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Abstract

Background/Objectives: Cannabinoid use is rising among patients undergoing spinal
fusion, yet its influence on bone healing is poorly defined. The endocannabinoid sys-
tem (ECS)—through cannabinoid receptors 1 (CB1) and 2 (CB2)—modulates skeletal
metabolism. We reviewed preclinical, mechanistic and clinical evidence to clarify how
individual cannabinoids affect fracture repair and spinal arthrodesis. Methods: PubMed,
Web of Science and Scopus were searched from inception to 31 May 2025 with the terms

i

“cannabinoid”, “CB1”, “CB2”, “spinal fusion”, “fracture”, “osteoblast” and “osteoclast”.
Animal studies, in vitro experiments and clinical reports that reported bone outcomes were
eligible. Results: CB2 signaling was uniformly osteogenic. CB2-knockout mice developed
high-turnover osteoporosis, whereas CB2 agonists (HU-308, JWH-133, HU-433, JWH-015)
restored trabecular volume, enhanced osteoblast activity and strengthened fracture callus.
Cannabidiol (CBD), a non-psychoactive phytocannabinoid with CB2 bias, accelerated early
posterolateral fusion in rats and reduced the RANKL/OPG ratio without compromising fi-
nal union. In contrast, sustained or high-dose A’-tetrahydrocannabinol (THC) activation of
CB1 slowed chondrocyte hypertrophy, decreased mesenchymal-stromal-cell mineralization
and correlated clinically with 6-10% lower bone-mineral density and a 1.8-3.6-fold higher
pseudarthrosis or revision risk. Short-course or low-dose THC appeared skeletal neutral.
Responses varied with sex, age and genetic background; no prospective trials defined safe
perioperative dosing thresholds. Conclusions: CB2 activation and CBD consistently favor
bone repair, whereas chronic high-THC exposure poses a modifiable risk for nonunion in
spine surgery. Prospective, receptor-specific trials stratified by THC/CBD ratio, patient sex
and ECS genotype are needed to establish evidence-based cannabinoid use in spinal fusion.

Keywords: endocannabinoid system; spinal fusion; pseudarthrosis; CB2 agonist; cannabidiol;
tetrahydrocannabinol; bone-mineral density

1. Introduction

Cannabis has been used medicinally for millennia, with archaeological evidence of its
use dating back over 6000 years in Central Asia [1]. Ancient Chinese records (~2700 BC)
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describe cannabis preparations for pain relief and as surgical anesthesia [2,3]. By ~1000 BC,
medical use of cannabis had spread to India, where it was employed for analgesia, anticon-
vulsant therapy, and other remedies [4]. Cannabis later entered Western medicine in the
19th century notably through W.B. O’Shaughnessy’s 1843 reports on its efficacy for pain and
muscle spasms [5]. These historical observations underscore the longstanding interest in
cannabis’s therapeutic potential (particularly for pain management), which frames modern
investigations into its role in bone healing [6].

Although the medicinal roots of cannabis are grounded in China, its cultural and
therapeutic use expanded more extensively in ancient India [4]. There, cannabis was not
only used for medical purposes but also consumed recreationally. The Atharva Veda, one of
India’s ancient religious texts, refers to cannabis as one of the five sacred plants, highlight-
ing its psychoactive properties as a function of preparation [1]. By approximately 1000 BC,
Indian physicians employed cannabis for a wide array of therapeutic purposes, including
analgesia, anticonvulsant therapy, hypnosis, antimicrobial treatments, antispasmodic ef-
fects, appetite stimulation, digestive aid, and cough suppression [4]. From its Asian origins,
cannabis spread across ancient Syria, Europe, and Africa, eventually reaching the Amer-
icas [3]. The formal introduction of cannabis into Western medicine occurred in the late
19th and early 20th centuries as European physicians most notably O’Shaughnessy, began
documenting the clinical utility of the plant [5]. Understanding this historical backdrop is
essential for contextualizing current and future investigations into the medical potential
of cannabis.

Today, approximately 4% of the global adult population reports cannabis use, though
prevalence varies by region: around 34% of Australians aged 14 and older, 40% of North
Americans aged 12 and older, and 20% of Europeans aged 15 to 64 report lifetime ex-
posure [7]. Despite ongoing debates over cannabis’s safety, a growing number of U.S.
states and countries worldwide are moving toward legalization for medicinal and/or
recreational use. In the context of modern Western medicine, where pharmaceutical and
surgical interventions dominate, understanding cannabis’s effects on human health is
increasingly important.

Over 100 cannabinoids have been isolated from Cannabis sativa, yet it was not until
the early 1960s that cannabidiol (CBD) was first isolated in 1963, followed by the identi-
fication of THC in 1964 [8,9]. The discovery of the ECS and its receptors, primarily the
cannabinoid receptor type 1 (CB1, encoded by the CNR1 gene) and type 2 (CB2, encoded by
CNR2), marked a pivotal advancement, spurring a wave of mechanistic and physiological
research across organ systems including the central nervous, gastrointestinal, and skeletal
systems [10]. However, the specific effects of cannabis on bone physiology, and particularly
on bone healing, remain poorly characterized. Existing evidence is conflicting: while some
studies suggest ECS activation may enhance bone regeneration [11], others imply inhibitory
effects [12]. Given the plant’s complex biochemical profile comprising multiple cannabi-
noids with varying receptor targets, and the context-dependent physiological responses
they elicit, a clearer and more nuanced understanding is urgently needed.

Each year, over 10 million orthopedic and 1.2 million spinal surgeries are performed,
with a growing proportion of patients reporting cannabis use in the preoperative and
postoperative periods [13,14]. Considering this trend, the present manuscript aims to
provide a comprehensive review of cannabis’s intersection with bone healing and spinal
fusion. We seek to synthesize epidemiological findings, evaluate current clinical evidence,
explore relevant molecular mechanisms and animal model data, and discuss how this
emerging knowledge can inform future research directions and clinical decision-making.
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2. Epidemiology

Cannabis use has become increasingly prevalent worldwide, driven by legalization for
both medical and recreational purposes. According to the 2024 United Nations World Drug
Report, approximately 228 million individuals reported cannabis use globally, surpassing
other substances such as opioids (60 million users) and amphetamines (30 million users) [15].
In the United States, cannabis is now the most used recreational drug, with 19% of the
general population reporting use in 2021 [16]. As of February 2025, 39 states and four U.S.
territories permit medical cannabis use, while 24 states have legalized its recreational use
for adults [17]. Legalization, along with aggressive marketing of cannabis’s health benefits,
has contributed to growing public acceptance and a decline in perceived risks. One prior
study reported a reduction in hospital admissions for chronic pain following legalization in
Colorado, the first U.S. state to permit recreational use [12]. Nonetheless, the clinical utility
of cannabis remains limited by the psychoactive and potentially addictive properties of its
THC component.

Epidemiological data suggests a correlation between increased medical cannabis use
and reduced opioid prescriptions. One study found that 61% of medical cannabis users
cited pain relief as their primary reason for use [18]. Among patients undergoing total
joint arthroplasty, 24% reported prior or current cannabis use, with 2.9% using it within
one year of surgery. In a recent survey, 75% of patients who had previously undergone
joint replacement indicated a willingness to consider cannabis for pain management if
prescribed by a physician, and 39% supported its legalization for recreational purposes [19].
In the context of the ongoing opioid epidemic, cannabis is increasingly viewed as a potential
alternative. Notably, cannabis use among adults aged 65 years and older has increased
sixfold over the past decade, according to the American Association of Hip and Knee
Surgeons [19]. Chronic musculoskeletal pain, arthritis, and insomnia are among the most
frequently cited reasons for use in this age group [20].

These demographic trends intersect with spinal surgery, a field already experiencing
high procedural volumes among older adults with degenerative spinal conditions. Con-
sequently, an increasing number of spine surgeries are being performed in patients who
use cannabis. Despite this, few studies have examined the perioperative implications of
cannabis use in this population. As a result, surgeons currently lack evidence-based guid-
ance on critical questions—such as whether cannabis modifies analgesic needs, influences
postoperative opioid consumption, or affects bone healing and fusion biology. Given these
knowledge gaps, there is an urgent need to investigate cannabis use within spine surgery
cohorts to determine its impact on outcomes and identify any procedure-specific risks
or benefits.

