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Abstract

The endocannabinoid system (ECS) is increasingly recognized as a central regulator of
immune homeostasis, integrating neural, metabolic, and immune signaling to maintain
physiological equilibrium. This Perspective examines the “therapeutic paradox” of endo-
cannabinoid immunomodulation, whereby anti-inflammatory and tissue-protective effects
are mechanistically linked to transient immunosuppression. Although cannabinoid recep-
tor 2 (CB2) is the primary mediator of immune regulation, growing evidence indicates
that cannabinoid receptor 1 (CB1) also contributes to inflammatory control in both the
central nervous system and peripheral tissues. Activation of CB2 suppresses inflammatory
signaling through Gi/o-mediated inhibition of adenylate cyclase, reduced cyclic adenosine
monophosphate (cAMP) signaling, and repression of nuclear factor kappa B (NF-«B)-
dependent transcription. While these mechanisms limit pathological inflammation and
promote tissue protection, they simultaneously attenuate innate and adaptive immune
functions required for effective pathogen clearance. Across neuroinflammatory disorders,
inflammatory bowel disease, hepatic injury, sepsis, cancer, and systemic inflammatory
syndromes, the ECS shifts immune responses toward resolution at the cost of reduced
antimicrobial readiness. We synthesize the molecular mechanisms underlying this ther-
apeutic paradox, including macrophage polarization, lymphocyte reprogramming, and
tissue-specific immune adaptations, and discuss strategies for developing endocannabinoid-
based therapeutics that preserve anti-inflammatory efficacy while minimizing immunosup-
pressive liabilities.

Keywords: immune modulation; macrophage polarization; neuroinflammation; NF-«B
signaling; cAMP signaling pathway; toll-like receptor 4 (TLR4); gut-immune axis; systemic
inflammation

1. Introduction

The maintenance of physiological life requires a continuous, highly sophisticated
calibration between two opposing biological imperatives: the rapid, aggressive elimina-
tion of invading infectious agents and the strict, well-timed limitation of collateral tissue
damage induced by the host’s own inflammatory responses [1]. The prompt, unhindered
initiation of inflammatory cascades is absolutely vital for early host defense, signaling
the recruitment of innate effectors to sites of injury or microbial invasion [2]. However,
an inability to terminate these programs efficiently results in persistent, self-destructive
pathology [3]. When the normal regulatory mechanisms governing the termination of
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inflammation fail, the resulting homeostatic breakdown drives a broad spectrum of human
diseases [4]. These include chronic conditions such as inflammatory bowel disease, progres-
sive neurodegenerative disorders, systemic autoimmune conditions, malignancies where
chronic inflammation drives tumor initiation, progression, metastasis, and immune evasion,
acute life-threatening syndromes like sterile or infectious sepsis, and the accelerated decline
associated with chronic inflammatory aging phenotypes [5-8]. To manage these complex
responses, immune homeostasis is maintained through the coordinated action of multi-
ple parallel regulatory pathways. Among these, the endocannabinoid system (ECS) has
emerged as a premier, centrally integrative lipid signaling network dedicated to governing
this delicate immunological equilibrium [9-11]. Initially characterized within the strict
context of neurophysiology, retrograde synaptic transmission, and central psychotropic
activity, the ECS is now recognized as a ubiquitous, on-demand lipid signaling architecture
present in virtually every tissue type [12,13]. It is composed fundamentally of endogenous
lipophilic ligands—primarily N-arachidonoylethanolamine, also known as anandamide
(AEA), and 2-arachidonoylglycerol (2-AG); their specialized biosynthetic and degradative
metabolic enzymes; and two primary seven-transmembrane G protein-coupled receptors
(GPCRs), denoted cannabinoid receptor 1 (CB1) and CB2 [14-16]. While CB1 is heavily
enriched within the central nervous system, where it acts as a gatekeeper for neurotrans-
mitter release, CB2 is preferentially and densely expressed throughout the peripheral and
central immune compartments [17,18]. It is found in exceptionally high abundance on the
surfaces of macrophages, neutrophils, B cells, T cells, dendritic cells, and microglia, strongly
implying an evolutionary specialization in immunoregulatory architecture [19-21].

Extensive pharmacological and genetic studies consistently demonstrate that en-
docannabinoid signaling effectively suppresses pro-inflammatory cytokine production,
reduces leukocyte recruitment and rolling affinity, modulates oxidative stress cascades,
and promotes tissue repair pathways across diverse preclinical disease models [22-25].
However, these beneficial anti-inflammatory effects are not isolated from immune sup-
pression; rather, they emerge from direct interference with canonical immune activation
pathways [26,27]. The ECS therefore operates as a physiological counter-regulatory brake
that prioritizes tissue preservation over maximal immune aggression [28,29]. This inherent
duality introduces a profound therapeutic paradox, wherein the very mechanisms that
suppress destructive hyper-inflammation concurrently compromise the host’s immediate
antimicrobial readiness [30].

This manuscript is structured as a Perspective article to present an original conceptual
framework defining this “therapeutic paradox.” The specific purpose of this review is
to explicitly delineate how endocannabinoid immunomodulation is defined not simply
as an anti-inflammatory switch but as a state of direct, competitive signaling within the
immune system that actively shifts target cells away from aggressive defensive execution
and toward metabolic resolution [31]. By formally conceptualizing this phenomenon as
a fundamental biological trade-off, this Perspective advances beyond traditional litera-
ture reviews that catalog anti-inflammatory benefits, instead offering a novel paradigm
where immune suppression is viewed as the integrated, structural cost of enforcing tissue
homeostasis. This framework provides a structured lens through which to evaluate the com-
peting intracellular signaling pathways, macrophage polarization shifts, and lymphocyte
reprogramming networks discussed in subsequent sections. Furthermore, by distinguish-
ing established signaling configurations from emerging, speculative mechanisms, this
synthesis clarifies where the molecular evidence governing this paradox is strongest and
where additional investigation is required to safely translate these pathways into targeted
clinical therapeutics.
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To support the development of this conceptual framework, a targeted methodology
was utilized for the literature review. The primary databases searched included PubMed,
Scopus, and Web of Science, covering a time period from 2000 to 2026 to capture both
foundational discoveries and recent advancements. The search strategy employed Boolean

”oan:

combinations of keywords such as “endocannabinoid system,” “CB2 receptor,” “immune

” o VTS

macrophage polarization,” “immunosuppression,” and “inflammation.”

7

modulation,
Criteria for selecting cited publications required articles to be peer-reviewed, published in
English, and specifically focused on molecular signaling cascades, in vivo immunological
trade-offs, or targeted preclinical models of disease. Studies strictly isolated to the behav-
ioral or psychotropic effects of cannabinoids without an immunological component were
excluded to maintain a rigorous focus on the therapeutic paradox.

2. The Endocannabinoid System as an Immunological
Regulatory Network

Transitioning from broad physiological regulation to molecular signaling dynamics,
the ECS functions as a highly dynamic, localized, lipid-based signaling network wherein
ligand synthesis is tightly coupled to cellular stress, mechanical injury, and inflammatory
activation [31]. Unlike classical endocrine hormones or peptide neurotransmitters that
are pre-synthesized and stored in intracellular vesicles waiting for exocytic release, the
major endocannabinoids AEA and 2-AG are synthesized strictly on demand directly from
membrane phospholipid precursors in response to elevated intracellular calcium levels and
receptor stimulation [32,33]. AEA is liberated from membrane fractions via the actions of
N-acylphosphatidylethanolamine-specific phospholipase D, while 2-AG is generated via di-
acylglycerol lipase isoforms [34]. Once synthesized, these lipid mediators are released into
the extracellular space to act locally on adjacent immune cells in a paracrine fashion or on
the synthesizing cell itself via autocrine loops. Their actions are kept highly localized due to
rapid enzymatic degradation and cellular reuptake, where AEA is hydrolyzed into arachi-
donic acid and ethanolamine by fatty acid amide hydrolase (FAAH), and 2-AG is primarily
broken down by monoacylglycerol lipase (MAGL) [35,36]. This rapid metabolic turnover
ensures spatially and temporally restricted immune modulation, localized precisely to the
microenvironment of cellular injury or pathogen encounter [37].

At the systems level, the ECS operates in a bidirectional, highly integrated manner
within immune compartments [38]. Innate and adaptive immune cells are not merely
passive targets of cannabinoid signaling; they actively synthesize, transport, and degrade
endocannabinoids, thereby establishing sophisticated autocrine and paracrine feedback
loops that continuously tune the basal and active immune tone [24,39]. The enrichment of
the CB2 receptor in the spleen, lymph nodes, tonsils, and circulating peripheral immune
cells underscores its evolutionary specialization in immune regulation [18,40]. When the
immune system is provoked by an external or internal insult, ECS activation modulates a
vast array of simultaneous cellular processes, including antigen presentation, pro- and anti-
inflammatory cytokine secretion profiles, leukocyte chemotaxis, vascular rolling affinity,
NLR family pyrin domain containing 3 (NLRP3) inflammasome activation, oxidative burst
generation, apoptosis, and cellular metabolic reprogramming [41-43].

Critically, ECS activity and receptor expression are markedly upregulated during
inflammatory stress states, such as active inflammatory bowel disease, obesity-associated
metabolic inflammation, neurodegenerative diseases, and acute sterile or infectious in-
juries [44—46]. This inducible nature marks the system as a primary, endogenous anti-
inflammatory buffering network designed to curtail runaway immune responses and
initiate resolution cascades [46,47]. Critically, CB2 gene expression is directly linked to
the epigenetic landscape of the cell, showing upregulation during transitions from basal

https://doi.org/10.3390/ijms27156626


https://doi.org/10.3390/ijms27156626

Int. J. Mol. Sci. 2026, 27, 6626

40f17

monitoring states to active inflammatory defense states [48]. This context-dependent up-
regulation acts as a physiological circuit breaker. When pattern recognition receptors or
cytokine signals reach a threshold of chronic or hyper-acute activation, the transcriptomic
machinery rapidly drives the transcription of the CB2 receptor network to dampen the
local inflammatory velocity.

