepressants, proton pump inhibitors, clopi- Rifampin, carbamazepine, phenobarbital,

dogrel, propranolol, warfarin phenytoin
Transport proteins
UGTIA9 UGT2B7

Regorafenib, haloperidol, ibuprofen, acetami-
nophen, canagliflozin, sorafenib, propofol,

mycophenolate mazepine

Phenytoin, Carbamazepine, topiramate,
phenobarbital, rifampicin, efavirenz,

Hydromorphone, losartan, naproxen,
ezetimibe, simvastatin, valproate, carba-

Inhibitors

Protease inhibitors, ketoconazole, nefazodone,
loperamide

Inhibitors

Fluvoxamine, fluoxetine, cimetidine, ketocona-
zole, fluconazole, efavirenz

BCRP

Glyburide, imatinib, methotrexate, mitoxantrone,
nitrofurantoin, prazosin, statins, dipyridamole
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Table 3 In vitro cell type-specific immunosuppressive effects of CBD

Cell type CBD Dose Effects Ref
Humans
PBMCs 0.1-10 pg/mL or 0.3-32 uyM JIFN-y secretion and mRNA (Jenny et al. 2009)

Hsp70-activated human NK cells
THP-1 cells

Human neutrophils
HaCaT human keratinocytes

Human liver sinusoidal endothe-
lial cells

Human monocytic cells (U937)

Animals
B6C3F1 female splenocytes
C57BL/6 male Kupffer cells

C57BL/6 or BALB/c female
splenocytes

RAW 264.7 cells

10 uM for 3 days

0.1 pg/ml,
1-10 pg/ml

100 nM, 1 pM, 3 pM
1,5, 10,20 pM
3 or 10 mg/kg

10.6 pM, 21.2 pM, 31.8 pM, and
42.4 M

1,5, 10, 15,20 pM
3 or 10 mg/kg
5,10,15 pg/ml

Pretreatment with 5 uM CBD for

expression
|IFN-y, IL-4, TNF-a, and GrzB

1.5-twofold 1IFN-y secretion,
JIFN-y secretion

IROS
JIL-6, IL-8, TNF-a
| Adhesion molecules,

|Liver inflammation, oxidative/
nitrative stress and TNF-a

IMCP-1, CCL-5
tIL-6, IL-8, IL-16, and IL-32

JIL-2
|TNF-a
|Proliferation and cytokines

|Inflammasome pathways

(Wang et al. 2024)
(Jenny et al. 2009)

(Wang et al. 2017)
(Petrosino et al. 2018)
(Mukhopadhyay et al. 2011)

(Muthumalage and Rahman 2019)

(Kaplan et al. 2003)
(Mukhopadhyay et al. 2011)
(Khuja et al. 2019)

(Huang et al. 2019)

2h

BV-2 microglial cells 10 pM

|TNF-a, MCP-1, IL-1f and
NF-kB

1Ccl-2, |oxidative stress (Juknat et al. 2012)

particularly in macrophage populations and B cells (Parolaro
1999). Despite CBD’s low binding affinity for CBIR/CB2R
(Thomas et al. 2007), it enhances CB1 activity through the
phosphoinositide 3-kinase/protein kinase b (PI3K/AKT)
pathway, promoting cellular differentiation, mitochondrial
polarization, and reduced inflammation (Blando et al. 2022).
CBD also enhances endocannabinoid activity by inhibiting
fatty acid amide hydrolase (FAAH), the enzyme responsible
for the degradation of anandamide (AEA). This inhibition
increases AEA and 2-arachidonoylglycerol (2-AG) availabil-
ity, enhancing their anti-inflammatory and neuroprotective
actions (Bisogno et al. 2001). AEA, an endocannabinoid,
exerts tonic inhibitory effects on inflammation, further sup-
ported by CBD’s ability to block its transporter-mediated
uptake (Watanabe et al. 1996).

CBD also interacts with the serotonin receptor 5-HT1A,
an important GPCR implicated in depression, anxiety, and
aggression. Acting as a partial agonist, CBD increases ser-
otoninergic and glutamatergic transmission, contributing
to its anxiolytic effects (Martinez Naya et al. 2023). This
interaction involves the GTP-binding proteins that couple
5-HT1A activation to downstream signaling (Russo et al.
2005). Through its interaction with transient receptor poten-
tial ankyrin 1 (TRPA1), CBD excites vagal afferent neurons,
inducing inward currents and modulating sodium conduct-
ance, which may influence vagal signaling and adapt with
chronic cannabis exposure (Kowalski et al. 2020). CBD is
also an antagonist of GPRS55 which is co-localized with

cannabinoid receptors in brain regions like the putamen and
caudate nucleus. By blocking GPRS55, CBD contributes to
the prevention of pro-inflammatory cytokine production
(Mishiro et al. 2021).

CBD’s interaction with TLR4 pathway further highlights
its anti-inflammatory properties. TLR4 activation increases
the phosphorylation of TAK1 (TGF-p-activated kinase 1),
which further activates the IKK (IxB kinase) complex. The
IKK complex phosphorylates IxB (inhibitor of kB), lead-
ing to its degradation, thereby releasing NF-xB (nuclear
factor kB), which translocates to the nucleus and induces
pro-inflammatory cytokine production (Liu et al. 2017).
CBD inhibits the NF-kB pathway and the production of pro-
inflammatory cytokines by preventing IkB degradation (Kim
et al. 2014; Dos-Santos-Pereira et al. 2020). In the context
of opioid receptors, CBD acts as an allosteric modulator,
showing subtype-selective inhibition at both u and 8 opioid
receptors (Kathmann et al. 2006). These interactions sug-
gest CBD’s potential in addressing drug addiction and abuse
(Kalsoom et al. 2024).

At the ion channel level, CBD inhibits L-type calcium
channels in rat and rabbit ventricular cardiomyocytes
(Ali et al. 2015; Isaev et al. 2022). Mechanistically these
cardioprotective effects of CBD are mediated by hippo
and calcium signaling pathways in doxorubicin induced
myocardial infarction (Dong et al. 2025). Additionally,
CBD functions as a nonselective sodium channel inhibi-
tor, stabilizing the inactivated state of these channels and
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preventing their activation (Ghovanloo et al. 2018; Le
Marois et al. 2020). CBD’s effects on nuclear receptors
such as peroxisome proliferator-activated receptor gamma
(PPARY) further underscore its anti-inflammatory proper-
ties. Activation of PPARYy decreases inducible nitric oxide
synthase (iNOS) expression, reduces pro-inflammatory
cytokines, and mitigates inflammation in cardiovascular
cells, particularly endothelial cells (Maguire et al. 2021).