3. Current Clinical Evidence in Spine Surgery

Chronic back pain remains a challenging condition to manage, largely because most
conventional analgesics are unsuitable for long-term use. Preliminary data, however,
suggest a potential role for medicinal cannabis [20]. Price et al., demonstrate in a systematic
review, incorporating four randomized control trials or prospective cohort studies that
cannabis was shown to be effective in treating back pain with no documented adverse
effects [21]. In a 2006 prospective cohort study, Pinsger et al. administered nabilone, a
synthetic cannabinoid, to 30 patients with refractory degenerative back pain and observed
significant reductions in pain scores [22]. Similarly, Yassin et al. reported improvements in
both pain levels and functional outcomes among 31 patients with fibromyalgia-related back
pain who received adjunctive medical cannabis (under physician supervision) alongside
standard analgesic therapies [22]. While these findings are encouraging, both studies were
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limited by small sample sizes, non-randomized designs, and short follow-up periods of six
months, insufficient to assess long-term efficacy, tolerance, or adverse effects.

Notably, these retrospective analyses predominantly reflect recreational cannabis
use (i.e., patient self-use without medical oversight, often characterized as cannabis use
disorder), in contrast to the regulated medical use in the studies above. Conversely, chronic
cannabis use may negatively impact postoperative outcomes. Several studies have shown
that cannabis users exhibit increased opioid consumption both during hospitalization and
in the months following posterior lumbar fusion [23]. A multi-institutional analysis further
revealed longer hospital stays and an elevated risk of future revision surgery among chronic
cannabis users [24]. Similarly, database studies focusing on [25] patients with cannabis use
disorder reported prolonged in-hospital lengths of stay (LOS) following one- or two-level
lumbar fusions [24].

A prior meta-analysis of 788 patients across four studies found that cannabis users
were 3.6 times more likely to require revision for pseudarthrosis after cervical fusion,
though no significant association was observed for lumbar fusion [26]. A separate multi-
institutional study reported a twofold increase in radiographic pseudarthrosis and revision
within the first postoperative year among cannabis users [27]. Additionally, Lambrechts
et al. demonstrated that preoperative marijuana use was associated with a higher risk
of cervical spine reoperation, along with worse one-year postoperative outcomes on the
Physical Component Score, Neck Disability Index, and Visual Analogue Scale for both arm
and neck pain [28]. A PearlDiver database study of 40,989 lumbar spine fusions conducted
between 2010 and 2020 identified a negative synergy between cannabis and tobacco use [28].
Pseudarthrosis risk was highest in patients who used both cannabis and tobacco; after ad-
justing for tobacco, cannabis use alone still carried a higher risk than no cannabis use. Taken
together, the evidence indicates that perioperative cannabis use is independently associated
with higher rates of pseudarthrosis and subsequent revision surgery, outcomes that can
prolong hospitalization and escalate healthcare utilization. Although human evidence
linking cannabinoids to bone mineral density (BMD) and turnover is limited, several small
clinical studies have begun to probe this relationship. Case series provided preliminary
but inconclusive findings following oral administration of CBD in two postmenopausal
women with osteopenia. Participants were randomized to receive either 100 mg or 300 mg
of CBD daily. The treatment was well tolerated and did not adversely affect sleep, mood, or
quality of life. Notably, reductions in bone turnover markers were observed, including de-
creases in carboxyl-terminal collagen crosslinks (CTx) and markers of bone formation such
as procollagen type 1 N-terminal propeptide (P1NP), bone-specific alkaline phosphatase
(BSAP), and osteocalcin (OC) [29]. In a separate interventional study—the first to examine
human biomarkers of bone turnover—short-term treatment with CBD- or THC-dominant
medical cannabis attenuated markers of bone resorption, although the findings were not
clinically significant. Importantly, this study did not evaluate dose-response effects within
treatment groups [30]. An oromucosal spray formulation containing both THC and CBD
has been approved in the United Kingdom for the treatment of spasticity, neuropathic pain,
and multiple sclerosis-related symptoms, though it is not currently approved for use in the
United States [31].

Overall, human clinical data on cannabis use in orthopedic and spinal care remains
mixed. Studies evaluating back pain and spasticity have generally reported positive out-
comes, with minimal adverse events or complications. However, despite its therapeutic
potential, some reports suggest an increased risk of opioid misuse among cannabis users.
Regarding bone healing, most available studies are retrospective and indicate that cannabis
may inhibit bony union and reduce fusion rates. This trend contrasts with findings from
in vivo and in vitro models, which often show neutral or even beneficial effects. Notably,
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in vitro cell culture studies and in vivo animal models often report neutral or positive
effects of cannabinoids on bone (e.g., enhanced bone formation in mice), whereas ret-
rospective clinical studies in humans have linked cannabis use to inhibited bone union.
These conflicting outcomes can be partly explained by differences in dosage and context:
cannabinoids exhibit biphasic effects (beneficial at one dosage and inhibitory at a higher
dosage), and animal studies typically use controlled timing and doses that may not mir-
ror the chronic, varied use patterns in patients. Additionally, species-specific responses
and the presence of confounders (like nicotine co-use or metabolic differences) in human
populations may mask or modify the direct effects observed in simplified models. Im-
portantly, many clinical studies fail to account for key confounding factors—such as the
specific cannabis strain used, the relative cannabinoid composition (e.g., THC vs. CBD
vs. CBG), dosing, method of consumption (e.g., Topical vs. Inhalation vs. Ingestion) and
concurrent tobacco use which may contribute to the observed discrepancies. Although a
few small prospective studies and clinical trials have reported encouraging results, more
robust human data are urgently needed. Future research should focus on well-designed
randomized controlled trials and prospective cohort studies, specifically addressing the
following categories: (1) bony healing and fusion, (2) pain management, (3) postopera-
tive complications, and (4) psychological and neuroadaptive outcomes such as tolerance,
dependence, and opioid sensitivity.

4. Endocannabinoid Physiology and Bony Healing/Fusion

The term “endocannabinoid system” (ECS) was introduced in the 1990s following
the discovery of membrane receptors for tetrahydrocannabinol (THC) and their corre-
sponding endogenous ligands [10]. The ECS is now recognized as a complex signaling
network composed of cannabinoid receptors, endogenous lipid ligands, and the enzymes
responsible for their biosynthesis and degradation [32]. The two primary endocannabi-
noids are N-arachidonoylethanolamine (anandamide, AEA) and 2-arachidonoylglycerol
(2-AG), which act primarily on the CB1 and CB2 cannabinoid receptors (Figure 1). Addi-
tional endogenous molecules capable of modulating CB1 and CB2 include: 2-AG ether,
N-arachidonoyldopamine, O-arachidonoyl ethanolamine, and oleamide, though they re-
main less well characterized [32]. Both CB1 and CB2 are G-protein—coupled receptors
(GPCRs) expressed at varying levels throughout the body. CB1 is primarily located in the
central and peripheral nervous systems, while CB2 is more abundant in the skeletal and
immune systems [33].

Physiologically, the ECS plays a critical role in modulating both short- and long-term
synaptic plasticity in the central nervous system by regulating excitatory and inhibitory
neurotransmission [34,35]. These mechanisms contribute to the modulation of cognition
and emotional processing within the cortex, hippocampus, and amygdala [33]. CB1 receptor
activation is implicated in pain modulation, cardiovascular regulation, gastrointestinal
motility, respiratory control, and the secretion of hypothalamic hormones and peptides,
with further modulation by steroid hormone interactions [36,37]. While CB2 was historically
less studied, recent research has begun to elucidate its role in immune signaling and
inflammation, chronic pain, and skeletal homeostasis [33,38-40].