3. Molecular Mechanisms of Cannabinoid-Mediated Immune
Suppression and Organelle Dynamics

The established molecular signature of canonical CB2 receptor signaling is predom-
inantly characterized by its coupling to heterotrimeric Gi/o proteins [49]. Upon ligand
binding, the active alpha subunit dissociates from the beta-gamma complex, leading to the
direct inhibition of adenylyl cyclase enzymes [50]. This inhibition causes a rapid, sustained
drop in intracellular cAMP levels, which subsequently suppresses the activity of protein
kinase A (PKA) [51]. The downstream consequence of this pathway is the severe atten-
uation of NF-kB transcriptional activity [52,53]. Under normal inflammatory activation,
such as via Toll-like receptors (TLRs) reacting to microbial pathogen-associated molecular
patterns, PKA facilitates the phosphorylation and optimal transcriptional assembly of
NE-kB subunits, enabling their nuclear translocation and binding to inflammatory promot-
ers [54]. By decreasing intracellular cAMP and suppressing PKA activity, CB2 signaling
can attenuate this activation node, reducing transcription of key inflammatory mediators
including tumor necrosis factor-alpha (TNF-c), interleukin-1 beta (IL-1§3), interleukin-6
(IL-6), and interferon-gamma (IFN-y) [55-57]. In this regulatory model, CB2 orchestrates
a complex dual-signaling network through Gai/o and Gy subunits that serves to both
dampen pro-inflammatory transcriptional output and simultaneously induce antioxidant
resolution programs (Figure 1). Through the Gai/o branch, ligand binding directly inhibits
adenylyl cyclase, resulting in reduced intracellular cAMP concentrations and attenuated
protein kinase A (PKA) activity, which collectively diminish the activation and nuclear
translocation of NF-kB, thereby suppressing the expression of pro-inflammatory cytokines
such as TNF-«, IL-6, and IL-1f3. Furthermore, this pathway impedes NLRP3 inflammasome
activation, limiting caspase-1 maturation and pyroptotic cell death. Conversely, the Gy
signaling axis triggers Nrf2/Keap1 dissociation, enabling Nrf2 to enter the nucleus and
stimulate the expression of antioxidant defense genes, such as HO-1 and arginase-1. This
signaling architecture also encompasses inhibitory effects on the JAK/STAT pathway and
purinergic channels like P2X7 and PANX-1, underscoring how endocannabinoids exert
their immunomodulatory effects at multiple convergent signaling nodes (Figure 1).

Crucially, emerging literature hypothesizes that the structural architecture of endo-
cannabinoid immunomodulation may extend beyond classical plasma membrane actions,
embedding itself within the regulatory topography of cellular organelles [58,59]. How-
ever, these interpretations remain highly speculative, predominantly based on preclinical
in vitro models, and warrant clear distinction from established pathways. A fraction of
cannabinoid receptors has been observed to localize to internal intracellular membranes,
including the outer and inner mitochondrial membranes, the endoplasmic reticulum, and
the lysosomal-endosomal degradation compartment [60,61]. Specifically, mitochondrial
CB1 (mtCB1) receptors have been structurally identified and functionally linked to the
direct regulation of cellular respiration. Activation of these mtCB1 receptors actively sup-
presses the mitochondrial electron transport chain, reducing oxidative phosphorylation
and profoundly shifting the metabolic phenotype of the cell. Concurrently, mitochondrial
CB2 (mtCB2) receptors are increasingly recognized as critical regulators of immune cell
metabolic reprogramming, acting to modulate intramitochondrial cAMP and govern the
bioenergetic shifts necessary for active immune responses. The proposed existence of
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functional mitochondrial cannabinoid receptors suggests a potential molecular link be-
tween endocannabinoid exposure and the regulation of cellular bioenergetics [61-63]. Some
models argue that activation of mitochondrial cannabinoid receptors might suppress local
intramitochondrial AC activity, leading to a localized reduction in cAMP concentrations
and PKA activity within the mitochondrial matrix [61]. This proposed intra-organellar
signaling axis is theorized to directly dampen electron transport chain efficiency by down-
regulating Complex I enzymatic activity and inhibiting cellular respiration, which could
shift the energy-sensing landscape of the immune cell [63]. While intriguing, this multipha-
sic control of mitochondrial respiration is a developing framework that requires rigorous

in vivo corroboration.
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Figure 1. Molecular mechanisms of endocannabinoid-mediated immunomodulation and the “therapeu-
tic paradox.” This figure illustrates the signaling cascades engaged by cannabinoid receptor 2 (CB2R)
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activation and their role in the therapeutic paradox of immune suppression versus tissue protection.
Binding of cannabinoids (e.g., 2-AG, AEA, or phytocannabinoids) to the G protein-coupled receptor
(GPCR) CB2R initiates dual signaling through Gei/o and G+ subunits. The Gai/o pathway leads to
the inhibition of adenylyl cyclase, decreasing intracellular cAMP levels and suppressing PKA activity,
which results in the downregulation of NF-«B-driven pro-inflammatory genes, including TNF-«,
IL-6, and IL-1f3. Concurrently, CB2R activation suppresses the NLRP3 inflammasome, limiting the
processing of pro-IL-13 and the maturation of caspase-1, thereby mitigating pyroptosis and reducing
inflammatory output. The Gpvy signaling axis promotes the dissociation of the Nrf2/Keap1l complex,
facilitating the translocation of Nrf2 to the nucleus. This initiates the activation of antioxidant
response elements (AREs), leading to the upregulation of cytoprotective genes such as HO-1 and
arginase-1. The blue box highlights the modulation of IFN/IL-6 receptor signaling, where specific
phytocannabinoids (THCV, CBN, and CBC) inhibit the JAK/STAT and NF-«B pathways. The yellow
box outlines the purinergic signaling axis, demonstrating the inhibitory impact of phytocannabinoids
on P2X7 and PANX-1 channels and caspase-3/7 activity. Collectively, these mechanisms demonstrate
that while cannabinoid signaling suppresses destructive hyper-inflammation, these same pathways
compete with and truncate the host’s acute antimicrobial immune defenses, forming the basis of
the “therapeutic paradox.” Abbreviations: 2-AG, 2-arachidonoylglycerol; AEA, anandamide; ARE,
antioxidant response element; cAMP, cyclic adenosine monophosphate; CBC, cannabichromene;
CBN, cannabinol; CB2R, cannabinoid receptor 2; GPCR, G protein-coupled receptor; HO-1, heme
oxygenase-1; IFN, interferon; IL-6R, interleukin-6 receptor; JAK, Janus kinase; Keap1, Kelch-like ECH-
associated protein 1; NF-«B, nuclear factor kappa B; NLRP3, NLR family pyrin domain containing
3; Nrf2, nuclear factor erythroid 2-related factor 2; PANX-1, pannexin-1; PKA, protein kinase A;
STAT, signal transducer and activator of transcription; THCV, tetrahydrocannabivarin; TNF-«, tumor
necrosis factor-alpha; Tyk2, tyrosine kinase 2.

Similarly, interpretations suggest endocannabinoid signaling may influence mitochondrial-
endoplasmic reticulum crosstalk, which is required for coordinating cellular stress re-
sponses and the mobilization of intracellular calcium pools [58,64]. By theoretically target-
ing the junctions between the endoplasmic reticulum and adjacent mitochondria, some
evidence hints that endocannabinoids regulate calcium oscillations, potentially buffering
cells against toxic cytoplasmic calcium overloads during persistent immune challenge [64].
Concurrently, speculative models posit that intracellular endocannabinoid signaling trig-
gers endoplasmic reticulum stress-dependent pathways that activate the unfolded protein
response and interface directly with macroautophagic networks [58,65]. Activation of
intracellular CB2 receptors is hypothesized to induce a pro-autophagy program that gov-
erns macroautophagic vacuole recycling, facilitating the clearance of damaged organelles,
misfolded proteins, and aggregated macromolecular structures such as the NLRP3 inflam-
masome [65]. This theoretical organelle-level control mechanism is thought to function as
a metabolic circuit breaker. By enforcing autophagy and modulating the mitochondrial
redox state, proponents argue that endocannabinoids actively suppress the generation
of mitochondrial reactive oxygen species (ROS), thereby ensuring that downstream in-
flammasome oligomerization and subsequent IL-1f3 maturation are post-translationally
arrested [25,65]. These sub-cellular mechanisms are further hypothesized to prevent the
induction of mitochondrial permeability transition pore opening, stabilizing the inner
mitochondrial membrane potential and shielding the cell from pyroptotic or necrotic break-
down [64]. It must be noted, however, that significant questions remain regarding the
accuracy of extrapolating these in vitro organelle models to systemic clinical pathology.

Conversely, established pathways clearly show CB2 signaling enhances the expres-
sion and secretion of powerful anti-inflammatory and pro-resolving cytokines, most no-
tably interleukin-10 (IL-10) and transforming growth factor-beta (TGF-$), driving cells
toward active immune resolution phenotypes [59]. Beyond this canonical cAMP and
PKA axis, CB2 activation engages alternative pathways via -gamma subunits and f3-
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arrestin scaffolding, including mitogen-activated protein kinase and phosphoinositide
3-kinase pathways [66,67]. More recent investigations into non-canonical signaling have
also demonstrated that CB2 receptor activation can stimulate transient intracellular calcium
fluctuations through phospholipase C mobilization in specialized endothelial and immune
subtypes, expanding the diversity of its intracellular fingerprint [48].

A particularly vital and established downstream effector mechanism is the activation
of the nuclear factor erythroid 2-related factor 2 (Nrf2) and heme oxygenase-1 (HO-1)
signaling axis [68]. CB2 signaling promotes the dissociation of nuclear factor erythroid
2-related factor 2 from its cytosolic inhibitor, facilitating its translocation into the nucleus
where it binds to antioxidant response elements (AREs) [69]. This shifts immune cell
metabolism heavily toward antioxidant defense, upregulating protective enzymes like
heme oxygenase-1 while actively suppressing pro-inflammatory gene expression [70,71].
Natural phytocannabinoids like cannabidiol have been shown to integrate this exact redox-
related control framework, downregulating ROS production while simultaneously shutting
down redox-sensitive inflammasome components [72].