Cannabidiol

ot

In summary, CBD demonstrates a wide range of thera-
peutic effects, including anti-inflammatory, antioxidant,
neuroprotective, anxiolytic, and cardioprotective proper-
ties. These effects stem from its ability to modulate key
signaling pathways and molecular targets, making it a
promising candidate for addressing various physiological
and pathological conditions (Fig. 1).
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---4 Negative allosteric modulator
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Dopamine |CB1/ch I FAAH ‘ ‘ TRPV1 ‘ |GPR55 ‘ Sodium | | LtypeCa*? | |Adenosine
receptor channel channel receptor
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|
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0X2, INOS, TNFa,
NF-kB, AKT, ERK
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AKT MEK1/2
(:) 1 (:) l Lipid Pero; ation
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5 ®
R

Fig. 1 Pharmacodynamically CBD interacts with multiple molecu-
lar targets. CBD interacts with various receptors and ion channels
including DA receptors, 5-HT1A receptors, CBIR/CB2R, FAAH,
TRPV1, GPR55, MOR, TLR4, sodium channels, and L-type Ca?*
channels. As an agonist for CBIR/CB2R, it regulates pain, inflam-
mation, and metabolism by activating PI3K/AKT and MAPK/ERK
pathways, promoting cell survival, immune modulation, and inflam-
mation reduction. Inhibition of FAAH elevates endogenous ananda-
mide levels, further enhancing CB1R/CB2R activity. Full agonism of
serotonin 5-HT1A receptors supports anxiolytic and neuroprotective
effects via PI3K/AKT activation, regulating synaptic plasticity and
stress responses. Agonism of TRPV1 channels influences pain and
inflammation by modulating COX-2, iNOS, TNF-a, NF-xB, AKT,
and ERK pathways, reducing oxidative stress and cytokine produc-
tion. Activation of adenosine Al receptors exerts anti-inflammatory
effects by suppressing NF-kB, TNF-a, and IL-6 signaling, supporting
therapeutic potential in inflammation and metabolic disorders. Partial
agonism at DA receptors influences cognitive function and emotional
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regulation. Antagonism of FAAH prevents anandamide degradation,
sustaining CB1R/CB2R activation, exerting anti-inflammatory and
neuroprotective actions, while GPRS55 antagonism regulates calcium
mobilization, inflammation, and metabolic balance, reducing pro-
inflammatory effects. TLR4 antagonism inhibits MyD88-depend-
ent NF-xB signaling through TAKI1/IKK suppression, decreasing
pro-inflammatory cytokine expression. Inhibition of sodium and
L-type calcium channels modulates neuronal excitability and mito-
chondrial calcium homeostasis, affecting ion transport and oxida-
tive stress. Recreated with permission from (de Almeida and Devi
2020). CB1R/CB2R, CB1/CB2 receptors; FAAH, fatty acid amide
hydrolase; TRPV1, transient receptor potential vanilloid 1; GPRSS5, G
protein-coupled receptor 55; MOR, p-opioid receptor; TLR4, toll-like
receptor 4; DA, dopamine receptor; 5-HT1A, serotonin 5-hydroxy-
tryptamine 1A receptor; PI3K, phosphoinositide 3-kinase; AKT,
protein kinase B; MAPK, mitogen-activated protein kinase; ERK,
extracellular signal-regulated kinase; AEA, anandamide; COX-2,
cyclooxygenase-2; iNOS, inducible nitric oxide synthase
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5 CBD role inimmune system regulation

Immunity relies on the coordinated action of various cell
types, including T cells, dendritic cells, neutrophils, mac-
rophages, and other myeloid cells, to defend against path-
ogens while avoiding self-reactivity (Parkin and Cohen
2001). Innate immune cells rapidly destroy pathogens
and can activate the adaptive immune response, led by
T and B cells, when necessary (Iwasaki and Medzhitov

IL-1B, IL-2, TN
generation, Ap

l

Pro-inflammatory
cytokines ‘—|

| IL-1B, IL-6, IL-8, IL-10, TNFa, IFNy

Inhibition

receptor J\A ~

Cytokines production and } ; \fé
release e.g, IL-2, TNFa J NK cells
Activation T
receptor
H
@ & \\\‘ Basophil
IL-4,1L-13 ||

p -2

l gs. Apoptosis

®

— Inhibitor
TPro-inﬂammatory effects
LAnti-inﬂammatory effects

Fig.2 CBD modulates immune cell functions. It interacts with
macrophages, monocytes, dendritic cells, neutrophils, eosinophils,
basophils, mast cells, NK cells, and microglial cells, regulating key
immune processes. It influences pathways related to cytokine produc-
tion, ROS generation, apoptosis, phagocytosis, and cell migration,
contributing to immune homeostasis. In macrophages and mono-
cytes, it suppresses inflammatory cytokines by inhibiting NF-xB
signaling, reducing pro-inflammatory responses. In dendritic cells, it
alters cAMP signaling and MAPK/ERK activation, leading to proa-
poptotic protein expression and apoptosis. In neutrophils, it sup-
presses inflammatory cytokine secretion and ROS production while
promoting a shift toward an anti-inflammatory phenotype, reducing
excessive phagocytic activity. In eosinophils, it suppresses inflamma-
tory cytokine production and promotes a shift from a Th1/Th17 to a
Th2/Treg immune profile, reducing migration and phagocytosis. In

Macrophage

Oligodendrocytes

2015). CBD modulates both innate and adaptive immune
responses by targeting cellular receptors and signaling
pathways involved in immune regulation (Nichols and
Kaplan 2020) (Fig. 2) Table 3.