Endocannabinoid concentrations are notably high in both bone and brain tissue, sug-
gesting local production and regulatory function in these environments [41]. Osteoblasts,
osteoclasts, and chondrocytes express both CB1 and CB2, underscoring the ECS’s involve-
ment in skeletal physiology [42]. In bone tissue, both CB1 and CB2 receptors are present on
osteoblasts, osteoclasts, and other skeletal cells (Figure 1), alongside the enzymatic machin-
ery that regulates endocannabinoid levels. The evolutionary conservation of the ECS across
a wide range of mammalian species—and even in more distantly related organisms such as
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cnidarians—further supports its fundamental biological significance beyond psychotropic
effects [43]. This conservation highlights the potential of targeting the ECS in therapeutic
applications across diverse tissues.

Cannabinoid Ligands

Endocannabinoids
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Botanical Cannabinoids

@) @ceo)
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Figure 1. A schematic of the endocannabinoid system and receptor distribution in bone tissue. The
figure shows CB1 (red) and CB2 (blue) receptors on osteoblasts and osteoclasts, along with their
endogenous ligands (anandamide and 2-AG) and the enzymes that synthesize and degrade these
ligands. This schematic highlights how ECS components are present in bone cells and may regulate
bone remodeling.

Importantly, both endogenous and exogenous cannabinoids interact with the ECS in a
context-dependent manner. Ligands derived from endogenous sources (endocannabinoids),
plants (phytocannabinoids), or synthetic compounds exhibit varying receptor affinities and
cell-type-specific selectivity, producing distinct physiological effects. Within the skeletal
system, these receptor-ligand interactions are thought to influence bone remodeling, repair,
and overall musculoskeletal health [42,44]. Therefore, a deeper mechanistic understand-
ing of ECS signaling and its modulation by plant-derived and synthetic cannabinoids is
necessary to fully evaluate their therapeutic potential in bone healing and regeneration.
Endogenous cannabinoids such as anandamide (AEA) and 2-arachidonoylglycerol (2-AG)
are synthesized on demand by cells (rather than stored in vesicles). In bone tissue, both
osteoblasts and osteoclasts can produce AEA and 2-AG locally. Notably, endocannabinoid
levels are dynamic and can increase in response to physiological stimuli—for instance,
neither AEA nor 2-AG is detectable in normal joint fluid, but both appear in high concen-
trations in synovial fluid after joint injury, indicating that these signaling lipids are released
on-site during trauma. This activity suggests a role for the endocannabinoid system in the
acute injury response and healing process. Such findings also parallel age-related changes
observed in the ECS; for example, the osteogenic growth peptide (an endogenous CB2
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for Bone Formation

ligand that helps maintain bone formation) declines significantly with age, potentially
reducing endocannabinoid “tone” in older individuals [45].

5. CB1 Receptor

Cannabinoids exert their effects on bone primarily through the CB1 and CB2 re-
ceptors, though other receptors such as GPR55, GPR119, TRPV1, and TRPV4 may also
contribute [32,42]. Traditionally, CB1 is referred to as the neuronal cannabis receptor and
CB2 is the non-neuronal receptor- although both regulate bone metabolism in different
ways. Knock-out, In Vivo and In vitro animal models have demonstrated CB1 as a key
component to bone metabolism. Both CB1 antagonists and mouse KO models have been
shown to increase bone mass in young animals but exacerbate osteoporotic bone loss in
older ones, suggesting CB1 impairs bone maturation during youth while providing protec-
tive effects later in life [32,44,46-48] (Tables 1-3). In fact, CB1 levels in osteoblasts increase
with age [46]. CB1 activation has also been associated with enhanced bone formation
following trauma to bones such as the calvarium and femur [47]. Tam et al., demonstrated
one possible mechanism in which CB1 regulates bone metabolism in which they report CB1
receptors are present in the sympathetic terminals of bone [48]. The mechanism proposed
is that Norepinephrine (NE) from sympathetic terminals tonically suppress bone formation
via B2 adrenergic receptors but through activation of 2-AG and blockage of NE release,
alleviated suppression of bone formation (Figure 2).

A.) Model of mechanism for CB1 modulation B.) Model of mechanism for CB2 modulation for osteoblast
proliferation
. Cannabinoid )
Sympathetic Nerve Osteoblast

Terminal CB2 ﬁA

@ ERK
o NE
A
* * Nucleus
B2 @ an2 OC_)
Adrenergic ERK _’[ﬁm mapkap2

Receptor

P p Osteoblast
. CREB Proliferation
Bone Formation

Osteoblast

Figure 2. Effects of CB1 and CB2 receptor modulation on osteoblasts, osteoclasts, and mesenchymal
stem cell differentiation. CB1 and CB2 signaling influence bone remodeling via distinct pathways:
CB2 activation (B) directly stimulates osteoblast differentiation and activity (promoting new bone
formation) while inhibiting osteoclast development and function (reducing bone resorption), in
part by down-regulating RANKL and up-regulating pro-osteogenic factors (e.g., Wnt/3-catenin
and VEGEF signaling). CB1 activation (A) acts largely through the nervous system: activation of
CB1 on sympathetic nerve terminals can indirectly enhance osteogenesis by reducing adrenergic
(norepinephrine-mediated) inhibition of osteoblasts; however, excessive CB1 stimulation (for example,
by high-dose THC) can suppress both osteoblast and osteoclast activity, reflecting a dose-dependent
biphasic effect on bone remodeling.
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Cannabinoids exert their effects on bone primarily through the CB1 and CB2 re-
ceptors, though other receptors such as GPR55, GPR119, TRPV1, and TRPV4 may also
contribute [32,42]. Traditionally, CB1 is referred to as the neuronal cannabis receptor and
CB2 is the non-neuronal receptor- although both regulate bone metabolism in different
ways. Knock-out, In Vivo and In vitro animal models have demonstrated CB1 as a key
component to bone metabolism. Both CB1 antagonists and mouse KO models have been
shown to increase bone mass in young animals but exacerbate osteoporotic bone loss in
older ones, suggesting CB1 impairs bone maturation during youth while providing protec-
tive effects later in life [32,44,46-48] (Tables 1-3). In fact, CB1 levels in osteoblasts increase
with age [46]. CB1 activation has also been associated with enhanced bone formation
following trauma to bones such as the calvarium and femur [47]. Tam et al., demonstrated
one possible mechanism in which CB1 regulates bone metabolism in which they report CB1
receptors are present in the sympathetic terminals of bone [48]. The mechanism proposed
is that Norepinephrine (NE) from sympathetic terminals tonically suppress bone formation
via B2 adrenergic receptors but through activation of 2-AG and blockage of NE release,
alleviated suppression of bone formation (Figure 2).

Cannabinoids exert their effects on bone primarily through the CB1 and CB2 re-
ceptors, though other receptors such as GPR55, GPR119, TRPV1, and TRPV4 may also
contribute [32,42]. Traditionally, CB1 is referred to as the neuronal cannabis receptor and
CB2 is the non-neuronal receptor- although both regulate bone metabolism in different
ways. Knock-out, In Vivo and In vitro animal models have demonstrated CB1 as a key
component to bone metabolism. Both CB1 antagonists and mouse KO models have been
shown to increase bone mass in young animals but exacerbate osteoporotic bone loss in
older ones, suggesting CB1 impairs bone maturation during youth while providing protec-
tive effects later in life [32,44,46-48] (Tables 1-3). In fact, CB1 levels in osteoblasts increase
with age [46]. CB1 activation has also been associated with enhanced bone formation
following trauma to bones such as the calvarium and femur [47]. Tam et al., demonstrated
one possible mechanism in which CB1 regulates bone metabolism in which they report CB1
receptors are present in the sympathetic terminals of bone [48]. The mechanism proposed
is that Norepinephrine (NE) from sympathetic terminals tonically suppress bone formation
via B2 adrenergic receptors but through activation of 2-AG and blockage of NE release,
alleviated suppression of bone formation (Figure 2).