4. Macrophage Polarization as a Central Axis of ECS-Mediated
Immune Competition

Macrophages represent a foundational functional node where endocannabinoid signal-
ing pathways directly compete and crosstalk with canonical immune activation signals [73].
These innate immune cells possess remarkable phenotypic plasticity, capable of shifting
across a broad activation spectrum ranging from the M1 pro-inflammatory state to the
M2 reparative state [74,75]. M1 macrophages are rapidly induced by pathogen-associated
molecular patterns, such as lipopolysaccharide, alongside IFN-y and direct TLR4 activa-
tion [76]. Once polarized, M1 cells produce massive amounts of TNF-«, IL-6, inducible
nitric oxide synthase, and ROS [77]. While these highly toxic effector molecules are abso-
lutely essential for intracellular pathogen killing and tumor clearance, they act as major
drivers of collateral tissue damage when left unchecked [78]. Conversely, M2 macrophages
are induced by interleukin-4 and interleukin-13 signaling networks. They are characterized
by robust IL-10 production, high arginase-1 expression, extracellular matrix remodeling
capacity, angiogenesis promotion, and the active resolution of tissue inflammation [79,80].
CB2 receptor activation actively skews macrophages away from M1 dominance and di-
rectly drives them toward an M2 polarization state [81,82]. This is achieved through the
dual mechanism of suppressing the TLR4 and NF-«B signaling cascade and enhancing
Nrf2-dependent transcriptional programs [83,84].

However, it is crucial to acknowledge that the classic M1/M2 paradigm represents
an oversimplified conceptual model. Current immunological understanding recognizes
that macrophage activation exists along a highly dynamic and heterogeneous continuous
spectrum, driven by complex microenvironmental cues rather than strictly binary pheno-
types. While the M1/M2 classification remains a useful heuristic for describing extremes
of polarization in vitro, in vivo macrophage populations often exhibit mixed phenotypes
that simultaneously blend pro-inflammatory and reparative transcriptional signatures. En-
docannabinoids likely act across this entire spectrum to dial down inflammatory intensity
rather than forcing an absolute binary switch.

Regardless of the exact position on this polarization spectrum, ECS-mediated
macrophage reprogramming serves as the cellular embodiment of the therapeutic paradox.
By skewing the cell’s transcriptomic profile toward resolution (M2-like features) at the ex-
pense of pathogen-killing machinery (M1-like features), the ECS prioritizes long-term tissue
viability over immediate, aggressive pathogen neutralization. Because M1 macrophages
and their associated oxidative bursts are strictly required for early-stage antimicrobial
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defense, endocannabinoid-driven suppression of M1 polarization creates a transient but
dangerous window of vulnerability [85]. Preclinical models provide striking evidence of
this phenomenon. For instance, cannabinoid receptor activation significantly improves
host survival in galactosamine- and lipopolysaccharide-induced acute liver failure models
by suppressing destructive M1 inflammatory macrophage activation while simultaneously
accelerating the appearance of reparative M2 polarization [86,87]. Similarly, cannabinoid ad-
ministration in murine models of colitis markedly decreases pro-inflammatory macrophage
infiltration, thereby shielding the intestinal mucosa from catastrophic tissue injury [88,89].

This phenotype-reprogramming effect has been confirmed in human cellular trans-
lation systems. Clinical observations in pediatric inflammatory bowel disease patients
demonstrate that circulating macrophages derived from active Crohn’s disease and ulcer-
ative colitis cases possess significantly reduced basal levels of CB2 receptor expression,
which correlates directly with an overrepresented M1 profile and severe mucosal barrier
disruption [81,90]. When these patient-derived cells are treated ex vivo with the selective
CB2 agonist JWH-133, the receptor network triggers structural M2 polarization, limits
the release of toxic cytokines, corrects aberrant macrophage iron metabolism by adjusting
ferroportin-1 and hepcidin expressions, and significantly reinforces the structural integrity
of the intestinal epithelial monolayer [81,90].

When this system is subjected to co-exposures or multi-toxin microenvironments,
competitive receptor interactions alter the homeostatic equilibrium. For example, recent
investigations into combined toxicological profiles show that while acute ethanol exposure
forces macrophages toward a highly destructive, hyper-inflammatory M1 phenotype accom-
panied by elevated monocyte chemoattractant protein-1, transforming growth factor-alpha,
and TNF-« secretion, the concurrent engagement of cannabinoid pathways via synthetic
agonists acts as an antagonistic immunomodulator [91]. In these scenarios, selective phar-
macological blockade of CB2 markedly diminishes this buffering mechanism, causing
runaway M1 hyper-activation and severe tissue stress propagation [91]. This supports that
the ECS activation state directly contributes to determining whether a macrophage behaves
as an engine of tissue destruction or an agent of metabolic resolution.

5. Adaptive Inmune Modulation and Lymphocyte Reprogramming

Beyond its pronounced effects on the innate immune system, cannabinoid signaling
exerts broad, highly coordinated regulatory control over adaptive immune responses [92]. T-
cell activation, proliferation, and clonal expansion are heavily suppressed via cannabinoid-
mediated inhibition of interleukin-2 production at the transcriptional level, alongside direct
disruption of T-cell receptor (TCR) distal signaling cascades and proximal Janus kinase
(JAK) and signal transducer and activator of transcription (STAT) pathways [92,93]. Fur-
thermore, CB2 signaling skews the differentiation of naive CD4+ T cells away from the
highly inflammatory T helper 1 (Th1) and Th17 lineages, favoring instead the generation of
CD4+CD25+FoxP3+ regulatory T cells (Tregs) [94,95]. In the context of adaptive immunity,
the therapeutic paradox manifests as a critical, structural trade-off between autoimmune
tolerance and the maintenance of pathogenic immunosurveillance. This shift is highly
effective at reinforcing immune tolerance and alleviating autoimmune disease states, but it
severely impairs host antiviral and antitumor immunity, which depend entirely on robust,
unhindered Th1 and cytotoxic T-lymphocyte responses [96]. In oncological microenvi-
ronments, this immunosuppressive influence can turn counterproductive. By limiting
T-cell infiltration, recruiting myeloid-derived suppressor cells, and blunting local cyto-
toxic immune surveillance, cannabinoid exposure can reduce the therapeutic efficacy of
contemporary immune checkpoint inhibitors and accelerate tumor progression in specific
malignant niches [97].
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B-cell function is similarly modulated. CB2 activation reduces B-lymphocyte prolifera-
tion, dampens antibody class switching, and attenuates terminal plasma cell differentiation,
which can lead to reduced titers of antigen-specific immunoglobulins during an active
infection [98,99]. Dendritic cells are also bound by this transcriptional paralysis. Under CB2
stimulation, maturing dendritic cells exhibit a marked failure to upregulate foundational
costimulatory surface proteins such as Cluster of Differentiation 80 (CD80), CD86, and
major histocompatibility complex (MHC) class 11, severely slowing down their antigen-
presentation capacity and delaying the generation of crucial adaptive activation loops
required to handle novel systemic pathogen challenges [20].

6. Functional Immunological Trade-Offs Across Human Cell Systems

To understand the therapeutic paradox of the ECS, its effects must be analyzed across
distinct human cell lineages, balancing tissue-protective benefits against host-defense vul-
nerabilities. In macrophages, the pathway primarily involves the suppression of cAMP,
PKA, and NF-kB, coupled with the activation of the Nrf2 pathway [68,100]. During the
tissue-protective phase, this configuration drives classical M1-to-M2 macrophage pheno-
type reprogramming, upregulates protective IL-10 and arginase-1, and restores mucosal
iron balance via hepcidin and ferroportin-1 regulation [81,90]. However, during the im-
munosuppressive phase, this same molecular shift blunts the essential oxidative respiratory
burst, reducing ROS and nitric oxide (NO) production, which severely impairs the localized
phagocytic eradication of fungal and intracellular bacterial vectors [78,85]. As previously
mentioned in speculative frameworks, this suppression may also restrict mitochondrial
bioenergetic pathways, potentially locking the cell into an autophagic resolution state that
clears pathogenic defense structures prematurely [61,65].

In T lymphocytes, the molecular mechanism centers on JAK/STAT inhibition along-
side a distal TCR block [92]. The tissue-protective benefit of this mechanism is the strict
limitation of pathologically overactivated Thl and Th17 lineages, which expands FoxP3+
Tregs to alleviate systemic autoimmunity [94,95]. The corresponding vulnerability is a
deep dampening of cell-mediated helper and cytotoxic adaptive immune responses, which
compromises early antiviral and oncological immunosurveillance [96,97].

In B lymphocytes, G protein-mediated kinase downregulation controls the cellu-
lar response [98]. This provides tissue protection by dampening auto-reactive B-cell ex-
pansion pathways and curtailing the production of highly destructive, pathogenic auto-
antibodies [20]. Conversely, the immunological trade-off involves the suppression of
physiological antibody class switching, which limits the generation of antigen-specific
protective immunoglobulins during initial pathogen encounters [99].

Dendritic cells undergo a maturation transcriptional blockade under cannabinoid influ-
ence [20]. The clinical benefit is a restricted upregulation of costimulatory surface markers
such as CD80, CD86, and MHC class II, interrupting severe autoimmune propagation cas-
cades [41]. The accompanying vulnerability is a profound hindrance of downstream antigen
presentation to naive T lymphocytes, delaying crucial adaptive activation loops [21].

In the central nervous system (CNS), microglia under CB2 stimulation utilize NLRP3
inflammasome suppression as their primary regulatory node [101]. This rescues vulnerable
neuroarchitecture from chronic reactive microgliosis and mitigates neurovascular stress
propagation [6]. However, this protective mechanism attenuates native CNS pathogen
surveillance and clearance dynamics, elevating the host’s vulnerability to neurotropic viral
insults [38] [Table 1].
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Table 1. Immunological trade-offs and matrix of CB2 receptor activation across human cell systems.