5.1 CBD effects on lymphocytes

Most studies exploring the effects of CBD on the immune
system have focused on its role in T cells. Early research
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basophils, it downregulates IL-4 and IL-13 secretion, limiting type 2
immune responses and allergic inflammation. In mast cells, it inhibits
the release of chymase and MMP, dampening inflammatory signal-
ing and allergic responses. In NK cells, it inhibits activation recep-
tors, leading to reduced cytokine production and cytotoxic activity.
In microglial cells, it promotes apoptosis and reduces neuroinflam-
matory responses, demonstrating potential neuroprotective effects.
Recreated with a permission from (Martini et al. 2023). NK, natural
killer; ROS, reactive oxygen species; NF-kB, nuclear factor kappa
B; COX, cyclooxygenase; SOD, superoxide dismutase; NO, nitric
oxide; MMP, matrix metalloproteinases; cAMP, cyclic adenosine
monophosphate; MAPK, mitogen-activated protein kinase; ERK,
extracellular signal-regulated kinase; IL, interleukin; Th, T helper
cells; Treg, regulatory T cells
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investigating rosette formation in response to sheep red
blood cells (sSRBCs), which is primarily considered a T cell-
mediated response, demonstrated that CBD at concentrations
of 1 uM and 100 uM reduced this response (Cushman 1976).
Similarly, CBD was shown to inhibit IFN-y production in
lymph node cells isolated from arthritic mice, following
ex vivo stimulation with collagen (Malfait et al. 2000).
Further evidence of CBD's immunosuppressive effects was
observed when CBD (0.1-10 pg/mL or 0.3-32 uM) sup-
pressed IFN-y mRNA expression in human peripheral blood
mononuclear cells (PBMCs) stimulated with phytohemag-
glutinin (PHA) (Jenny et al. 2009). Additionally, CBD at
concentrations of 1-20 ug/mL (3.2-64 pM) inhibited IL-
17A production in human CD3 + T cells derived from
healthy individuals, as well as from patients with multiple
sclerosis (MS) or nonseminomatous germ cell tumors, when
stimulated ex vivo with phorbol 12-myristate 13-acetate /
ionomycin (Zgair et al. 2017). Notably, one of these studies
was conducted on human T cells, where CBD (5 uM) was
found to suppress both total and phosphorylated p38 expres-
sion 16 h after treatment. Importantly, the inhibition of phos-
phorylated p38 was reversed by the addition of SR144528
(a CB2R antagonist) or tocopherol, suggesting that CBD's
effects are mediated via CB2 and involve the production of
reactive oxygen species (ROS) (RJ 2006).

5.2 CBD effects on Macrophages

Macrophages, a key component of stromal and parenchymal
cells in metabolic organs such as the liver, pancreas, and adi-
pose tissue, play a vital role in maintaining metabolic home-
ostasis (Wynn et al. 2013). In bacterial infections, the acti-
vation of macrophages significantly impacts the production
of cytokines, including TNF-a, IL-6, and IL-1p, which are
critical mediators of inflammation (Fujiwara and Kobayashi
2005). Studies demonstrated the suppressive activity of CBD
in RAW 264.7 monocytes and peritoneal macrophages,
observing a marked reduction in the production of IL-6,
IL-1pB, and TNF-a (Huang et al. 2019; Yekhtin et al. 2022).
CBD also exerts pro-inflammatory effects in RAW 264.7
macrophages, stimulating the production of IL-12 while
inhibiting anti-inflammatory cytokines such as IL-10 in a
dose-dependent manner (Sacerdote et al. 2005). Similarly,
in U937 macrophage cell line, CBD increased the expression
of pro-inflammatory cytokines, including IL-6, IL-8, IL-16,
and IL-32, underscoring its potential to amplify inflamma-
tory responses under certain conditions (Muthumalage and
Rahman 2019). Beyond cytokine modulation, CBD regulates
chemotaxis and tissue infiltration by suppressing CXCLD9,
CXCL10, and IL-1p, reducing inflammatory macrophage
infiltration, promoting myeloid-derived suppressor cells
(MDSCs), and inhibiting gasdermin-mediated pyroptosis
in the gastrointestinal (GI) tract without altering microbiota

@ Springer

composition (Dopkins et al. 2022). CBD enhances the acti-
vation of the autophagy receptor p62/SQSTMI1, facilitat-
ing stimulator of interferon genes (STING) degradation
and attenuating type I interferon responses in macrophages
(Tomer et al. 2022). Given these conflicting results, the
precise effects of CBD on macrophages appear context
dependent.

5.3 CBD effects on natural killer cells

Natural killer (NK) cells constitute 5-10% of circulating
leukocytes and play a pivotal role in immune surveillance
by targeting tumors, inhibiting metastasis, and maintain-
ing immune homeostasis (Chiossone et al. 2018; Zitti and
Bryceson 2018). These cells secrete cytokines, particularly
IFN-y, which are crucial for modulating adaptive immune
responses and ensuring immune system balance (Vivier
et al. 2011). NK cells express cannabinoid receptors CB1,
CB2, and GPRS5S5 and release substantial amounts of endo-
cannabinoids such as AEA and 2-AG, which are involved
in regulating their activity (Chiurchiu et al. 2015). CB2R
are highly expressed on NK cells, where their activation
influences the release of inflammatory cytokines, suggest-
ing a regulatory role of CB2 and its ligands in modulat-
ing NK cell function (Kishimoto et al. 2005; Ferrini et al.
2017). CBD impacts NK cell activity through its interaction
with these pathways. For instance, CBD treatment reduced
IL-17 production while increasing IFN-y levels in psoriasis
patients, highlighting its dual regulatory effects on cytokine
secretion (Tsiogkas et al. 2024). Similarly, CBD inhibited
tumor-derived Hsp70 peptide (TKD) + IL-2-induced release
of IFN-y, IL-4, TNF-a, and GrzB but had no effect on IFN-a
release when NK cells were co-incubated with tumor target
cells (Wang et al. 2024).

5.4 CBD effects on mast cells

Mast cells, historically associated with allergic reactions
and immediate hypersensitivity, play crucial roles in defend-
ing against microorganisms and in the pathophysiology of
various diseases, including multiple sclerosis, rheumatoid
arthritis, chronic pain, and heart failure (Krishnaswamy et al.
2005). These cells contain cytoplasmic granules that store
and release chemical mediators such as heparin, histamine,
and neutral proteases, which are essential for inflammatory
and immune responses (Galli et al. 2020). Electroacupunc-
ture (EA) has demonstrated anti-inflammatory effects in
allergic contact dermatitis (ACD) by upregulating CB2R
expression in mast cells, thereby inhibiting p38 MAPK
phosphorylation, suppressing IgE and cytokine produc-
tion, and reducing mast cell infiltration and degranulation.
These effects were reversed by the CB2R antagonist AM630
but remained unaffected by the CB1R antagonist AM251,
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underscoring CB2R’s key role in EA-mediated immunomod-
ulation (Wang et al. 2019). CBD enhances p-hexosaminidase
release in antigen-stimulated and unstimulated in a rat baso-
philic leukemic mast cell model (RBL-2H3) mast cells by
increasing intracellular calcium ([Ca2]i) levels, independ-
ent of Gi/Go protein-coupled receptors and VR1 channels
(Giudice et al. 2007). Although cannabinoids have been
recognized for their role in regulating mast cell activity,
research focusing specifically on CBD's effects remains
limited.