CB1 and CB2 immunostaining in hypertrophic chondrocytes of the epiphyseal growth
cartilage further link CB1 to longitudinal growth and potentially to fracture repair. In vitro
demonstrates that CB1 receptor agonists show increased osteogenic differentiation [49,50].
Yan et al., demonstrate mechanistic pathways in which CB1 activation can activate JNK,
p38 MAPK and inhibit Erk %2 pathways to rescue mitochondrial metabolism and improve
bone regeneration [50]. Aligned with these findings, Gowran et al. show that an antagonist
(THC) at CB1 induced apoptosis in bone marrow stem cells, while upregulation of CB1
showed improvements in survival during times of stress [51]. Of note, the CB1 receptor
has a myriad of other effects physiologically, with activation leading to weight gain and
metabolic syndrome, an important consideration in patients who are either underweight or
overweight [50]. Although CB1 activation has demonstrated positive results in prevention
of osteoporosis, the exact mechanism remains underexplored and an important area of
investigation moving forward.
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Table 1. Murine Knock-Out Models.

Genotype Phenotype/Effect Murine Strain Sex Age Citations
CB1 Related Knock-Outs

Elevated trabecular & cortical bone mass (young

CB1—-/— C57BL/6] M/F 8-11 weeks Idris 2005 [52]
adults)
CB1_/— Age-related osteoporosis with low bone formation C57BL/6] M/F 12 months Idris 2009 [46]
and fatty marrow
CBl_/— Suppressed bone forma.tlon via heightened C57BL/6] M/F 3 months Tam 2008 [47]
sympathetic tone
CB1—/— Elongated femur & tibia from growth-plate C57BL/6] M/F 6 weeks Wasserman 2015 [53]
expansion
CB2 Related Knock-Outs
CB2—/— Accelerated trabecular bone loss C57BL/6] M/F 8-11 weeks or 51 weeks Ofek 2006 [54]
CB2—/— Accelerated Cortical Expansion C57BL/6] M/F 8-11 weeks or 51 weeks Ofek 2006 [54]
CB2—/— Increased activity of Trabecular Osteoblasts C57BL/6] M/F 8-11 weeks or 51 weeks Ofek 2006 [54]
CB2—/— Increased Activity of Osteoclasts C57BL/6] M/F 8-11 weeks or 51 weeks Ofek 2006 [54]
CB2—/— Decreased Diaphyseal Osteoblast precursors C57BL/6] M/F 8-11 weeks or 51 weeks Ofek 2006 [54]
CB2—/— Increased Cortical Bone C57BL/6 M/F 3 months Khalid 2015 [55]
CB2—/— Reduced capacity to form bone & no protective C57BL/6 F 8 weeks Sophocleous 2011 [56]
effects from CB2 agonists
CB2—/— Low Bone Turnover & High Trabecular Bone D1 M/F 12 Months Sophocleous 2014 [57]
Mass-In young females

P62 KO Osteoanabolic Effect Pg62 Mice M/F 3 months Keller 2022 [44]

P62 KO Increased number of Osteoblasts and Osteoclasts Pg62 Mice M/F 3 months Keller 2022 [44]
CB2—/— Young female mice had hlgher. trabecular bone CD1 Mice M/E 3 months Sophocleous 2014 [57]

mass but lost more with age.

CB2—/— Similar bone volume decrease compared to C57BL/6 Mice M/F 3 months Sophocleous 2014 [57]

wild-type & bone mass reduced with age.

Summary of murine knockout models and their bone-related phenotypes. Abbreviations: M/F = male/female; KO = knockout.
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Table 2. In Vivo Animal Studies.
. . . Agonist or e
Study Design Strain Sex Age Receptor Ligand Antagonist Phenotype/Effect Citation
CB1 Related In Vivo Models
Ovariectomy- Bone mass
induced bone loss . . preserved; .
(global KO + C57BL/6] F Adult CB1 Rimonabant Antagonist osteoclast Idris 2005 [52]
rimonabant) suppression
. CB1-dependent
Mild TB.I remote C57BL/6] M 12 weeks CB1 2-AG Agonist bone formation; Tam 2008 [47]
bone-gain model .
absent in KO
Glucocorticoid )
osteoporosis Sprague- 3—4 mo. & 12-14 Antagonist prevents
M ’ CB1 Rimonabant Antagonist loss in young; Samir 2014 [58]
(methyl-pred £ Dawley mo. .
: worsens loss in old
rimonabant)
Calvarial TBI Skull bone gain
bone-gain model £ ICR & C57BL/6] M 6 & 12 weeks CB1 Rimonabant Antagonist CB1-dependent; Eger 2019 [59]
rimonabant Antagonist blocks
Diabetic bone loss, va/frﬁ?i?vlf; Baraghithy 2021
renal-tubule CB1 C57BL/6] M Adult CB1 CBI1 antag Antagonist P U
KO increased EPO and [60]
formation
CB2 Related In Vivo Models
Ovariectomy- Agonist & Age-Related Rapheal-
y C57BL/] M/F 3 vs. 6 months CB2 oGP Allosteric Decline in Bone Mizrahi 2022
Induced Bone Loss
Modulator Mass [45]
Glucocorticoid (?lﬂizlcaot;gilo(i)il
induced Sprague Dawley M 10 weeks CB2 JWH133 Agonist . Sun 2021 [61]
. induced
Osteonecrosis

Osteonecrosis
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Table 2. Cont.

Agonist or

Antagonist Phenotype/Effect Citation

Study Design Strain Sex Age Receptor Ligand

Glucocorticoid
induced
Osteonecrosis

Sprague Dawley Stimulation of

Rat M 10 weeks CB2 JWH133 Agonist Angiogenesis Sun 2021 [61]

Ovariectomy- . . Protective of Bone Smoum 2015
Induced Bone Loss C57BL/6] Mice M/F 10 weeks CB2 HU-308 Agonist Loss [62]

Protective of Bone
Loss (3—4 order of Smoum 2015
magnitude more [62]
potent)

Ovariectomy-

Induced Bone Loss ~ —°/ PL/6) Mice M/F 10 weeks CB2 HU- 433 Agonist

Up-regulated Notch
1 Expression and
Mice F 10 weeks CB2 2-AG Agonist promoted Tian 2021 [63]
differentiation of
hbMSCSs

Attenuates Bone
loss, stimulated
cortical thickness,
suppresses
osteoclast number
and stimulates
C3H Mice F 8 or 51 weeks CB2 HU-308 Agonist endocortical bone Ofek 2006 [54]

formation.
Suppressed
Osteoclast genesis.
By reducing the
availability of
RANKL.

Summary of in vivo animal studies examining effects of cannabinoid receptor modulation on bone outcomes. Abbreviations: TBI = traumatic brain injury; KO = knockout;
EPO = erythropoietin; mo. = months.

Ovariectomy-
Induced Bone Loss

Ovariectomy-
Induced Bone Loss
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Table 3. In Vitro Studies.

. . Agonist or e .
Cell Line Cell-Type Receptor Ligand Antagonist Effect Citation
R(+)- Increased osteogenic
PDLSCs MSCs (periodontal) CB1 Methanandamide Agonist differentiation Yan 2019 [49]
(TNF/IFN-resistant)
Increased mineralization;
hBMSCs MSCs (bone marrow) CB1 CB1 over-expression Genetic OE rescued TNF/IFN Yan 2022 [50]
inhibition
SR141716A Induced apoptosis;
Mouse BMSCs MSCs (bone marrow) CB1 . Antagonist decreased mineralized Gowran 2013 [51]
(Rimonabant) .
matrix
CD14*-derived OCs Osteoclasts CB1 Anandamide (AEA) Agonist Incree}sed osteoclqst
formation + resorption
Osteogenic protection Via
BMSCs MSCs (bone marrow) CB2 JWH133 Agonist GSK/3B/B-Catenin Sun 2021 [61]
signaling pathway
Stimulation of
. Angiogenesis Via
BMSCs MSCs (bone marrow) CB2 JWH133 Agonist endothelial cell migration Sun 2021 [61]
& VEGF
Osteogenic
C57BL/6 Mice BMSCs CB2 CBD Agonist Differentiation Via p38 Li 2022 [64]
MAPK signaling pathway
Human Bone Marrow Osteoblasts CB2 JWH-133 Agonist Improves Osteogenesis Rossi 2015 [65]
Mouse Calvarial cells Osteoblasts CB2 HU-308/HU-433 Agonist Protection of Bone Loss Smoum 2015 [62]
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Table 3. Cont.