Target System

Primary Pathways
Involved

Tissue-Protective Phase
Benefits

Immunosuppressive Phase
Vulnerabilities

cAMP |, PKA |, NF-xB |,

Drives classical M1-to-M2
phenotype reprogramming;

Blunts essential oxidative
respiratory bursts (ROS/NO);

Macrophages Nrf2 1 upregulates IL-10 and impairs localized phagocytic
Arginase-1; dampens systemic eradication of fungal and
leukocyte rolling affinity. intracellular bacterial vectors.
Limits pathologically Severely dampens
overactivated Th1/Th17 cell-mediated helper and
T Lvmphocvtes JAK/STAT inhibition, lineages; induces expansion of cytotoxic adaptive immune
ymphocy Distal TCR block FoxP3+ regulatory T cells to responses; compromises early
alleviate systemic antiviral and cellular
autoimmunity. immunosurveillance.
Dampens auto-reactive B-cell Suppressesl thSI(?lO}%.l Cal_
expansion pathways; curtails antibody class switching;
G protein-mediated kinase P . . limits generation of
B Lymphocytes d . production of highly . s .
ownregulation d . . antigen-specific protective
estructive, pathogenic . . .
LAY immunoglobulins during
auto-antibodies. S .
initial infection.
Rcej;:ilriira I’:giggﬁsfl:?e:f Hinders downstream antigen
s Maturation transcriptional y presentation to naive T
Dendritic Cells (CD80/CD86/MHC-II); . .
blockade . . lymphocytes, delaying crucial
interrupts severe autoimmune . s
. adaptive activation loops.
propagation cascades.
Attenuates native central
Rescues vulnerable h
neuroarchitecture from chronic nervous system pathogen
. . NLRP3 inflammasome . . o surveillance and clearance
Microglia (CNS) reactive microgliosis; mitigates

suppression

severe neurovascular stress
propagation.

dynamics; elevates
vulnerability to neurotropic
viral insults.

Abbreviations: cAMP, cyclic adenosine monophosphate; CB2, cannabinoid receptor 2; CNS, central nervous
system; IL-10, interleukin-10; JAK/STAT, Janus kinase/signal transducer and activator of transcription; MHC-II,
major histocompatibility complex class II; NF-«B, nuclear factor kappa B; NLRP3, NLR family pyrin domain
containing 3; NO, nitric oxide; Nrf2, nuclear factor erythroid 2-related factor 2; PKA, protein kinase A; ROS,
reactive oxygen species; TCR, T-cell receptor; Th1/Th17, T helper 1/T helper 17.

Importantly, the biological effects of cannabinoid signaling differ considerably across
distinct tissues and organ systems, commanding a comprehensive understanding of highly
tissue-specific functions [102]. Within the brain, the ECS exerts neuroprotective effects
primarily by quenching reactive microgliosis and modulating excitotoxicity, establishing a
robust defense against neurodegeneration [103]. Conversely, in the liver, the ECS presents a
functional dichotomy: CB1 receptor activation actively promotes lipogenesis, fibrogenesis,
and steatosis during chronic hepatic injury [104,105], while CB2 receptor signaling effec-
tively counters these mechanisms by asserting potent anti-fibrotic and hepatoprotective
effects [105,106]. In adipose tissue, CB1 activation is fundamentally linked to metabolic
dysregulation, directly driving lipogenesis, insulin resistance, and the recruitment of pro-
inflammatory macrophages, rendering the blockade of peripheral CB1 a valuable strategy
for reversing obesity-associated metabolic disorders [107]. Furthermore, in the gastroin-
testinal tract, the ECS operates to maintain intestinal epithelial homeostasis, regulate gut
motility, and actively suppress pathological mucosal inflammation, an effect chiefly me-
diated by CB2-driven attenuation of inflammatory bowel disease pathology [102,108].
Recognizing these pronounced tissue-specific differences provides a complete overview of
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the immunomodulatory role of the ECS and is essential to mitigate off-target effects when
engineering advanced localized therapeutics [102,108].

7. Strategic Frameworks for Next-Generation Cannabinoid Therapeutics

The ECS functions as a key homeostatic regulator of immunity, balancing necessary
inflammation with tissue preservation. Its potent anti-inflammatory effects are mechanis-
tically inseparable from transient immunosuppression, reflecting an evolutionary design
that prioritizes protection against self-inflicted damage over maximal immune aggression.
The contemporary therapeutic landscape demands highly precise engineering frameworks
that separate the tissue-protective resolution programs of the ECS from its host-defense-
compromising vulnerabilities. Six primary strategic methodologies are suggested to achieve
this equilibrium.

Temporally controlled administration of cannabinoid therapeutics may prove advan-
tageous as short-pulse, highly synchronized interventions. In conditions such as acute
sepsis or ischemia-reperfusion injuries, unselective early activation can be catastrophic
because it blocks the initial M1 oxidative burst and leukocyte recruitment waves necessary
to trap and clear local viral or bacterial vectors [26,87]. By delaying administration until
the precise kinetic inflection point where pathogen loads have decreased, and the host
response threatens to spill over into automated hyper-inflammation, synthetic CB2 agonists
can be utilized purely to accelerate the resolution phase without truncating the initial
host-defense spike.

In terms of biased signaling and pathway-selective allosteric ligands, the complex
architecture of the CB2 receptor allows for the development of biased agonists or positive
allosteric modulators that exhibit functional selectivity [29]. Instead of triggering the entire
Gi/o macromolecular cascade—which globally suppresses cAMP and turns off vital NF-«xB
host defense targets—biased signaling systems can be tailored to preferentially engage
specific downstream pathways. For example, a molecule engineered to selectively drive
the B-y-mediated Nrf2 and HO-1 antioxidant network while leaving basal adenylyl cyclase
activity uninhibited may provide deep tissue protection and antioxidant buffering without
inducing full lymphocyte or macrophage paralysis [68,70].

To interpret the intracellular mechanisms explored in theoretical models, next-
generation frameworks might cautiously prioritize subcellular and organelle-specific endo-
cannabinoid pharmacology. Given the hypothesis that endocannabinoid receptors localized
on internal organellar membranes exert precise control over immune bioenergetics, cal-
cium buffering, and macroautophagy [58,63,65], engineering therapeutics that selectively
penetrate these compartments represents a speculative but promising frontier. Synthetic
endocannabinoid scaffolds could theoretically be covalently coupled to lipophilic cations,
such as triphenylphosphonium moieties, to exploit the negative transmembrane potential
of the inner mitochondrial membrane [61,63]. If validated, this organelle-directed delivery
could allow for localized modulation of mitochondrial adenylyl cyclase without engaging
plasma membrane-bound receptors, hypothetically decoupling bioenergetic homeostasis
from broad cytokine paralysis [21,61]. Similarly, designing endocannabinoids linked to
endoplasmic reticulum-targeting peptide motifs is proposed to tune the unfolded protein
response and intracellular calcium oscillations, mitigating tissue stress propagation while
sparing outer immune surveillance mechanisms [58,64].

For smart targeted delivery systems, to prevent global, off-target suppression of the
immune compartments within the bone marrow, spleen, and peripheral lymph nodes,
cannabinoid molecules can be encapsulated within advanced, context-sensitive nanocar-
riers [28]. Nanoparticles can be surface-functionalized with antibodies or peptides that
target ligands overexpressed exclusively on inflamed tissues, such as vascular cell adhesion
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molecule 1 (VCAM-1) in neurovascular tracking or specific integrins in localized colonic
lesions [18,45]. These carriers can also be engineered with trigger mechanisms that release
the cannabinoid payload only under specific environmental conditions, such as low ex-
tracellular pH environments typical of ischemic or highly glycolytic inflammatory foci,
high ROS concentrations, or elevated local matrix metalloproteinase levels. This restriction
confines CB2 activation directly to the site of pathological injury, preserving unhindered
immune surveillance throughout the rest of the host organism.

Regarding rational combination therapies, cannabinoids could ultimately be integrated
as adaptive adjuncts alongside traditional therapeutic agents to construct a balanced dual-
force regimen [21]. In severe infectious or oncology settings, a CB2 agonist can be co-
administered with narrow-spectrum antimicrobials, tumor-targeted cytotoxic therapies, or
low-dose immunostimulatory cytokines, such as IFN-y [96,99]. In this structural pairing,
the antimicrobial or specialized oncology compound handles the objective eradication of
the pathogen or malignant line, while the cannabinoid directly shields the surrounding
parenchymal cells from the collateral, self-destructive bystander damage typically caused
by the host’s own inflammatory response.

For biomarker-guided personalization, clinical deployment of ECS-modulating drugs
requires strict patient stratification based on functional immunophenotypical signa-
tures [10]. Patients should be dynamically monitored using multi-omic screening pan-
els that track total plasma endocannabinoid profiles, leukocyte CB2 surface expression
density, circulating macrophage polarization ratios, and local mucosal barrier break-
down indices [46]. A patient presenting with an over-activated, high-velocity inflam-
matory endotype with minimal infection risks represents an ideal candidate for deep
cannabinoid-mediated resolution induction. Conversely, a patient showing signs of im-
mune exhaustion or high occult viral or bacterial colonization would be flagged as a
high-risk candidate for cannabinoid therapy, avoiding the introduction of dangerous
immunosuppressive windows.

In terms of multi-target endocannabinoidome modulation, instead of using potent,
fully synthetic external agonists that lock the receptor into prolonged activation, thera-
peutic strategies should shift toward tuning the indwelling metabolic machinery of the
endocannabinoidome [36]. The application of use-dependent, specialized inhibitors of
MAGL or FAAH allows for the highly localized preservation of endogenous 2-AG and
AEA pools, ensuring that receptor engagement occurs in an autocrine fashion only within
cells that are already actively undergoing inflammatory stress [31,35]. Furthermore, the
synthesis of hybrid, multi-target divalent molecules—which combine a cannabinoid re-
ceptor modulating scaffold with an independent pro-resolving lipid mediator core, such
as a resolvin or protectin domain—offers a promising avenue for synergistic cannabinoid
therapeutic strategies [4].