5.5 CBD effects on dendritic cells

Dendritic cells (DCs), derived from bone marrow, reside
in secondary lymphoid organs, peripheral tissues, mucosal
tissues, and skin, where they act as crucial regulators of
immune responses serving as antigen-presenting cells
(APCs) (Lipscomb and Masten 2002). Murine bone mar-
row-derived DCs express CB1R/CB2R, and their activa-
tion has been shown to induce apoptosis in these cells,
suggesting a regulatory role for cannabinoids in immune
modulation (Matias et al. 2002). Interestingly, endogenous
and exogenous cannabinoids, such as anandamide and
THC, inhibit immune responses by inducing apoptosis in
DCs, emphasizing their importance in controlling immune
activation (Matias et al. 2002). CBD modulates human
monocyte-derived dendritic cells (moDCs) by promoting a
tolerogenic phenotype, enhancing IL-6, TNF-a, and IL-10
secretion in response to LPS while reducing their ability to
activate naive T cells. These effects were observed in both
TLR4 and TLR7/8 signaling pathways, supporting CBD’s
potential immunomodulatory role in DCs regulation (Pénzes
et al. 2023). Although these findings suggest that CBD may
influence immune and inflammatory responses through
the regulation of DCs, the precise mechanisms by which
CBD impacts dendritic cell function remain insufficiently
explored. These preliminary insights underscore the need
for further research into the potential immunomodulatory
role of CBD via DC pathways.

5.6 CBD effects on polymorphonuclear neutrophils

Neutrophils, a key component of the immune response
during acute inflammation, exhibit prolonged lifespans
under inflammatory conditions, ensuring their availabil-
ity at inflammation sites in inflammatory diseases (Wright
et al. 2010). CBD interacts with neutrophils, where a study
showed its ability to reduce neutrophil accumulation, res-
piratory burst, and oxidative stress markers (NOX2, lipid
peroxidation, 3-nitrotyrosine), highlighting its role in modu-
lating neutrophil-driven inflammation (Wang et al. 2017).
CBD also reduces neutrophil extracellular trap (NET)
formation (NETosis) in psoriasis patients, potentially

mitigating oxidative stress and tissue damage in chronic
diseases (Wojcik et al. 2020). Another study showed that
topical application of CBD reduced neutrophil infiltration
and inflammation in corneal injury by acting via 5-HT1A
receptors, independent of CB1R and CB2R, highlighting its
role in modulating immune responses and pain (Thapa et al.
2018). CBD also interacts with neutrophils in lung inflam-
mation, but its effects appear context dependent. For exam-
ple, in acute lung injury models, CBD significantly reduced
neutrophil migration, myeloperoxidase (MPO) activity, and
pro-inflammatory cytokines (TNF-a, IL-6, MCP-1, MIP-
2) via adenosine A2A receptor activation, highlighting its
potential anti-inflammatory role (Ribeiro et al. 2012). How-
ever, in a model of airway hyperresponsiveness, CBD had no
effect on TNF-a—enhanced airway contractions, bronchocon-
striction, or neutrophil recruitment, in contrast to A9-THC,
which inhibited these responses through CB1R/CB2R acti-
vation, emphasizing differential cannabinoid mechanisms in
lung inflammation (Makwana et al. 2015).

5.7 CBD effects on eosinophils and basophils

Eosinophil granulocytes, originally identified by Paul Ehr-
lich, are fully developed cells derived from the bone mar-
row myeloid lineage. They make up 1-5% of circulating
mononuclear cells and are primarily found as plasma cells in
inflammatory skin disorders (Limberg et al. 2023). Eosino-
phils play a pivotal role in immune and allergic responses,
particularly in mediating hypersensitivity reactions within
the host (Gleich 1986). A study showed that the CB2R is
expressed in human eosinophils but not in neutrophils, and
its endogenous ligand, 2-AG, induces eosinophil migration
via CB2R activation, suggesting a role in allergic inflam-
mation (Oka et al. 2004). In a murine asthma model, CBD
extract downregulated IgE, suppressed pro-asthmatic
cytokines, and reduced leukocyte, eosinophil, and neutro-
phil infiltration (Aswad et al. 2024).

Basophils, like mast cells, contribute to the connection
between innate and adaptive immunity. They are distin-
guished by their rapid induction of IL-4 and IL-13, which are
crucial for Th2-mediated responses, along with their abil-
ity to release histamine and other proteins during activation
(Stone et al. 2010). While the endocannabinoid system has
been found to influence the activity of eosinophils and baso-
phils (Cabral et al. 2015; Frei et al. 2016), no direct evidence
currently exists to demonstrate CBD’s regulatory effects on
these cells. Further investigation is required to determine
CBD’s potential role in modulating their functions.

5.8 CBD effects on glial cells

Astrocytes are the most abundant glial cells in the central
nervous system (CNS) (Markiewicz and Lukomska 2006),
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while microglial cells, which constitute 5-20% of glial
cells, are equally important for maintaining physiological
balance and contributing to the progression and treatment
of CNS diseases (Saijo and Glass 2011). Recent findings
suggest that CBD influences microglial cells through vari-
ous targets, including TRPV1, GPR55, and CB1/2 recep-
tors, although specific connections to these receptors were
not observed in some studies. For example, CBD induces
apoptosis in primary microglial cells in a time- and concen-
tration-dependent manner, activating caspase-8 and —9. This
effect is independent of CB1, CB2, vanilloid receptors, and
oxidative stress and is hypothesized to act through targets
such as 5-HT1A, TRPV2, and PPARy (Wu et al. 2012). This
hypothesis is supported by other research demonstrating the
suppression of microglial activation following the engage-
ment of TRPV1, PPARYy, and 5-HT1A pathways (Landucci
et al. 2022). Moreover, during neuroinflammation, microglial
cells migrate toward dying neurons, a process driven by 2-AG
via CB2 and abnormal CBD sensitive receptors, activating
the ERK1/2 pathway. Notably, CBD inhibits 2-AG-induced
migration by antagonizing these receptors, suggesting its
potential as a nonpsychotropic therapeutic for limiting micro-
glial recruitment in neuroinflammatory lesions (Walter et al.
2003). Similarly, oligodendrocytes, derived from oligoden-
drocyte progenitor cells (OPCs), are essential for producing
the myelin sheath, a lipid-rich layer that wraps around axons
to facilitate rapid nerve impulse conduction. OPCs are highly
proliferative and migratory in the CNS, and their differentia-
tion into mature oligodendrocytes is crucial for maintain-
ing efficient neuronal communication (Snaidero and Simons
2017). CBD protects OPCs from oxidative stress and LPS/
IFNy-induced apoptosis by reducing ROS production and
caspase-3 activation, independent of CB1, CB2, TRPV1, or
PPARYy receptors (Mecha et al. 2012). Although CBD dem-
onstrates neuroprotective and immunomodulatory effects in
glial cells, further research is required to clarify its precise
mechanisms, receptor interactions, and long-term therapeutic
potential in neuroinflammatory and demyelinating diseases.