Agonist or

Cell Line Cell-Type Receptor Ligand Antagonist Effect Citation
Osteoblast Proliferation
Via Erk1/2
MC3T3 E1 Osteoblasts CB2 HU-308 Agonist phosphorylation and Ofek 2011 [66]
Map-kapk?2 protein
synthesis in G protein
cyclin D1 mitogenic axis
Desmethoxyyangoni,
Flavokawain A, Promote Osteogeneis &
BMSCs & R.AW264'7 Osteoblasts & CB2 Echinatin, Mangiferin, Agonist Inhibit Osteoclast Hu 2022 [67]
cell line Osteoclasts . . . .
11-keto-B-boswelic Differentiation
acid
Human Osteoblasts Osteoblasts CB2 OGP Agonist Proliferation of Raphael-Mizrahi 2022
Osteoblasts [45]
Mouse BDMS BDMS CB2 oGP Agonist Attenuzfltlon of Qsteoclast Raphael-Mizrahi 2022
Differentiation [45]
. Anti-Inflammatory Raphael-Mizrahi 2022
Mouse BDMS BDMS CB2 OGP Agonist Activity in Macrophages [45]
Direct stimulation of
stromal cells/osteoblasts
Mouse BMDS BDMS & Osteoblasts CB2 HU-308 Agonist and inhibition of Ofek 2006 [54]
monocytes/osteoclasts by
direct inhibition of
RANKL expression
Human Bone Marrow Osteoblasts TRPV1 Resiniferatoxin (RTX) Agonist Improves Osteogenesis Rossi 2015 [68]

Summary of in vitro studies on cannabinoid receptor effects. Abbreviations: MSCs = mesenchymal stem cells; BDMS = bone-derived mesenchymal stromal cells; IFN = interferon;

TNF = tumor necrosis factor; OE = over-expression; OGP = osteogenic growth peptide.
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6. CB2 Receptor

The CB2 receptor is found in bone cells at higher levels than CB1 receptors [51]. In
cortical bone, CB2 activation drives endosteal formation by stimulating osteoblast prolifer-
ation, differentiation and matrix deposition [69]. Developmentally, CB2 also contributes to
bone elongation [70]. One study further demonstrated that CB1 and CB2 are expressed in
hypertrophic chondrocytes within the epiphyseal growth cartilage (EGC), which drives
vertebrate skeletal growth and could potentially be implicated in bone healing [53]. CB2
receptor activation consistently promotes osteogenesis by enhancing osteoblast activity,
reducing osteoclast formation, and accelerating fracture repair; conversely, CB2 knock-out
models exhibit osteoporotic, high-turnover bone phenotypes [54]. Ofek et al., demonstrate
that CB2 deficient mice have age accelerated trabecular bone loss, while CB2 agonists
having a positive effect on maintaining bone mass via osteoblastic and osteoclastic CB2 sig-
naling [54]. Four widely used synthetic CB2-selective agonists—HU-308, HU-433, JWH-133
and JWH-015 enhance osteoblast activity, whereas the synthetic antagonists AM-630 and
SR-144528 curb osteoclast differentiation and function [52,56,71,72]. Mixed cannabinoid
agonists such as WIN55,212-2 have also demonstrated neutral or mildly beneficial effects on
spinal fusion outcomes, suggesting that CB2-biased or CBD-rich cannabinoid regimens may
support early bone formation without compromising final fusion integrity [73]. Further-
more, alternative circulating peptides- Osteogenic growth peptide (OGP) shows evidence
of ameliorating age-related bone loss by maintaining a skeletal “CB2 tone [73].” Of note,
circulating OGP declines significantly with age, indicating endogenous peptide signaling
may have important roles in skeletal human health [45].

CB2-related knock-out models demonstrate overall that CB2 is essential for bone
regulation and growth, although there are a few key nuances. Ofek et al., demonstrate
accelerated trabecular bone loss but accelerated cortical expansion in a CB2 —/— model [54].
Despite some conflicting findings, overall removal of CB2 receptor results in increased
activity of osteoclasts and decreased osteoblast precursors. Furthermore, CB2 —/— in
young mice showed increased cortical bone but in older mice showed high trabecular
bone [57]. Sophocleous et al., demonstrate that CB2 receptor has gender and age specific
effects that also depend on genetic differences between mouse strains [1]. Moreover, P62,
an regulatory site, showed osteoanabolic effects and increased numbers of osteoblasts and
osteoclasts when the gene was knocked out [44].

Cannabis use is increasingly prevalent among patients with spinal disorders, yet its
influence on bone healing and spinal fusion remains complex and incompletely defined.
In vitro studies showed similar results, with activation of CB2 resulting in osteogenesis,
proliferation of osteoblasts, attenuation of osteoclast differentiation and anti-inflammatory
activity of macrophages [45,67]. Moreover, Sun et al. showed osteogenic protection via the
GSK/3B/B-Catenin pathways and stimulation of angiogenesis [53,67]. Mechanistically,
this is still being elucidated but these studies show GSK/3B/B-Catenin, VEGEF, Erk 1%, and
inhibition of receptor activator of nuclear factor kappa-B ligand (RANKL) to be part of our
current understanding [54,61,64]. In a rat posterolateral spinal fusion model, activation of
CB2 receptors significantly increased new bone formation at the fusion site, consistent with
CB2’s osteogenic mechanism of action. Mechanistically, CB2 signaling promotes Wnt/ 3-
catenin pathways and angiogenesis (via VEGF), while suppressing osteoclastogenesis
through RANKL inhibition, which together drive a more robust fusion mass. It is important
to highlight the varied effects different ligands have at CB2. OGP showed age-related
decline in bone mass. In murine experiments, the synthetic CB2 agonist JWH-133 alleviated
glucocorticoid-induced bone loss via activation of 3-catenin signaling [61]. HU-308 had
similar results in which it had protection of bone loss, with HU-433 have 3—4 orders of
magnitude more bone loss protection [62]. This demonstrates that, not only activation of
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CB2 needs to be accounted for but variations in binding and even other modulatory sites.
This makes further research key- as cannabis in public use varies widely in strains, dosages,
and composition.

6.1. Cannabidiol (CBD)

Cannabidiol (CBD) is a weak antagonist for CB1 and CB2 receptors, but also interacts
with TRPV1, TRPV2, GPR55, and dopamine receptors [74]. Numerous studies support
CBD’s role in bone homeostasis, fracture healing, and regeneration. One study in a rat
spinal cord injury model found that CBD attenuated sub lesional cancellous bone loss,
enhanced bone volume and thickness, and improved mechanical properties of bone [70]. Li
et al., demonstrated that CBD upregulated mRNA expression of alkaline phosphatase and
osteoprotegerin and downregulated expression of NF-kB ligand- showing positive potential
for SCI induced bone loss. Another showed that CBD alone significantly enhanced the
mechanical strength of fracture callus, although it did not increase bone volume or mineral
content [11]. Additional research confirmed that CBD promotes osteogenic differentiation
of mesenchymal stem cells (MSC), resulting in improved bone bridging [75].

During early inflammation, CBD was shown to accelerate mineralization of the fibro-
cartilaginous callus and increase the viability and proliferation of bone and bone marrow
cells [76]. These effects led to higher bone volume fraction, increased bone mineral density,
and improved mechanical strength of newly formed bone. The results were promising
enough to suggest that CBD could potentially replace NSAIDs for post-fracture pain man-
agement while simultaneously promoting bone repair [76].Mechanistically, CBD promotes
bone regeneration through the upregulation of osteogenic genes such as ALPL, BMP4, and
RUNX2 [73]. In osteoporotic animal model populations, CBD has been shown to improve
bone morphology, although further research is warranted [77].