8. Conclusions

The ECS represents a sophisticated evolutionary architecture designed to act as a
modulator of immune balance, continually trading maximal host-defense aggression for
immediate structural tissue preservation [30]. Its ability to downregulate hyper-acute,
runaway inflammatory programs via the Gi/o, cAMP, PKA, and NF-«B axis [51,52] and
upregulate protective, antioxidant-driven tissue repair mechanisms through the Nrf2 and
HO-1 pathway [68] makes it a valuable pharmacological target for clinical medicine [11].
However, as defined by the therapeutic paradox outlined in this review, these resolution
pathways fundamentally share structural biochemical nodes with essential host immunity
mechanisms [26], and unselective or poorly timed intervention will inevitably result in a
compromised state of antimicrobial readiness [99]. Furthermore, models relying on sub-
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cellular and organelle dynamics must be approached with caution, as they remain largely
speculative and require robust in vivo validation.

By moving beyond broad cannabinoid receptor activation and adopting more precise
engineering strategies—such as temporal control, biased allosteric signaling, cautious
exploration of organelle targeting, localized nanocarrier delivery, and endocannabinoidome
tuning—researchers can transform cannabinoids from broad immunosuppressants into
targeted immunomodulatory therapies. Collectively, available evidence supports the ECS
as an attractive immunomodulatory target. However, major questions remain regarding
receptor context dependence, tissue specificity, timing of intervention, and the translational
relevance of emerging intracellular signaling mechanisms. Addressing these questions will
be essential before many of the conceptual strategies proposed here can be translated into
clinical practice.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The author declares no conflicts of interest.

References

1. Medzhitov, R. Origin and physiological roles of inflammation. Nature 2008, 454, 428-435. [CrossRef] [PubMed]

2. Kotas, M.E.; Medzhitov, R. Homeostasis, inflammation, and disease susceptibility. Cell 2015, 160, 816-827. [CrossRef] [PubMed]

3. Nathan, C. Points of control in inflammation. Nature 2002, 420, 846-852. [CrossRef] [PubMed]

4. Serhan, C.N. Pro-resolving lipid mediators are leads for resolution physiology. Nature 2014, 510, 92-101. [CrossRef] [PubMed]

5. Xavier, R].; Podolsky, D.K. Unravelling the pathogenesis of inflammatory bowel disease. Nature 2007, 448, 427-434. [CrossRef]
[PubMed]

6. Glass, C.K,; Saijo, K.; Winner, B.; Marchetto, M.C.; Gage, FH. Mechanisms underlying inflammation in neurodegeneration. Cell
2010, 140, 918-934. [CrossRef] [PubMed]

7. Hotamisligil, G.S. Inflammation and metabolic disorders. Nature 2006, 444, 860-867. [CrossRef] [PubMed]

8.  Rittirsch, D.; Flierl, M.A.; Ward, P.A. Harmful molecular mechanisms in sepsis. Nat. Rev. Immunol. 2008, 8, 776-787. [CrossRef]
[PubMed]

9.  Almogi-Hazan, O.; Or, R. Cannabis, the endocannabinoid system and immunity. Int. J. Mol. Sci. 2020, 21, 4448. [CrossRef]
[PubMed]

10. DiMarzo, V,; Bifulco, M.; De Petrocellis, L. The endocannabinoid system and its therapeutic exploitation. Nat. Rev. Drug Discov.
2004, 3, 771-784. [CrossRef] [PubMed]

11.  Pacher, P; Batkai, S.; Kunos, G. The endocannabinoid system as an emerging target of pharmacotherapy. Pharmacol. Rev. 2006, 58,
389-462. [CrossRef] [PubMed]

12.  Piomelli, D. The molecular logic of endocannabinoid signalling. Nat. Rev. Neurosci. 2003, 4, 873-884. [CrossRef] [PubMed]

13. Kano, M.; Ohno-Shosaku, T.; Hashimotodani, Y.; Uchigashima, M.; Watanabe, M. Endocannabinoid-mediated control of synaptic
transmission. Physiol. Rev. 2009, 89, 309-380. [CrossRef] [PubMed]

14. 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]

15. Sugiura, T,; Kondo, S.; Sukagawa, A.; Nakane, S.; Shinoda, A.; Itoh, K.; Yamashita, A.; Waku, K. 2-Arachidonoylglycerol: A
possible endogenous cannabinoid receptor ligand in brain. Biochem. Biophys. Res. Commun. 1995, 215, 89-97. [CrossRef] [PubMed]

16. Matsuda, L.A.; Lolait, S.J.; Brownstein, M.].; Young, A.C.; Bonner, T.I. Structure of a cannabinoid receptor and functional
expression of the cloned cDNA. Nature 1990, 346, 561-564. [CrossRef] [PubMed]

17. Munro, S.; Thomas, K.L.; Abu-Shaar, M. Molecular characterization of a peripheral receptor for cannabinoids. Nature 1993, 365,

61-65. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27156626


https://doi.org/10.1038/nature07201
https://www.ncbi.nlm.nih.gov/pubmed/18650913
https://doi.org/10.1016/j.cell.2015.02.010
https://www.ncbi.nlm.nih.gov/pubmed/25723161
https://doi.org/10.1038/nature01320
https://www.ncbi.nlm.nih.gov/pubmed/12490957
https://doi.org/10.1038/nature13479
https://www.ncbi.nlm.nih.gov/pubmed/24899309
https://doi.org/10.1038/nature06005
https://www.ncbi.nlm.nih.gov/pubmed/17653185
https://doi.org/10.1016/j.cell.2010.02.016
https://www.ncbi.nlm.nih.gov/pubmed/20303880
https://doi.org/10.1038/nature05485
https://www.ncbi.nlm.nih.gov/pubmed/17167474
https://doi.org/10.1038/nri2402
https://www.ncbi.nlm.nih.gov/pubmed/18802444
https://doi.org/10.3390/ijms21124448
https://www.ncbi.nlm.nih.gov/pubmed/32585801
https://doi.org/10.1038/nrd1495
https://www.ncbi.nlm.nih.gov/pubmed/15340387
https://doi.org/10.1124/pr.58.3.2
https://www.ncbi.nlm.nih.gov/pubmed/16968947
https://doi.org/10.1038/nrn1247
https://www.ncbi.nlm.nih.gov/pubmed/14595399
https://doi.org/10.1152/physrev.00019.2008
https://www.ncbi.nlm.nih.gov/pubmed/19126760
https://doi.org/10.1126/science.1470919
https://www.ncbi.nlm.nih.gov/pubmed/1470919
https://doi.org/10.1006/bbrc.1995.2437
https://www.ncbi.nlm.nih.gov/pubmed/7575630
https://doi.org/10.1038/346561a0
https://www.ncbi.nlm.nih.gov/pubmed/2165569
https://doi.org/10.1038/365061a0
https://www.ncbi.nlm.nih.gov/pubmed/7689702
https://doi.org/10.3390/ijms27156626

Int. J. Mol. Sci. 2026, 27, 6626 14 of 17

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.
44.

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]

Cabral, G.A,; Griffin-Thomas, L. Emerging role of the cannabinoid receptor CB2 in immune regulation. Expert Rev. Mol. Med.
2009, 11, e3. [CrossRef] [PubMed]

Basu, S.; Dittel, B.N. Unraveling the complexities of cannabinoid receptor 2 (CB2) immune regulation. Immunol. Res. 2011, 51,
26-38. [CrossRef] [PubMed]

Klein, T.W. Cannabinoid-based drugs as anti-inflammatory therapeutics. Nat. Rev. Immunol. 2005, 5, 400—411. [CrossRef]
[PubMed]

Nagarkatti, P.; Pandey, R.; Rieder, S.A.; Hegde, V.L.; Nagarkatti, M. Cannabinoids as novel anti-inflammatory drugs. Future Med.
Chem. 2009, 1, 1333-1349. [CrossRef] [PubMed]

Oléh, A.; Szekanecz, Z.; Bir6, T. Targeting cannabinoid signaling in the immune system: “High”-ly exciting questions, possibilities,
and challenges. Front. Immunol. 2017, 8, 1487. [CrossRef] [PubMed]

Pandey, R.; Mousawy, K.; Nagarkatti, M.; Nagarkatti, P. Endocannabinoids and immune regulation. Pharmacol. Res. 2009, 60,
85-92. [CrossRef] [PubMed]

Serban, M.; Tero-Vescan, A.; Bungau, S.; Behl, T. The endocannabinoid system in human disease and immune regulation. Int. J.
Mol. Sci. 2025, 26, 1775.

Thai, B.; Tsuji, K.; Marshall, ].C. The endocannabinoid system in sepsis: A scoping review. Biomedicines 2025, 13, 315. [PubMed]
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]

Maccarrone, M.; Guzman, M.; Mackie, K.; Doherty, P.; Harkany, T. Endocannabinoid signaling at the nanomolecular level. Trends
Pharmacol. Sci. 2015, 36, 20-32. [CrossRef]

Pertwee, R.G. The pharmacology of cannabinoid receptors and their ligands: An overview. Int. J. Obes. 2006, 30, S13-S18.
[CrossRef]

Chiurchit, V.; Battistini, L.; Maccarrone, M. Endocannabinoid signalling in innate and adaptive immunity. Immunology 2015, 144,
352-364. [CrossRef] [PubMed]

Blankman, J.L.; Simon, G.M.; Cravatt, B.F. A comprehensive profile of brain enzymes that hydrolyze the endocannabinoid
2-arachidonoylglycerol. Chem. Biol. 2007, 14, 1347-1356. [CrossRef] [PubMed]

Bisogno, T.; Howell, F.; Williams, G.; Minassi, A.; Cascio, M.G.; Ligresti, A.; Matias, I.; Schiano-Moriello, A.; Paul, P.; Williams, E ] ;
et al. Cloning of the first sn1-DAG lipases points to the spatial and temporal regulation of endocannabinoid signaling in the brain.
J. Cell Biol. 2003, 163, 463—468. [CrossRef] [PubMed]

Cravatt, B.F; Giang, D.K.; Mayfield, S.P,; Boger, D.L.; Lerner, R.A.; Gilula, N.B. Molecular characterization of an enzyme that
degrades neuromodulatory fatty-acid amides. Nature 1996, 384, 83-87. [CrossRef] [PubMed]