6 Clinical manifestations of CBD
in autoimmune diseases

To evaluate the therapeutic potential of CBD in autoimmune
diseases, this review summarizes key studies and clinical tri-
als (Table 4) investigating their role in modulating immune
responses, alleviating symptoms, and improving patient out-
comes along with safety concerns.

6.1 Multiple Sclerosis (MS)

Multiple sclerosis (MS) is a progressive autoimmune dis-
ease that affects CNS, primarily regulated by T lymphocytes.
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Inflammation in MS results in the destruction of the
blood-brain barrier (BBB), leading to edema, activation
of macrophages, and the secretion of cytotoxic proteins
and cytokines, such as metalloproteinases (Bjelobaba et al.
2017). Experimental models of MS, such as Experimental
Autoimmune Encephalomyelitis (EAE) in mice, have dem-
onstrated the critical role of CB1 receptors in regulating
neuroinflammation. CB1-deficient mice exhibit heightened
sensitivity to inflammatory and excitotoxic stimuli, lead-
ing to significant neurodegeneration during immunological
responses (Pryce et al. 2003). Furthermore, CB1 knockout
mice have revealed increased neurofilament damage, cas-
pase-3 activation, and axonal marker dephosphorylation
during chronic recurrent EAE (Jackson et al. 2005). CB1
receptor stimulation in motor-related regions of the CNS has
been linked to improved motor symptoms such as reduced
tremor, ataxia, and spasticity in mice and rat models (Ber-
rendero et al. 2001; Pryce and Baker 2007).

In EAE rats, diminished levels of 2-AG and AEA were
observed in motor-related regions such as the striatum and
midbrain. Rolipram, a phosphodiesterase type IV inhibi-
tor, has been shown to restore CB1 gene expression in the
basal ganglia of EAE rats, reduce motor deficits, and delay
clinical deterioration (Cabranes et al. 2005). CB2R deficient
T cells in the CNS during EAE exhibit reduced apoptosis
and increased inflammatory cytokine production, leading
to more severe clinical outcomes. Selective glial staining
for FAAH, CB1, and CB2R has further highlighted their
involvement in MS pathogenesis (Arévalo-Martin et al.
2003). AEA, a natural endocannabinoid, plays a significant
role in modulating inflammation in MS. AEA protects neu-
rons by suppressing inflammatory cytokines (IL-6, IL-1f,
TNF-a), reducing microglial activation and spinal cord
infiltration, and inducing mitogen-activated protein kinase
phosphatase-1 (MKP-1) via CB1/CB2-mediated mecha-
nisms (Eljaschewitsch et al. 2006).

6.2 Inflammatory Bowel Disease (IBD)

Cannabis has been widely used to manage bowel inflamma-
tion and related conditions, particularly through its interac-
tion with CB1R and CB2R, which regulate both peripheral
and central mechanisms (Schicho and Storr 2014). IBD,
including Crohn’s disease (CD) and ulcerative colitis (UC),
is characterized by variable expression of these receptors,
suggesting their involvement in the disease’s progression and
potential therapeutic role (Ambrose and Simmons 2019).
CBD has shown significant potential in managing bowel
inflammation, particularly in conditions like CD and UC by
targeting key pathways involved in immune and inflamma-
tory regulation. A study demonstrated that CBD exerts anti-
inflammatory effects in intestinal inflammation by modulat-
ing CREB, INK, NF-xB, p38, ERK1/2, Akt, p70S6k, and
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STAT3/S signaling pathways, reducing pro-inflammatory
cytokines (IL-8, IL-6, IL-17, MCP-1) in acutely inflamed
human colon (Couch et al. 2017). CBD’s activation of
PPARY plays a pivotal role in its anti-inflammatory effects
by inhibiting pro-inflammatory transcription factors such
as NF-kB, STAT, and AP-1. This mechanism supports the
management of UC and CD and reduces the risk of inflam-
mation-associated conditions like colon cancer (Lewis et al.
2011). Furthermore, by modulating inflammatory pathways,
CBD protects the colonic epithelium, promotes epithelial
wound healing, and decreases the activity of immune cells
such as T cells, neutrophils, and monocytes in inflamed
regions (Wright et al. 2005).

In ulcerative pancolitis, CB2R and diacylglycerol lipase-a
(DAGLa) expression increase in mild-to-moderate cases,
while N-acyl-phosphatidylethanolamine phospholipase D
(NAPE-PLD) decreases in more severe cases, suggesting
a role of endocannabinoid signaling in disease modula-
tion (Marquéz et al. 2009). Observational studies suggest
that CBD alleviates symptoms in CD, improving disease
management and reducing reliance on conventional medica-
tions, though complete remission has not been consistently
achieved. (Naftali et al. 2013, 2014). Although CBD shows
promise in managing IBD by alleviating inflammation and
improving symptoms, CBD's role in IBD remains uncertain
due to study limitations, as seen in a trial facing challenges
such as a small sample size, high withdrawal rates, and miss-
ing endoscopy scores, with the lack of centralized scoring
remaining a concern (Irving et al. 2018). Therefore, larger,
well-controlled trials with standardized assessment methods,
adequate sample sizes, and long-term follow-ups are needed
to confirm CBD’s therapeutic efficacy, optimize dosing strat-
egies, and ensure its safety profile in IBD treatment.

6.3 Cancer

CBD has emerged as a promising therapeutic agent in can-
cer research, demonstrating potential benefits across vari-
ous cancer types (Wang and Multhoff 2021). In epithelial
ovarian cancer, CBD disrupts the tumor microenvironment,
inhibiting angiogenesis, inflammation, cancer cell migra-
tion, and invasion by downregulating MMP2 and MMP9
and modulating the EGFR/AKT/MMP signaling pathway
in a dose-dependent manner (Cao et al. 2024). Similarly,
in TRPV2-overexpressed endometrial cancer cells, CBD
enhances chemotherapeutic efficacy, reduces cell viabil-
ity, and promotes autophagy and apoptosis (Marinelli et al.
2020).