Both THC and CBD demonstrate dose-dependent effects on human osteoclast fusion
and bone resorption [78]. At lower doses, osteoclast fusion was unaffected while bone re-
sorption increased; at higher doses, both osteoclast fusion and resorption were inhibited. In
co-culture systems, both osteoclastic activity and alkaline phosphatase activity of osteoblast
lineage cells were suppressed. Cannabinoid receptor CNR2 is more highly expressed than
CNR1 in CD14+ monocytes and pre-osteoclasts; differentiation into mature osteoclasts was
associated with decreased CNR2 expression. Under co-culture conditions, expression of
CNR2,but not CNR1,was detected in both osteoclast and osteoblast nuclei [78].

Overall, relative to other cannabinoids, besides THC, CBD is the most well studied.
CBD has a very safe profile, is non-intoxicating and does not reinforce cravings [79]. Two
interventional clinical, human studies conducted by Kulpa et al., demonstrated positive
effects- such as attenuation of bone loss. Despite some evidence of improved bone turnover,
the results were inconclusive [29,30]. The preclinical data overall has shown positive effects
in vitro and in vivo but more mechanistic studies and randomized clinical trials need to be
done to demonstrate CBD’s overall potential, although currently promising.

6.2. Cannabigerol (CBG)

Cannabigerol (CBG) is a major phytocannabinoid found in Cannabis that is gaining
interest due to its non-psychotropic effects. It functions as a partial agonist at CB2 receptors,
with measurable, though not fully elucidated, activity at CB1 [80]. Although not tradition-
ally studied in the context of bone healing, one study demonstrated that CBG attenuates
neuropathy-induced hypersensitivity, particularly in models of neuropathic rather than
thermal or persistent pain [81]. In a fracture model, CBG was associated with improved
bone volume fraction, bone mineral density, and mechanical strength [76]. Most interesting
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about this study is that CBG demonstrated healing mechanisms and outcomes comparable
to CBD regarding bone healing.

Few studies have addressed cannabinoid pharmacokinetics, though it is known that
CBG is the biosynthetic precursor to other cannabinoids. Cannabigerolic acid (CBGA),
the native plant form of CBG, has been shown to be absorbed 40 times more efficiently
than CBG in dogs, regardless of fed or fasted state [82].These findings underscore the
importance of cannabinoid formulation, dosage, and route of administration in determining
bioavailability and therapeutic efficacy. Although THC and CBD hold most of the space
regarding research of bone healing, these early studies show that CBG can also help in
not only bone healing but also limit pain. Our review highlights the importance of further
research in all types of cannabinoids and cannabis formulations, as they can potentially
provide additive or complimentary effects that could benefit patients undergoing surgery
or healing from bone fractures.

6.3. Tetrahydrocannabinol (THC)

Tetrahydrocannabinol (THC), the primary psychoactive constituent of cannabis, func-
tions as a partial agonist at both CB1 and CB2 receptors [42]. Its effects on skeletal devel-
opment and bone healing are multifaceted, with distinct age, sex, and dose-dependent
implications. In preclinical studies, THC administration slowed skeletal elongation through
CB1 activation in female rats, while males were unaffected. THC exposure was also asso-
ciated with reduced body weight [53]. These findings are consistent with prior evidence
suggesting that cannabis may exert anti-estrogenic effects [83]

Developmental exposure to THC, particularly during pregnancy, has been shown to
impair intrauterine, femoral, and vertebral growth in animal offspring [53]. In juvenile
animal models, THC inhibits chondrocyte hypertrophy and endochondral ossification,
primarily through CB1 receptor signaling [53]. This reflects suppression of growth plate
activity and disruption of normal skeletal development. In the context of bone healing,
THC exhibits a biphasic response. In vitro, studies demonstrate that lower doses enhance
human osteoclast resorption, while higher doses inhibit both osteoclast and osteoblast
activity [78]. Chronic THC exposure has also been shown to reduce MSC viability and im-
pair osteogenic differentiation [51]. Additionally, THC may attenuate the bone-promoting
effects of cannabidiol (CBD) at later stages of healing, indicating a complex interaction
between cannabinoids that depends on timing and dosage [11].

These mechanistic findings are supported by clinical data. Retrospective clinical
studies have linked heavy cannabis use with higher pseudarthrosis rates in spine fusion
patients. Chronic heavy cannabis use has been associated with reduced bone mineral
density, typically in the range of 6 to 10 percent, and a significantly higher rate of pseu-
darthrosis following spinal fusion surgery [26]. One study reported up to a 3.6-fold increase
in revision surgery risk among heavy users [25,26]. Although there is a need for prospective
randomized controlled trials to confirm retrospective data and preliminary basic science
findings, clinicians should provide careful counseling on the skeletal risks associated with
THC use. Both dosage and chronicity may serve as modifiable risk factors that should be
considered in a manner like tobacco use when evaluating bone health and surgical out-
comes. In contrast, non-psychoactive cannabinoids such as CBD or CB2-selective agonists
may offer opioid-sparing analgesic benefits without impairing fusion outcomes [73].

Future research should prioritize prospective trials that clearly define THC/CBD
ratios, optimal dosage thresholds, and cannabinoid formulations, and that incorporate
pharmacokinetic monitoring to correlate dosing with drug levels and healing outcomes.
These studies must also account for confounding factors. For example, researchers should
use appropriate statistical approaches (multivariable regression, propensity score matching,
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etc.) to control for co-variables like tobacco use or concurrent medications, thereby isolating
the effects of cannabis itself. A targeted and personalized approach will be essential to
safely integrate cannabinoid science into perioperative care while maximizing therapeutic
potential and minimizing skeletal risk.

Future studies must address three key areas to translate preclinical insights into
clinical practice. First, researchers need to identify which specific cannabinoids and at
what doses most reliably accelerate bone healing. Early evidence indicates that CBD
consistently promotes osteoblast activity, whereas chronic, high-dose THC may impair
fusion; compounds such as CBG also show promise but require head-to-head comparison
in well-controlled animal models. Second, it is essential to clarify how confounding
factors modify these effects. Tobacco co-use (for example, cannabis mixed with nicotine),
and concurrent opioid consumption could alter the bone-repair process, and different
delivery methods (smoking, edibles, topicals) may influence pain control, inflammation,
and local tissue healing. Third, developing simple, noninvasive biomarkers such as serum
collagen crosslinking enzymes or bone turnover markers will allow clinicians to track
fracture or fusion progress in real time. By conducting rigorous, multimodal studies that
include healthy adults as well as high-risk groups (osteoporotic, elderly, or postmenopausal
patients), the field can establish evidence-based guidelines for leveraging cannabinoids in
spinal fusion and fracture care.

7. Conclusions

In summary, preclinical data indicate that cannabinoids influence bone healing through
the endocannabinoid system, with an overall trend toward positive effects. Given the
limitations of available studies (often small, retrospective, and subject to confounding),
these data should be regarded as preliminary. Prospective research will be needed to
confirm whether the observed associations are truly causal.

Despite the breadth of data summarized, significant uncertainties and conflicting
evidence remain. Preclinical models and clinical studies do not always agree; for instance,
animal experiments often show cannabinoid-driven bone formation, whereas human
observational studies sometimes link cannabis use to impaired healing. These discrepancies
highlight key controversies in the field and underscore the influence of context (dose,
duration, and individual patient factors) on outcomes. In our view, chronic heavy THC
exposure emerges as a modifiable risk factor for nonunion, like tobacco use, even though
short-term or low-dose cannabinoid exposure might be benign or even beneficial. We
advise interpreting the current evidence with caution: findings are intriguing but not yet
definitive, and mechanistic complexities (e.g., biphasic dose responses, poly-cannabinoid
interactions) mean that further research is needed before drawing firm clinical conclusions.