Dinh, T.P; Carpenter, D.; Leslie, EM.; Freund, T.F; Katona, L; Sensi, S.L.; Kathuria, S.; Piomelli, D. Brain monoglyceride lipase
participating in endocannabinoid inactivation. Proc. Natl. Acad. Sci. USA 2002, 99, 10819-10824, Erratum in Proc. Natl. Acad. Sci.
USA 2002, 99, 13961.. [CrossRef] [PubMed]

Ahn, K.; McKinney, M.K.; Cravatt, B.F. Enzymatic pathways that regulate endocannabinoid signaling in the nervous system.
Chem. Rev. 2008, 108, 1687-1707. [CrossRef] [PubMed]

Di Marzo, V. Targeting the endocannabinoid system: To enhance or reduce? Nat. Rev. Drug Discov. 2008, 7, 438-455. [CrossRef]
[PubMed]

Muccioli, G.G. Endocannabinoid biosynthesis and inactivation, from simple to complex. Drug Discov. Today 2010, 15, 474-483.
[CrossRef] [PubMed]

Stella, N. Endocannabinoid signaling in microglial cells. Neuropharmacology 2009, 56, 244-253. [CrossRef] [PubMed]

Rahaman, O.; Ganguly, D. Endocannabinoids in immune regulation and immunopathologies. Immunology 2021, 164, 242-252.
[CrossRef] [PubMed]

Massi, P; Vaccani, A.; Parolaro, D. Cannabinoids, Immune System and Cytokine Network. Curr. Pharm. Des. 2006, 12, 3135-3146.
[CrossRef] [PubMed]

Croxford, J.L.; Yamamura, T. Cannabinoids and the immune system: Potential for the treatment of inflammatory diseases? J.
Neuroimmunol. 2005, 166, 3—18. [CrossRef]

Lombard, C.; Nagarkatti, M.; Nagarkatti, P. CB2 cannabinoid receptor agonist JWH-015 triggers apoptosis in macrophage-like
cells. J. Leukoc. Biol. 2007, 81, 214-222.

Ray, A.; Jena, A.B. Endocannabinoids and immunological dynamics. Cell. Immunol. 2020, 357, 104218.

Massa, F,; Storr, M.; Lutz, B. The endogenous cannabinoid system protects against colonic inflammation. J. Clin. Investig. 2004,
113, 1202-1209. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27156626


https://doi.org/10.1111/j.1432-1033.1995.tb20780.x
https://www.ncbi.nlm.nih.gov/pubmed/7556170
https://doi.org/10.1017/s1462399409000957
https://www.ncbi.nlm.nih.gov/pubmed/19152719
https://doi.org/10.1007/s12026-011-8210-5
https://www.ncbi.nlm.nih.gov/pubmed/21626285
https://doi.org/10.1038/nri1602
https://www.ncbi.nlm.nih.gov/pubmed/15864274
https://doi.org/10.4155/fmc.09.93
https://www.ncbi.nlm.nih.gov/pubmed/20191092
https://doi.org/10.3389/fimmu.2017.01487
https://www.ncbi.nlm.nih.gov/pubmed/29176975
https://doi.org/10.1016/j.phrs.2009.03.019
https://www.ncbi.nlm.nih.gov/pubmed/19428268
https://www.ncbi.nlm.nih.gov/pubmed/41462888
https://doi.org/10.1007/s00018-016-2300-4
https://www.ncbi.nlm.nih.gov/pubmed/27402121
https://doi.org/10.1016/j.tips.2015.02.008
https://doi.org/10.1038/sj.ijo.0803272
https://doi.org/10.1111/imm.12441
https://www.ncbi.nlm.nih.gov/pubmed/25585882
https://doi.org/10.1016/j.chembiol.2007.11.006
https://www.ncbi.nlm.nih.gov/pubmed/18096503
https://doi.org/10.1083/jcb.200305129
https://www.ncbi.nlm.nih.gov/pubmed/14610053
https://doi.org/10.1038/384083a0
https://www.ncbi.nlm.nih.gov/pubmed/8900284
https://doi.org/10.1073/pnas.152334899
https://www.ncbi.nlm.nih.gov/pubmed/12136125
https://doi.org/10.1021/cr0782067
https://www.ncbi.nlm.nih.gov/pubmed/18429637
https://doi.org/10.1038/nrd2553
https://www.ncbi.nlm.nih.gov/pubmed/18446159
https://doi.org/10.1016/j.drudis.2010.03.007
https://www.ncbi.nlm.nih.gov/pubmed/20304091
https://doi.org/10.1016/j.neuropharm.2008.07.037
https://www.ncbi.nlm.nih.gov/pubmed/18722389
https://doi.org/10.1111/imm.13378
https://www.ncbi.nlm.nih.gov/pubmed/34053085
https://doi.org/10.2174/138161206777947425
https://www.ncbi.nlm.nih.gov/pubmed/16918439
https://doi.org/10.1016/j.jneuroim.2005.04.023
https://doi.org/10.1172/jci200419465
https://www.ncbi.nlm.nih.gov/pubmed/15085199
https://doi.org/10.3390/ijms27156626

Int. J. Mol. Sci. 2026, 27, 6626 15 of 17

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Pacher, P; Kunos, G. Modulating the endocannabinoid system in human health and disease—successes and failures. FEBS . 2013,
280, 1918-1943. [CrossRef] [PubMed]

Hryhorowicz, S.; Kaczmarek-Rys$, M.; Zielifiska, A.; Scott, R.J.; Stomski, R.; Ptawski, A. Endocannabinoid System as a Promising
Therapeutic Target in Inflammatory Bowel Disease—A Systematic Review. Front. Immunol. 2021, 12, 790803. [CrossRef] [PubMed]
Burstein, S.H.; Zurier, R.B. Cannabinoids, Endocannabinoids, and Related Analogs in Inflammation. AAPS ]. 2009, 11, 109-119.
[CrossRef] [PubMed]

Kalkan, H.; Flamand, N. The CB2 Receptor in Immune Regulation and Disease: Genetic Architecture, Epigenetic Control, and
Emerging Therapeutic Strategies. DNA 2025, 5, 59.

Ye, L.; Cao, Z.; Wang, W.; Zhou, N. New Insights in Cannabinoid Receptor Structure and Signaling. Curr. Mol. Pharmacol. 2019, 12,
239-248. [CrossRef] [PubMed]

Demuth, D.G.; Molleman, A. Cannabinoid signalling. Life Sci. 2006, 78, 549-563. [CrossRef] [PubMed]

Rakotoarivelo, V.; Mayer, T.Z.; Simard, M.; Flamand, N.; Di Marzo, V. The Impact of the CB2 Cannabinoid Receptor in
Inflammatory Diseases: An Update. Molecules 2024, 29, 3381. [CrossRef] [PubMed]

Ribeiro, R.; Radu, L.; Ciobanu, A.M.; Bondari, A.; Duica, FO.; Dima, S.0.; Popa, M.A.; Baldneanu, A. Regulatory Role of the
Cannabinoid Type 2 Receptor in Inflammation and Autoimmunity. Int. J. Mol. Sci. 2023, 24, 14841.

Ma, L.; Shen, EG,; Wu, M.R; Wang, W.; Xia, BW.; Ma, Y.S. The Cannabinoid Receptor 2 Agonist JWH-133 Inhibits
Lipopolysaccharide-Induced Inflammation in Macrophages via the NF-kB and MAPK Signaling Pathways. Front. Pharma-
col. 2021, 12, 702675. [CrossRef] [PubMed]

Hayden, M.S.; Ghosh, S. Shared principles in NF-kappaB signaling. Cell 2008, 132, 344-362. [CrossRef] [PubMed]

Facci, L.; Dal Toso, R.; Romanello, S.; Buriani, A.; Skaper, 5.D.; Leon, A. Mast cells express a peripheral cannabinoid receptor with
differential sensitivity to anandamide and palmitoylethanolamide. Proc. Natl. Acad. Sci. USA 1995, 92, 3376-3380. [CrossRef]
[PubMed]

Klein, TW.; Newton, C.; Friedman, H. The cannabinoid system and cytokine network. Proc. Soc. Exp. Biol. Med. 2000, 225, 1-8.
[CrossRef] [PubMed]

Smith, S.R.; Denhardt, G.; Terminelli, C. The anti-inflammatory activities of cannabinoid receptor ligands in mouse peritonitis
models. Eur. J. Pharmacol. 2000, 399, 227-231.

Podini¢, T.; Werstuck, G.; Raha, S. The implications of cannabinoid-induced metabolic dysregulation for cellular differentiation
and growth. Int. J. Mol. Sci. 2023, 24, 11003. [CrossRef] [PubMed]

Haspula, D.; Clark, M.A. Cannabinoid receptors: An update on cell signaling, pathophysiological roles and therapeutic
opportunities in neurological, cardiovascular, and inflammatory diseases. Int. J. Mol. Sci. 2020, 21, 7693. [CrossRef] [PubMed]
Bénard, G.; Massa, E; Puente, N.; Lourenco, ]J.; Bellocchio, L.; Soria-Gémez, E.; Matias, I.; Delamarre, A.; Metna-Laurent, M.;
Cannich, A.; et al. Mitochondrial CB1 receptors regulate neuronal energy metabolism. Nat. Neurosci. 2012, 15, 558-564. [CrossRef]
[PubMed]

Nunn, A.; Guy, G.; Bell, ].D. Endocannabinoids in neuroendopsychology: Multiphasic control of mitochondrial function. Philos.
Trans. R. Soc. B Biol. Sci. 2012, 367, 3342-3352. [CrossRef]

Lipina, C,; Irving, A.J.; Hundal, H.S. Mitochondria: A possible nexus for the regulation of energy homeostasis by the endo-
cannabinoid system? Am. J. Physiol.-Endocrinol. Metab. 2014, 307, E1-E13. [CrossRef] [PubMed]

Tu, G.X,; Xie, Q.S.; Lin, J.Z.; He, Y.; Wang, ].H. Identification and functional characterization of mitochondrial cannabinoid
receptor 2 (mtCB2) in regulating immune cell metabolic reprogramming and bioenergetic shifts. J. Neuroinflamm. 2023, 20, 114.
Ryan, D.; Drysdale, A.].; Lafourcade, C.; Pertwee, R.G.; Platt, B. Cannabidiol targets mitochondria to regulate intracellular CaZ*
levels. J. Neurosci. 2009, 29, 2053-2063. [CrossRef] [PubMed]