Clinical trials have also explored CBD’s role in improv-
ing cancer patient outcomes. For example, a randomized
placebo-controlled trial evaluated oral CBD (50-600 mg/
day) in advanced cancer patients receiving palliative care.
The study focused on overall symptom burden and identified

tolerable doses that provided symptom relief with minimal
side effects (Good et al. 2019). Another clinical trial showed
that CBD attenuates early symptoms of chemotherapy-
induced peripheral neuropathy (CIPN) in patients receiv-
ing oxaliplatin- or paclitaxel-based chemotherapy, with no
major safety concerns (Nielsen et al. 2022). In leukemia
models, including aggressive pediatric T-cell acute lymph-
oblastic leukemia (T-ALL), CBD targets the mTOR path-
way, reducing phosphorylation of AKT, mTOR, and ribo-
somal S6, which affects leukemia cell proliferation. It also
induces mitochondrial stress, disrupts membrane potential,
and increases cytochrome c release, activating caspases 8,
9, 2, and 10. Additionally, CBD triggers ROS production
via upregulation of NADPH oxidases Nox4 and p22phox,
contributing to cancer cell apoptosis (Andradas et al. 2021).
Mechanistically, CBD induces apoptosis by increasing apop-
totic effectors such as Bax, caspase-3, and caspase-9, and
disrupting mitochondrial function. It regulates cytoplasmic
Ca®* distribution and activates mitochondrial permeability
transition pore (mPTP), leading to apoptosis. CBD also
downregulates epidermal growth factor receptor (EGFR) and
antagonistically interacts with GPRS5S5, inhibiting pathways
such as PI3K/AKT, rat sarcoma/rapidly accelerated fibro-
sarcoma/extracellular signal-regulated kinase (RAS/RAF/
ERK), and tumor protein 53 (P53), while regulating tumor-
related genes like inhibitor of DNA binding 1 (ID1), fork-
head box M1 (FOXM1), and growth differentiation factor 15
(GDF15), which are linked to tumor proliferation and dif-
ferentiation (Yan et al. 2023) (Fig. 3). Despite its therapeutic
potential, CBD's effectiveness in managing cancer-related
pain remains inconclusive due to limited data. Factors such
as age, cancer type, pain characteristics, co-morbidities, and
concurrent medications require further investigation. Future
studies should focus on specific cancer types and compare
CBD’s efficacy across different treatment modalities, includ-
ing surgery, radiation, chemotherapy, targeted therapy, and
immunotherapy (Green et al. 2022).

6.4 Rheumatoid arthritis

The degradation of articular cartilage is a hallmark of
both degenerative and inflammatory joint disorders such
as rheumatoid arthritis (RA) (Cush 2022). In RA, carti-
lage breakdown is driven by elevated levels of cytokines,
including TNF and IL-1, which stimulate chondrocytes
and synovial cells to release matrix metalloproteinases
(MMPs), particularly MMP-3 and MMP-13, accelerating
cartilage degeneration (Goldring and Otero 2011). In vitro
research has revealed that CBD reduces the release of MMPs
and cytokines from fibroblast-like synovial cells, thereby
mitigating cartilage extracellular matrix (ECM) breakdown
caused by proteoglycan and collagen degradation (Johnson
et al. 2007; Selvi et al. 2008; Zurier et al. 2009). CBD also
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Fig.3 Mechanisms of CBD in cancer therapy. CBD interacts with pro-apoptotic proteins such as BAD, exerting anti-cancer effects by
CBI1, CB2, TRPV1, and TRPV2 receptors to modulate key signaling suppressing tumor growth and enhancing programmed cell death.
pathways involved in cancer cell fate. Activation of these receptors Recreated with permission from (Mangal et al. 2021). CB1R, CB2R,
stimulates ERK1/2 signaling, leading to upregulation of p27 and p21, cannabinoid receptor 1 and 2; TRPV1, TRPV2, transient receptor
which suppress cyclins D and E, cdc2, and cdk2, ultimately caus- potential vanilloid 1 and 2; ER, endoplasmic reticulum; ERK1/2,
ing cell cycle arrest. Inhibition of the PI3K/AKT/mTORCI1 pathway extracellular signal-regulated kinases 1 and 2; PI3K, phospho-
reduces AKT activity, suppressing cell proliferation and promoting inositide 3-kinase; TRB3, tribbles pseudokinase 3; ATF4, activating
autophagy through mTORC1 downregulation. CBD also induces ER transcription factor 4; Nuprl, nuclear protein 1; BAD, Bcl-2-associ-
stress via de novo ceramide synthesis, leading to an increase in stress ated death promoter; cdk2, cyclin-dependent kinase 2; cdc2, cell divi-
proteins p8/Nuprl, TRIB3, and ATF4, which contribute to apoptosis. sion cycle protein 2; mTORC1, mechanistic target of rapamycin com-
The accumulation of ROS further promotes apoptosis by activating plex 1; ROS, reactive oxygen species

inhibits inflammatory processes by targeting pro-inflamma- et al. 2023). Synovial biopsies from patients with osteo-
tory cytokines, including IL-6, through mechanisms linked  arthritis and RA have confirmed the presence of CB1R
to CB2 receptor activation (Selvi et al. 2008). Additionally, = and CB2R mRNA and proteins, as well as elevated levels
CBD demonstrates efficacy in reducing reactive oxygen spe-  of endocannabinoids such as AEA and 2-AG in synovial
cies (ROS) and TNF levels, further supporting its potential ~ fluid, suggesting the activation of endocannabinoid path-
role in protecting cartilage and modulating inflammation ~ ways in diseased joints (Richardson et al. 2008). Overall,
(Sumariwalla et al. 2004). CBD exhibits significant potential in reducing inflamma-

CBD modulates CB1R/CB2R activity as a non-compet-  tion, modulating cartilage degradation, and alleviating
itive negative allosteric modulator (NAM), reducing the  pain in arthritis, offering a promising therapeutic avenue
efficacy of cannabinoid receptor agonists, including endog-  for managing RA and osteoarthritis. However, further
enous endocannabinoids such as AEA and 2-AG, which clinical studies in humans are required to validate their
are involved in nociceptive processing (Castillo-Arellano  efficacy and mechanisms.
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6.5 Scleroderma