Cannabidiol (CBD) consistently enhances osteoblast activity and callus formation,
whereas A9-tetrahydrocannabinol (THC) yields mixed results, promoting early ossification
atlow doses but impairing fusion and reducing bone mineral density when used chronically
or at high concentrations. Emerging compounds such as cannabigerol (CBG) and other
CB1/CB2 receptor modulators also show promise but remain insufficiently studied in
both in vitro and in vivo settings. These findings support the hypothesis that a multi-
cannabinoid signaling axis could synergistically enhance spinal fusion and fracture repair,
though the specific mechanisms and long-term consequences of such interactions are not
yet fully understood.

As cannabis use becomes more widespread, it is essential to clarify how real-world
variables impact these effects. Confounding factors such as tobacco co-use in the form of
blunts and concurrent opioid consumption may modify skeletal repair and fusion success.
Different routes of administration (smoking, edibles, topicals) could alter pain control,
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anxiety management, and local tissue healing in spine surgery patients, and the anxiolytic
or analgesic properties of specific cannabinoids must be evaluated within rigorous clinical
frameworks. Clinicians should approach perioperative cannabis use proactively. While
formal guidelines await higher-quality evidence, current data suggest it is wise to treat
heavy cannabis use as a potential risk factor for impaired fusion much like smoking. We
recommend that surgeons screen for cannabis use in their patients and engage in frank
discussions: patients who heavily use THC-rich cannabis might be advised to taper or
abstain in the perioperative period to maximize healing potential. Conversely, patients
using predominantly CBD based products for analgesia (with little or no THC) may not face
the same bone healing risk, though this too should be monitored. Key patient factors such
as concomitant tobacco use, baseline bone density, and possibly sex or genetic differences
in cannabinoid receptors should be considered when interpreting the impact of cannabis on
an individual’s healing. In practice, a reasonable approach is to individualize counseling
and follow-up: for a young patient occasionally using cannabis, evidence does not currently
mandate a strict prohibition, but for an older or high-risk patient with daily marijuana
use, a more cautious plan (including advising cessation and scheduling closer post-op
radiographic checks) is warranted.

From a surgical perspective, patients should be counseled on cannabis use just as
they are on smoking. In the absence of definitive guidelines, a prudent approach is to
advise patients to limit or refrain from cannabis (especially high THC products) in the
weeks before and after spinal fusion surgery. Surgeons are encouraged to document
cannabis use in the preoperative work up and consider patients’ use patterns (e.g., casual
vs. daily heavy use) when planning postoperative follow-up. Heavy cannabis users,
particularly those who also smoke tobacco, may merit closer radiographic monitoring
for fusion progress, given the higher pseudarthrosis rates observed. Conversely, the use
of CBD dominant products could be explored for pain management, as these are less
likely to impair bone healing (though this should be weighed on a case-by-case basis).
Overall, we suggest treating perioperative cannabis use as a modifiable risk factor: through
patient education, potentially short-term cessation programs, and personalized risk benefit
discussions. Future work should also delineate how individual cannabinoids and strains
(CBD, CBG, THC) diverge in their biological effects, identify reliable biomarkers like
collagen crosslinking enzymes or bone turnover markers to monitor healing, and establish
dose response relationships across diverse populations including healthy adults, women,
young versus elderly cohorts, osteoporotic patients, and those undergoing orthopedic
and neurosurgical procedures. Addressing these questions methodically will facilitate
the translation of preclinical findings into robust, evidence-based clinical guidelines that
enhance bone healing and surgical outcomes. It should also be noted that access to medical
cannabis is uneven patients in regions where cannabis remains illegal or unavailable do not
have the option to legally use these therapies for pain control, which raises equity concerns
in postoperative care.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.

1. Touw, M. The Religious and Medicinal Uses of Cannabis in China, India and Tibet. . Psychoact. Drugs 1981, 13, 23-34. [CrossRef]

[PubMed]

@ N

Li, H.L. An Archaeological and Historical Account of Cannabis in China. Econ Bot. 1974, 28, 437—448. [CrossRef]
Zuardi, A.W. History of cannabis as a medicine: A review. Braz. . Psychiatry 2006, 28, 153-157. [CrossRef] [PubMed]

4. Russo, E. Cannabis in India: Ancient lore and modern medicine. In Cannabinoids as Therapeutics; Mechoulam, R., Ed.; Milestones
in Drug Therapy MDT; Birkhduser-Verlag: Basel, Switzerland, 2005; pp. 1-22. [CrossRef]


https://doi.org/10.1080/02791072.1981.10471447
https://www.ncbi.nlm.nih.gov/pubmed/7024492
https://doi.org/10.1007/BF02862859
https://doi.org/10.1590/S1516-44462006000200015
https://www.ncbi.nlm.nih.gov/pubmed/16810401
https://doi.org/10.1007/3-7643-7358-X_1

Biomedicines 2025, 13, 1891 19 of 22

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

O’Shaughnessy, W.B. On the Preparations of the Indian Hemp, or Gunjah. Prov. Med. |. Retrosp. Med. Sci. 1843, 5, 363-369.
Quintero, ].-M.; Diaz, L.-E.; Galve-Roperh, L; Bustos, R.-H.; Leon, M.-X,; Beltran, S.; Dodd, S. The endocannabinoid system as a
therapeutic target in neuropathic pain: A review. Expert. Opin. Ther. Targets 2024, 28, 739-755. [CrossRef] [PubMed]

Copeland, J.; Swift, W. Cannabis use disorder: Epidemiology and management. Int. Rev. Psychiatry 2009, 21, 96-103. [CrossRef]
Mechoulam, R.; Shvo, Y. Hashish—I: The structure of Cannabidiol. Tetrahedron 1963, 19, 2073-2078. [CrossRef]

Gaoni, Y.; Mechoulam, R. Isolation, Structure, and Partial Synthesis of an Active Constituent of Hashish. J. Am. Chem. Soc. 1964,
86, 1646-1647. [CrossRef]

Crocq, M.A. History of cannabis and the endocannabinoid system. Dialogues Clin. Neurosci. 2020, 22, 223-228. [CrossRef]
Kogan, N.M.; Melamed, E.; Wasserman, E.; Raphael, B.; Breuer, A.; Stok, K.S.; Sondergaard, R.; Escudero, A.V.V,; Baraghithy, S.;
Attar-Namdar, M.; et al. Cannabidiol, a Major Non-Psychotropic Cannabis Constituent Enhances Fracture Healing and Stimulates
Lysyl Hydroxylase Activity in Osteoblasts. |. Bone Miner. Res. Off. ]. Am. Soc. Bone Miner. Res. 2015, 30, 1905-1913. [CrossRef]
Delling, FN.; Vittinghoff, E.; Dewland, T.A.; Pletcher, M.].; Olgin, J.E.; Nah, G.; Aschbacher, K.; Fang, C.D.; Lee, E.S.; Fan, S.M,;
et al. Does cannabis legalisation change healthcare utilisation? A population-based study using the healthcare cost and utilisation
project in Colorado, USA. BMJ Open 2019, 9, e027432. [CrossRef] [PubMed]

Belatti, D.A.; Phisitkul, P. Trends in orthopedics: An analysis of Medicare claims, 2000-2010. Orthopedics 2013, 36, e366—e372.
[CrossRef]

Rajaee, S.S.; Bae, H.W.; Kanim, L.E.A.; Delamarter, R.B. Spinal fusion in the United States: Analysis of trends from 1998 to 2008.
Spine 2012, 37, 67-76. [CrossRef] [PubMed]

World Drug Report 2024. United Nations: Office on Drugs and Crime. Available online: https://www.unodc.org/unodc/en/
data-and-analysis/world-drug-report-2024.html (accessed on 29 May 2025).

2022 NSDUH Annual National Report | CBHSQ Data. Available online: https://www.samhsa.gov/data/report/2022-nsduh-
annual-national-report (accessed on 29 May 2025).