Liu, Q.R;; Aseer, K.R.; Yao, Q.; Zhong, X.; Ghosh, P; O’Connell, ].E; Egan, ].M. Anti-inflammatory and pro-autophagy effects
of the cannabinoid receptor CB2R: Possibility of modulation in type 1 diabetes. Front. Pharmacol. 2022, 12, 809965. [CrossRef]
[PubMed]

Franklin, ].M.; Vasiljevik, T.; Prisinzano, T.E.; Carrasco, G.A. Cannabinoid agonists increase the interaction between (3-Arrestin 2
and ERK1/2 and upregulate 3-Arrestin 2 and 5-HT2A receptors. Pharmacol. Res. 2013, 68, 46-58. [CrossRef] [PubMed]

Zheng, C.; Chen, L.; Chen, X.; He, X.; Yang, J.; Shi, Y.; Zhou, N. The Second Intracellular Loop of the Human Cannabinoid
CB2 Receptor Governs G Protein Coupling in Coordination with the Carboxyl Terminal Domain. PLoS ONE 2013, 8, e63262.
[CrossRef] [PubMed]

Wu, Q.; Wang, Y.; Cui, X;; Liu, Y.; Zhao, Y. CB2 receptor agonist JWH-133 attenuates chronic inflammation by reprogramming
macrophage polarization through the Nrf2/HO-1 pathway. Eur. J. Pharmacol. 2020, 882, 173304.

Kaspar, J.W.; Niture, S.K,; Jaiswal, A.K. Nrf2:INrf2 (Keap1) signaling in oxidative stress. Free Radic. Biol. Med. 2009, 47, 1304-1309.
[CrossRef] [PubMed]

https://doi.org/10.3390/ijms27156626


https://doi.org/10.1111/febs.12260
https://www.ncbi.nlm.nih.gov/pubmed/23551849
https://doi.org/10.3389/fimmu.2021.790803
https://www.ncbi.nlm.nih.gov/pubmed/35003109
https://doi.org/10.1208/s12248-009-9084-5
https://www.ncbi.nlm.nih.gov/pubmed/19199042
https://doi.org/10.2174/1874467212666190215112036
https://www.ncbi.nlm.nih.gov/pubmed/30767756
https://doi.org/10.1016/j.lfs.2005.05.055
https://www.ncbi.nlm.nih.gov/pubmed/16109430
https://doi.org/10.3390/molecules29143381
https://www.ncbi.nlm.nih.gov/pubmed/39064959
https://doi.org/10.3389/fphar.2021.746391
https://www.ncbi.nlm.nih.gov/pubmed/35222009
https://doi.org/10.1016/j.cell.2008.01.020
https://www.ncbi.nlm.nih.gov/pubmed/18267068
https://doi.org/10.1073/pnas.92.8.3376
https://www.ncbi.nlm.nih.gov/pubmed/7724569
https://doi.org/10.1046/j.1525-1373.2000.22501.x
https://www.ncbi.nlm.nih.gov/pubmed/10998193
https://doi.org/10.3390/ijms241311003
https://www.ncbi.nlm.nih.gov/pubmed/37446181
https://doi.org/10.3390/ijms21207693
https://www.ncbi.nlm.nih.gov/pubmed/33080916
https://doi.org/10.1038/nn.3053
https://www.ncbi.nlm.nih.gov/pubmed/22388959
https://doi.org/10.1098/rstb.2011.0393
https://doi.org/10.1152/ajpendo.00100.2014
https://www.ncbi.nlm.nih.gov/pubmed/24801388
https://doi.org/10.1523/jneurosci.4212-08.2009
https://www.ncbi.nlm.nih.gov/pubmed/19228959
https://doi.org/10.3389/fphar.2021.809965
https://www.ncbi.nlm.nih.gov/pubmed/35140604
https://doi.org/10.1016/j.phrs.2012.11.002
https://www.ncbi.nlm.nih.gov/pubmed/23174265
https://doi.org/10.1371/journal.pone.0063262
https://www.ncbi.nlm.nih.gov/pubmed/24386416
https://doi.org/10.1016/j.freeradbiomed.2009.07.035
https://www.ncbi.nlm.nih.gov/pubmed/19666107
https://doi.org/10.3390/ijms27156626

Int. J. Mol. Sci. 2026, 27, 6626 16 of 17

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Cuadrado, A.; Manda, G.; Hassan, A.; Alcaraz, M.].; Barbas, C.; Daiber, A.; Ghezzi, P.; Leone, R.; Rojo, A.L; Schmeck, B.; et al.
Therapeutic targeting of the NRF2 and KEAP1 partnership in chronic diseases. Nat. Rev. Drug Discov. 2019, 18, 295-317.
[CrossRef] [PubMed]

Campbell, N.K,; Fitzgerald, HK.; Dunne, A. Regulation of inflammation by the antioxidant haem oxygenase 1. Nat. Rev. Immunol.
2021, 21, 411-425. [CrossRef] [PubMed]

Lv, B. The dual roles of natural cannabidiol in combating oxidative stress and inflammation: A potential intestinal guardian. Free
Radic. Biol. Med. 2026, 212, 112-125.

McCoy, K.L. Interaction between Cannabinoid System and Toll-Like Receptors Controls Inflammation. Mediat. Inflamm. 2016,
2016, 5831315. [CrossRef]

Mantovani, A.; Sica, A.; Sozzani, S.; Vecchi, A.; Locati, M.; Allavena, P. The chemokine system in diverse forms of macrophage
activation and polarization. Trends Immunol. 2004, 25, 677-686. [CrossRef] [PubMed]

Murray, PJ.; Allen, J.E.; Biswas, S.K.; Fisher, E.A.; Gilroy, D.W.; Goerdt, S.; Gordon, S.; Hamilton, J.A.; Ivashkiv, L.B.; Lawrence, T.;
et al. Macrophage activation and polarization: Nomenclature and experimental guidelines. Immunity 2014, 41, 14-20. [CrossRef]
[PubMed]

Mosser, D.M.; Edwards, ].P. Exploring the full spectrum of macrophage activation. Nat. Rev. Immunol. 2008, 8, 958-969, Erratum
in Nat. Rev. Immunol. 2010, 10, 460.. [CrossRef] [PubMed]

Gordon, S.; Martinez, FO. Alternative activation of macrophages: Mechanism and functions. Immunity 2010, 32, 593-604.
[CrossRef] [PubMed]

Benoit, M.; Desnues, B.; Mege, ].L. Macrophage polarization in bacterial infections. J. Immunol. 2008, 181, 3733-3739. [CrossRef]
[PubMed]

Sica, A.; Mantovani, A. Macrophage plasticity and polarization: In vivo veritas. J. Clin. Investig. 2012, 122, 787-795. [CrossRef]
[PubMed]

Martinez, FO.; Gordon, S. The M1 and M2 paradigm of macrophage activation: Time for reassessment. F1000Prime Rep. 2014, 6,
13. [CrossRef] [PubMed]

Rossi, F; Tortora, C.; Argenziano, M.; Di Paola, A.; Punzo, E; Carotenuto, M.; Ametrano, O.; Maresca, R.; Signoriello, G.; Miraglia
del Giudice, E. Effects of CB2 Receptor Modulation on Macrophage Polarization in Pediatric Inflammatory Bowel Disease. Int. |.
Mol. Sci. 2025, 26, 3720. [CrossRef]

Argenziano, M.; Pota, V.; Di Paola, A.; Tortora, C.; Di Pinto, D.; Pagnini, F.; Di Martino, M.; Rossi, F. CB2 Receptor as Emerging
Anti-Inflammatory Target in Duchenne Muscular Dystrophy. Int. ]. Mol. Sci. 2023, 24, 3345. [CrossRef]

Younis, N.S. 3-Caryophyllene Ameliorates Cyclophosphamide Induced Cardiac Injury: The Association of TLR4/NFkB and
Nrf2/HO1/NQO1 Pathways. . Cardiovasc. Dev. Dis. 2022, 9, 133. [CrossRef] [PubMed]

Hegde, V.L.; Nagarkatti, P.S.; Nagarkatti, M. Cannabinoid receptor activation leads to massive mobilization of myeloid-derived
suppressor cells. Eur. ]. Immunol. 2010, 40, 3358-3371. [CrossRef] [PubMed]

Yekhtin, Z.; Moshrefi, M.; Chen, Y.; Zuo, P.; Kunos, G. Differential effects of THC and CBD treatments on macrophage immune
function in vitro. Biomedicines 2022, 10, 1793. [CrossRef] [PubMed]

Tomar, S.; Zumbrun, E.E.; Nagarkatti, M., Nagarkatti, P. Protective role of cannabinoid receptor 2 activation in
galactosamine/lipopolysaccharide-induced acute liver failure through regulation of macrophage polarization and microRNAs. J.
Pharmacol. Exp. Ther. 2015, 353, 369-379. [CrossRef] [PubMed]

Wang, Y.Q.; Liu, J.; Cao, J.L.; Zhang, X.Y. CB2R agonist GW405833 alleviates acute liver failure in mice via inhibiting HIF-
la-mediated reprogramming of glycometabolism and macrophage proliferation. Acta Pharmacol. Sin. 2023, 44, 1416-1428.
[CrossRef]

Ke, P; Shao, B.Z.; Xu, Z.Q.; Wei, W.; Han, B.Z.; Chen, X.W.; Liu, C.; Shi, D.F. Activation of Cannabinoid Receptor 2 Ameliorates
DSS-Induced Colitis through Inhibiting NLRP3 Inflammasome in Macrophages. PLoS ONE 2016, 11, e0155076. [CrossRef]
[PubMed]

Singh, U.P; Singh, N.P; Singh, B.; Price, R.L.; Nagarkatti, M.; Nagarkatti, P.S. Cannabinoids Receptor-2 (CB2) agonist ameliorates
colitis in IL-10—/ — mice by attenuating the activation of T cells and promoting their apoptosis. Toxicology 2012, 294, 139-147.
Strisciuglio, C.; Cenni, S.; Tortora, C.; Argenziano, M.; Di Paola, A.; Sgambati, R.F,; Di Pinto, D.; Pota, V.; Rossi, F.; Melina, C.
Cannabinoid Receptor 2 Functional Variant Contributes to the Risk for Pediatric Inflammatory Bowel Disease. ]. Clin. Gastroenterol.
2017, 51, 417-424.