Scleroderma fibroblasts overexpress cannabinoid receptors
CB1 and CB2 compared to normal fibroblasts, and their acti-
vation has been implicated in modulating fibrotic pathways,
influencing collagen metabolism and extracellular matrix
remodeling (Dziadzio et al. 2004). Given the fibrotic nature
of scleroderma, IL-6 has also been shown to stimulate col-
lagen and glycosaminoglycan production in dermal fibro-
blasts, further supporting its role in fibrotic skin disorders.
However, its direct contribution to fibroblast transdifferentia-
tion in scleroderma remains unclear (Duncan and Berman
1991). Adenosine A2A receptor activation further modulates
fibrosis by interacting with CB1R/CB2R to regulate collagen
biosynthesis and myofibroblast differentiation, highlighting
a potential antifibrotic role of cannabinoid receptor signal-
ing (Lazzerini et al. 2012). Moreover, the CBD derivative
VCE-004.3 demonstrated anti-inflammatory and antifibrotic
effects in scleroderma by acting as a dual PPARY/CB2 ago-
nist and CB1 modulator, further expanding the therapeutic
potential of cannabinoids in fibrotic diseases (Del Rio et al.
2018). However, further studies are needed to fully elucidate
the antifibrotic effects of CBD and its derivatives in sclero-
derma and other fibrotic skin disorders.

6.6 Psoriasis

Psoriasis is a chronic autoimmune disorder characterized
by excessive keratinocyte proliferation and inflammation.
Cannabinoids, particularly CBD, have shown promise in
managing psoriasis by targeting key pathways involved in
the disease’s pathophysiology (Stanescu et al. 2024). CBD
plays a critical role in reducing keratinocyte proliferation
through the activation of PPARYy, which has been identified
as a primary mechanism for its therapeutic effects in pso-
riasis (Wilkinson and Williamson 2007). CBD selectively
modulates immune responses in psoriasis by decreasing
IL-17 production in CD3, Th, and NKT cells and reduc-
ing IFNy production in CD3 + cells from psoriatic patients,
while paradoxically increasing IFNy production in Th, Tc,
and NK cells from healthy individuals (Tsiogkas et al. 2024).
The activation of CB1 receptors by cannabinoids contrib-
utes to feedback inhibition of keratin K6 and K16 expres-
sion, further regulating keratinocyte activity and providing
a secondary mechanism of inhibition (Ramot et al. 2013).
CBD also interacts with the cholinergic anti-inflammatory
pathway, modulating both immunological and neurologi-
cal systems to exert its anti-inflammatory effects (Derakh-
shan and Kazemi 2016). These findings suggest that CBD
offers significant therapeutic potential in managing psoria-
sis by reducing inflammation, keratinocyte overgrowth, and
immune dysregulation. However, CBD's impact on pso-
riasis faces multiple therapeutic challenges, particularly in

topical formulations, as skin penetration varies with the gel-
ling agent used, highlighting the need for optimized deliv-
ery systems. Its high lipophilicity (LogP=5.79) and poor
solubility hinder effective absorption, causing accumulation
in sebaceous glands rather than reaching psoriatic lesions.
Given the skin's barrier properties, only molecules with spe-
cific characteristics (LogP 1-3, MW < 500 Da, low melting
point) can efficiently penetrate (Ferreira et al. 2023). These
limitations underscore the need for advanced formulation
strategies to enhance CBD’s therapeutic efficacy in psoriasis.

6.7 Type 1 diabetes

Type 1 diabetes is characterized by the destruction of pan-
creatic beta cells, primarily caused by the activity of Thl,
CD4+, and CD8+ T lymphocytes (Atkinson and Leiter
1999; Mandrup-Poulsen 2003). During the onset of insu-
litis, the primary histological abnormality in this disor-
der, leukocytes, predominantly lymphocytes, infiltrate and
encircle the pancreatic islets (Di Marzo et al. 2011). CBD
has demonstrated significant potential in reducing the inci-
dence of diabetes in non-obese diabetic (NOD) mice. In
mice treated with CBD between 6 and 12 weeks of age, the
incidence of diabetes dropped from 86% in untreated con-
trols to 30%, accompanied by reduced insulitis and preserva-
tion of pancreatic islets (Weiss et al. 2006). This effect was
linked to CBD’s ability to suppress Th1-associated cytokines
like INF-y and TNF-a while increasing Th2 cytokines
such as IL-4 and IL-10, promoting an anti-inflammatory
environment.

When tested in older NOD mice (11-14 weeks old),
CBD therapy again showed promising results. Diabetes
incidence decreased to 32% in CBD-treated mice com-
pared to 86% and 100% in untreated and emulsifier-treated
groups, respectively. Histological examinations revealed
intact pancreatic islets in CBD-treated mice, highlighting
its potential to delay or prevent beta-cell destruction (Weiss
et al. 2008). The mechanism underlying CBD's efficacy is
thought to involve a shift from a destructive Th1 response
to a protective Th2 response. This shift could make CBD
a valuable therapeutic option for preventing and manag-
ing type 1 diabetes in high-risk individuals or those with
early-onset diseases. If the Th1/Th2 shift induced by CBD
is permanent, treatment could potentially be discontinued
once autoimmunity is halted, reducing long-term safety
concerns (Weiss et al. 2006). However, if CBD acts as a
general immunosuppressant, lifelong treatment may be
required, raising potential risks such as increased suscepti-
bility to infections and cancer (Satoh et al. 1999). Cytokines
play a critical role in Th1/Th2 differentiation, with mono-
cyte-secreted cytokines influencing the immune response
balance (Swain 1995). For instance, IL-12 promotes Thl
differentiation and drives beta-cell destruction by activating

@ Springer



1 Page 16 of 23

Saudi Pharmaceutical Journal (2025) 33:11

cytotoxic T cells, enhancing TNF-a, IL-1, and IL-6 produc-
tion (Skeen et al. 1996; Trinchieri 2003). CBD’s ability to
modulate these cytokines may contribute to its protective
effects in diabetes. Overall, while CBD shows potential in
managing diabetes and its complications, its safety and effi-
cacy remain uncertain, as a clinical trial in diabetic patients
treated with CBD reported adverse events, including diar-
rhea (14 patients), fatigue (8 patients), headache (8 patients),
and nausea (7 patients) among 44 total patients (Zheng et al.
2023), highlighting the need for cautious evaluation before
clinical application. Further research, particularly large-scale
clinical trials, is needed to establish its therapeutic benefits.