Shake, E.P; Santos, G.V.; Sivaraman, V. Alcohol and cannabinoids differentially regulate macrophage polarization, with co-
exposure producing an antagonistic immunomodulatory effect. Int. J. Mol. Sci. 2026, 27, 4054. [CrossRef] [PubMed]

Yuan, M.; Kiertscher, S.M.; Cheng, Q.; Zoumalan, R.; Tashkin, D.P.; Roth, M.D. A9-Tetrahydrocannabinol regulates Th1/Th2
cytokine balance in activated human T cells. J. Neuroimmunol. 2002, 133, 124-131. [CrossRef] [PubMed]

Srivastava, M.D.; Crea, G.; Srivastava, B.I. Delta9 tetrahydrocannabinol and cannabidiol alter cytokine production by human
immune cells. Immunopharmacology 1998, 40, 179-185. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27156626


https://doi.org/10.1038/s41573-018-0008-x
https://www.ncbi.nlm.nih.gov/pubmed/30610225
https://doi.org/10.1038/s41577-020-00491-x
https://www.ncbi.nlm.nih.gov/pubmed/33514947
https://doi.org/10.1155/2016/5831315
https://doi.org/10.1016/j.it.2004.09.015
https://www.ncbi.nlm.nih.gov/pubmed/15530839
https://doi.org/10.1016/j.immuni.2014.06.008
https://www.ncbi.nlm.nih.gov/pubmed/25035950
https://doi.org/10.1038/nri2448
https://www.ncbi.nlm.nih.gov/pubmed/19029990
https://doi.org/10.1016/j.immuni.2010.05.007
https://www.ncbi.nlm.nih.gov/pubmed/20510870
https://doi.org/10.4049/jimmunol.181.6.3733
https://www.ncbi.nlm.nih.gov/pubmed/18768823
https://doi.org/10.1172/jci59643
https://www.ncbi.nlm.nih.gov/pubmed/22378047
https://doi.org/10.12703/p6-13
https://www.ncbi.nlm.nih.gov/pubmed/24669294
https://doi.org/10.3390/ijms26083720
https://doi.org/10.3390/ijms24043345
https://doi.org/10.3390/jcdd9050133
https://www.ncbi.nlm.nih.gov/pubmed/35621844
https://doi.org/10.1002/eji.201040667
https://www.ncbi.nlm.nih.gov/pubmed/21110319
https://doi.org/10.3390/biomedicines10081793
https://www.ncbi.nlm.nih.gov/pubmed/35892693
https://doi.org/10.1124/jpet.114.220368
https://www.ncbi.nlm.nih.gov/pubmed/25749929
https://doi.org/10.1038/s41401-022-01037-8
https://doi.org/10.1371/journal.pone.0155076
https://www.ncbi.nlm.nih.gov/pubmed/27611972
https://doi.org/10.3390/ijms27094054
https://www.ncbi.nlm.nih.gov/pubmed/42123629
https://doi.org/10.1016/s0165-5728(02)00370-3
https://www.ncbi.nlm.nih.gov/pubmed/12446015
https://doi.org/10.1016/s0162-3109(98)00041-1
https://www.ncbi.nlm.nih.gov/pubmed/9858061
https://doi.org/10.3390/ijms27156626

Int. J. Mol. Sci. 2026, 27, 6626 17 of 17

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Rieder, S.A.; Chauhan, A.; Nagarkatti, P.; Nagarkatti, M. Cannabinoid-induced apoptosis in immune cells as a pathway to
immunosuppression. Immunobiology 2010, 215, 598-605. [CrossRef] [PubMed]

Hegde, V.L.; Hegde, S.; Nagarkatti, P.; Nagarkatti, M. MicroRNA-690 regulates immunosuppressive mechanisms in Tregs after
cannabinoid exposure. J. Biol. Chem. 2011, 286, 41530-41541.

Zhu, L.X.; Sharma, S.; Stolina, M.; Gardner, B.; Hong, S.H.; Dubinett, S.M.; Aberle, N.; Sterman, D.H.; Chang, ].T.; Klein, TW.;
et al. Delta-9-tetrahydrocannabinol inhibits antitumor immunity by a CB2 receptor-mediated, cytokine-dependent pathway:. J.
Immunol. 2000, 165, 373-380. [CrossRef] [PubMed]

Franks, L.N. Editorial: The role of cannabinoids and the endocannabinoid system in anti-cancer therapy. Front. Pharmacol. 2025,
16, 128864.

Carayon, P; Marchand, J.; Dussossoy, D.; Lattard, M.; Bory, M.; Casellas, P. Modulation and functional involvement of CB2
peripheral cannabinoid receptors during B-cell differentiation. Blood 1998, 92, 3605-3615. [CrossRef] [PubMed]

Eisenstein, T.K.; Meissler, ].J. Effects of cannabinoids on T-cell function and resistance to infection. J. Neuroimmune Pharmacol.
2015, 10, 204-216. [CrossRef] [PubMed]

Jeon, YJ.; Yang, K.H.; Pulaski, J.T.; Kaminski, N.E. Activation of NF-kappaB by lipopolysaccharide is inhibited by cannabinoids.
Mol. Pharmacol. 1996, 50, 334-341. [CrossRef] [PubMed]

Meanti, R.; Bresciani, E.; Rizzi, L.; Molteni, L.; Coco, S.; Omeljaniuk, R.J.; Torsello, A. Cannabinoid receptor 2 (CB2R) as potential
target for the pharmacological treatment of neurodegenerative diseases. Biomed. Pharmacother. 2025, 186, 118044. [CrossRef]
[PubMed]

Sharkey, K.A.; Wiley, ].W. The Role of the Endocannabinoid System in the Brain—Gut Axis. Gastroenterology 2016, 151, 252-266.
[CrossRef] [PubMed]

Prentice, H.; Modi, J.P.; Wu, J.-Y. Mechanisms of Neuronal Protection against Excitotoxicity, Endoplasmic Reticulum Stress, and
Mitochondrial Dysfunction in Stroke and Neurodegenerative Diseases. Oxidative Med. Cell. Longev. 2015, 2015, 964518. [CrossRef]
Nagappan, A.; Shin, J.; Jung, M.H. Role of Cannabinoid Receptor Type 1 in Insulin Resistance and Its Biological Implications. Int.
J. Mol. Sci. 2019, 20, 2109. [CrossRef] [PubMed]

Bazwinsky-Wutschke, I.; Zipprich, A.; Dehghani, F. Endocannabinoid System in Hepatic Glucose Metabolism, Fatty Liver Disease,
and Cirrhosis. Int. |. Mol. Sci. 2019, 20, 2516. [CrossRef] [PubMed]

Parfieniuk-Kowerda, A.; Martonik, D.; Andrzejuk, A.; Tarasik, A.; Flisiak, R. Cannabinoids and the endocannabinoid system in
liver diseases. Clin. Exp. Hepatol. 2024, 10, 211-217. [CrossRef] [PubMed]

Miranda, K.; Mehrpouya-Bahrami, P.; Nagarkatti, P.S.; Nagarkatti, M. Cannabinoid Receptor 1 Blockade Attenuates Obesity
and Adipose Tissue Type 1 Inflammation Through miR-30e-5p Regulation of Delta-Like-4 in Macrophages and Consequently
Downregulation of Th1 Cells. Front. Immunol. 2019, 10, 1049. [CrossRef] [PubMed]

Caruso, E.A.; De Nunzio, V.; Tutino, V.; Notarnicola, M. The Endocannabinoid System: Implications in Gastrointestinal Physiology
and Pathology. Int. J. Mol. Sci. 2025, 26, 1306. [CrossRef]

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/ijms27156626


https://doi.org/10.1016/j.imbio.2009.04.001
https://www.ncbi.nlm.nih.gov/pubmed/19457575
https://doi.org/10.4049/jimmunol.165.1.373
https://www.ncbi.nlm.nih.gov/pubmed/10861074
https://doi.org/10.1182/blood.v92.10.3605
https://www.ncbi.nlm.nih.gov/pubmed/9808554
https://doi.org/10.1007/s11481-015-9603-3
https://www.ncbi.nlm.nih.gov/pubmed/25876735
https://doi.org/10.1016/s0026-895x(25)09237-5
https://www.ncbi.nlm.nih.gov/pubmed/8700141
https://doi.org/10.1016/j.biopha.2025.118044
https://www.ncbi.nlm.nih.gov/pubmed/40209306
https://doi.org/10.1053/j.gastro.2016.04.015
https://www.ncbi.nlm.nih.gov/pubmed/27133395
https://doi.org/10.1155/2015/964518
https://doi.org/10.3390/ijms20092109
https://www.ncbi.nlm.nih.gov/pubmed/31035653
https://doi.org/10.3390/ijms20102516
https://www.ncbi.nlm.nih.gov/pubmed/31121839
https://doi.org/10.5114/ceh.2024.145358
https://www.ncbi.nlm.nih.gov/pubmed/40290527
https://doi.org/10.3389/fimmu.2019.01049
https://www.ncbi.nlm.nih.gov/pubmed/31134094
https://doi.org/10.3390/ijms26031306
https://doi.org/10.3390/ijms27156626

	Introduction 
	The Endocannabinoid System as an Immunological Regulatory Network 
	Molecular Mechanisms of Cannabinoid-Mediated Immune Suppression and Organelle Dynamics 
	Macrophage Polarization as a Central Axis of ECS-Mediated Immune Competition 
	Adaptive Immune Modulation and Lymphocyte Reprogramming 
	Functional Immunological Trade-Offs Across Human Cell Systems 
	Strategic Frameworks for Next-Generation Cannabinoid Therapeutics 
	Conclusions 
	References