7 Nanotechnology based improvements
in CBD therapeutics

The integration of CBD with advanced nanotechnology has
revolutionized its therapeutic applications by addressing
challenges like poor solubility, bioavailability, and stabil-
ity, while enabling targeted and controlled drug delivery.
These innovations enhance CBD's efficacy across a range of
diseases, offering safer and more effective treatment options
(Singh et al. 2024). For example, CBD-loaded lipid nanopar-
ticles combined with tocilizumab improve anti-inflammatory
effects in COVID-19 by modulating ACE2 expression and
cytokine storms, providing enhanced bioavailability and
therapeutic potential (Zieliriska et al. 2023). Similarly, CBD
encapsulated in carbon nanodots (CNDs) increases solubil-
ity, stability, and targeted delivery, showing significant anti-
cancer efficacy and cardioprotective effects in cardiovascular
diseases (Ibrahim et al. 2023). In cancer and chronic pain
management, CBD-loaded bigel formulations, incorporating
3D printed hyaluronic acid, enhance bioavailability and pre-
cision delivery, offering personalized therapeutic solutions
(Gosciniak et al. 2024). Additionally, CBD integrated with
ultrastable Y-type zeolite (H-USY) facilitates controlled
release, improving efficacy in cancer, inflammation, and
neurological disorders (Dernaika et al. 2024).
Nanotechnology-based CBD formulations have also
shown promise in wound healing and cardiovascular disease
management. CBD-enriched chitosan films offer antimicro-
bial, antioxidant, and anti-inflammatory effects, promoting
tissue regeneration through controlled release (Chelminiak-
Dudkiewicz et al. 2022). In pain and inflammation man-
agement, CBD-encapsulated organosilica nanoparticles
within PVA nanofiber mats ensure stability, solubility, and
controlled transdermal delivery, offering an innovative non-
invasive platform (Partalis 2022). Effervescent CBD-doped
dissolving microneedles significantly improve melanoma
therapy by enhancing CBD delivery, inducing apopto-
sis through TRPV1 activation, and modulating the tumor
microenvironment to elicit anti-tumoral responses (Shi et al.
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2023). Additionally, CBD-loaded Prussian blue nanoparti-
cles with macrophage membrane coatings and hyaluronic
acid target atherosclerotic plaques, reducing oxidative stress,
modulating macrophage polarization, and restoring endothe-
lial function for cardiovascular disease treatment (Liu et al.
2024). These nanotechnology-driven advancements high-
light CBD's potential as a versatile and effective therapeutic
agent in immune related disorders.

8 Conclusion, challenges and future
perspectives

CBD demonstrates substantial immunomodulatory effects
in both in vitro and in vivo models, with limited but encour-
aging evidence in humans. Clinical studies have shown
improvements in autoimmune diseases such as multiple
sclerosis, scleroderma, rheumatoid arthritis, and type 1
diabetes, as well as in neuropathic pain and inflammatory
bowel disease. CBD has also reduced cytokine levels and
inflammation in some conditions, such as ulcerative coli-
tis, where it alleviated symptoms like diarrhea (Samara
et al. 1988). However, its effects on various immune cells,
including microglia, macrophages, mast cells, basophils,
eosinophils, and T cells, remain inconsistent, with studies
reporting both anti-inflammatory and pro-inflammatory
responses. Despite the evidence, it is premature to recom-
mend CBD as a therapeutic agent for autoimmune diseases
due to limited understanding of its long-term safety, efficacy,
drug-drug interactions, as well as reported adverse effects
such as hepatotoxicity, neurotoxicity, and gastrointestinal
disturbances (Huestis et al. 2019). The wide variability in
reported immune responses to CBD underscores the need for
further investigation to clarify its mechanisms and clinical
applicability.

One significant limitation of CBD therapy is the chal-
lenge of achieving effective plasma levels due to its high
lipophilicity, poor solubility, and extensive first-pass metab-
olism (Millar et al. 2020). In preclinical study, plasma lev-
els of 40 ng/mL (0.12 pM) were observed after oral dosing
of 75 mg/kg/day for three days in mice, while human trial
with 20 mg/kg/day dosing reported plasma levels of 400 ng/
mL (1.2 pM), demonstrating its potential clinical relevance
(Nichols and Kaplan 2020). However, variations in bioavail-
ability across species, routes of administration, and formula-
tions remain a challenge, necessitating optimized delivery
systems such as nanotechnology-based approaches.

CBD’s mechanisms of action, such as cytokine suppres-
sion (e.g., TNF-a, IFN-y, IL-6, IL-1f) and regulation of
transcription factors like NF-kB and AP-1, have been well-
documented. However, key gaps remain in understanding
immunomodulatory mechanisms of CBD, particularly the
roles of cannabinoid-associated receptors (TRPV1, GPR55,
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PPAR-y, and 5-HT1AR) and the enzyme FAAH in regulat-
ing inflammation and maintaining homeostasis (Aziz et al.
2023). Furthermore, underexplored immune cells, such as
B cells, dendritic cells, and specific T cell subsets, require
focused investigation to better understand the full scope of
CBD’s immune effects. Another critical challenge is the lack
of data on how CBD interacts with various immune stim-
uli and disease-specific immune responses. The interplay
between CBD and the immune system in outbred species,
including humans, naturally exposed to diverse pathogens,
remains poorly understood. Additionally, there is a need
for controlled studies comparing different administration
routes (e.g., oral, transdermal, inhalation), dose escalation,
and pharmacokinetics to optimize therapeutic efficacy while
minimizing side effects (Costiniuk et al. 2019).

Future clinical trials, such as the planned study
in HIV + patients that explores dose escalation from
45-225 mg/kg/day, are expected to provide valuable insights
into immune modulation and dose—response relationships
(Costiniuk et al. 2019). These trials should also explore
combined therapies, such as CBD and THC, to evaluate the
synergistic or antagonistic effects on immune modulation.
Furthermore, as CBD-based therapies gain momentum,
understanding its interactions with conventional medications
and its long-term safety profile becomes increasingly vital
(Gottschling et al. 2020). Studies should investigate whether
CBD-induced immunosuppression could increase suscep-
tibility to infections or malignancies in patients requiring
chronic treatment. Addressing these limitations will pave
the way for CBD's integration into precision medicine as a
reliable therapeutic option for autoimmune and inflamma-
tory diseases.
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