Bhaskar, A.; Bell, A.; Boivin, M.; Briques, W.; Brown, M.; Clarke, H.; Cyr, C.; Eisenberg, E.; De Oliveira Silva, R.F; Frohlich, E.;
et al. Consensus recommendations on dosing and administration of medical cannabis to treat chronic pain: Results of a modified
Delphi process. J. Cannabis Res. 2021, 3, 22. [CrossRef]

Khan, S.P; Pickens, T.A.; Berlau, D.]. Perspectives on Cannabis as a Substitute for Opioid Analgesics. Pain Manag. 2019, 9, 191-203.
[CrossRef]

Kayani, B.; Howard, L.C.; Neufeld, M.E.; Garbuz, D.S.; Masri, B.A. Cannabis and Pain Control After Total Hip and Knee
Arthroplasty. Orthop. Clin. 2023, 54, 407-415. [CrossRef]

Kleeman-Forsthuber, L.T.; Dennis, D.A.; Jennings, ]. M. Medicinal Cannabis in Orthopaedic Practice. JAAOS—]. Am. Acad. Orthop.
Surg. 2020, 28, 268. [CrossRef]

Price, R.L.; Charlot, K.V; Frieler, S.; Dettori, ].R.; Oskouian, R.; Chapman, J.R. The Efficacy of Cannabis in Reducing Back Pain: A
Systematic Review. Glob. Spine J. 2022, 12, 343-352. [CrossRef]

Pinsger, M.; Schimetta, W.; Volc, D.; Hiermann, E.; Riederer, E; Polz, W. Nutzen einer Add-On-Therapie mit dem synthetischen
Cannabinomimetikum Nabilone bei Patienten mit chronischen Schmerzzustianden—Eine randomisierte kontrollierte Studie.
Wien. Klin. Wochenschr. 2006, 118, 327-335. [CrossRef] [PubMed]

Moon, A.S.; LeRoy, T.E.; Yacoubian, V.; Gedman, M.; Aidlen, ].P; Rogerson, A. Cannabis Use Is Associated With Increased Use of
Prescription Opioids Following Posterior Lumbar Spinal Fusion Surgery. Glob. Spine . 2024, 14, 204-210. [CrossRef] [PubMed]
Brenne, J.; Burney, E.; Mauer, K.; Orina, J.; Philipp, T.; Yoo, J. Risks associated with chronic cannabis use on opioid use, length of
stay, and revision rate for patients undergoing posterior lumbar interbody fusion. Spine J. 2024, 24, 851-857. [CrossRef]

Barkay, G.; Solomito, M.J.; Kostyun, R.O.; Esmende, S.; Makanji, H. The effect of cannabis use on postoperative complications in
patients undergoing spine surgery: A national database study. N. Am. Spine Soc. ]. NASS] 2023, 16, 100265. [CrossRef]
Chaliparambil, R.K.; Mittal, M.; Gibson, W.; Ahuja, C.; Dahdaleh, N.S.; El Tecle, N. Association Between Preoperative Cannabis
Use and Increased Rate of Revision Surgery Following Spinal Fusion: A Systematic Review and Meta-Analysis. Cureus 2024, 16,
€61828. [CrossRef]

Tao, X.; Matur, A.V,; Khalid, S.; Shukla, G.; Vorster, P.; Childress, K.; Garner, R.; Gibson, J.; Cass, D.; Mejia Munne, J.C.; et al.
Cannabis Use is Associated With Higher Rates of Pseudarthrosis Following TLIF: A Multi-Institutional Matched-Cohort Study.
Spine 2024, 49, 412. [CrossRef]

Lambrechts, M.].; D’Antonio, N.D.; Toci, G.R.; Karamian, B.A.; Farronato, D.; Pezzulo, J.; Breyer, G.; Canseco, ].A.; Woods, B.;
Hilibrand, A.S.; et al. Marijuana Use and its Effect on Clinical Outcomes and Revision Rates in Patients Undergoing Anterior
Cervical Discectomy and Fusion. Spine 2022, 47, 1558. [CrossRef]

Kulpa, J.; Harrison, A.; Rudolph, L.; Eglit, G.M.L.; Turcotte, C.; Bonn-Miller, M.O.; Peters, E.N. Oral Cannabidiol Treatment in
Two Postmenopausal Women with Osteopenia: A Case Series. Cannabis Cannabinoid Res. 2023, 8, S83-589. [CrossRef]


https://doi.org/10.1080/14728222.2024.2407824
https://www.ncbi.nlm.nih.gov/pubmed/39317147
https://doi.org/10.1080/09540260902782745
https://doi.org/10.1016/0040-4020(63)85022-X
https://doi.org/10.1021/ja01062a046
https://doi.org/10.31887/DCNS.2020.22.3/mcrocq
https://doi.org/10.1002/jbmr.2513
https://doi.org/10.1136/bmjopen-2018-027432
https://www.ncbi.nlm.nih.gov/pubmed/31092662
https://doi.org/10.3928/01477447-20130222-28
https://doi.org/10.1097/BRS.0b013e31820cccfb
https://www.ncbi.nlm.nih.gov/pubmed/21311399
https://www.unodc.org/unodc/en/data-and-analysis/world-drug-report-2024.html
https://www.unodc.org/unodc/en/data-and-analysis/world-drug-report-2024.html
https://www.samhsa.gov/data/report/2022-nsduh-annual-national-report
https://www.samhsa.gov/data/report/2022-nsduh-annual-national-report
https://doi.org/10.1186/s42238-021-00073-1
https://doi.org/10.2217/pmt-2018-0051
https://doi.org/10.1016/j.ocl.2023.04.002
https://doi.org/10.5435/JAAOS-D-19-00438
https://doi.org/10.1177/21925682211065411
https://doi.org/10.1007/s00508-006-0611-4
https://www.ncbi.nlm.nih.gov/pubmed/16855921
https://doi.org/10.1177/21925682221099857
https://www.ncbi.nlm.nih.gov/pubmed/35536563
https://doi.org/10.1016/j.spinee.2024.01.011
https://doi.org/10.1016/j.xnsj.2023.100265
https://doi.org/10.7759/cureus.61828
https://doi.org/10.1097/BRS.0000000000004768
https://doi.org/10.1097/BRS.0000000000004431
https://doi.org/10.1089/can.2023.0060

Biomedicines 2025, 13, 1891 20 of 22

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Kulpa, J.; Eglit, G.; Hill, M.L.; MacNair, L.; Yardley, H.; Ware, M.A.; Bonn-Miller, M.O.; Peters, E.N. Serum Markers of Bone
Turnover Following Controlled Administration of Two Medical Cannabis Products in Healthy Adults. Cannabis Cannabinoid Res.
2024, 9, 300-309. [CrossRef] [PubMed]

Keating, G.M. Delta-9-Tetrahydrocannabinol /Cannabidiol Oromucosal Spray (Sativex®): A Review in Multiple Sclerosis-Related
Spasticity. Drugs 2017, 77, 563-574. [CrossRef]

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

Raphael-Mizrahi, B.; Gabet, Y. The Cannabinoids Effect on Bone Formation and Bone Healing. Curr. Osteoporos. Rep. 2020, 18,
433-438. [CrossRef] [PubMed]

Alger, B.E. Endocannabinoid Signaling in Neural Plasticity. In Behavioral Neurobiology of the Endocannabinoid System; Kendall, D.,
Alexander, S., Eds.; Springer: Berlin/Heidelberg, Germany, 2009; pp. 141-172. [CrossRef]

Castillo, P.E.; Younts, T.J.; Chavez, A.E.; Hashimotodani, Y. Endocannabinoid Signaling and Synaptic Function. Neuron 2012, 76,
70-81. [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]
Cuddihey, H.; MacNaughton, W.K_; Sharkey, K.A. Role of the Endocannabinoid System in the Regulation of Intestinal Homeostasis.
Cell. Mol. Gastroenterol. Hepatol. 2022, 14, 947-963. [CrossRef] [PubMed]

Munro, S.; Thomas, K.L.; Abu-Shaar, M. Molecular characterization of a peripheral receptor for cannabinoids. Nature 1993, 365,
61-65. [CrossRef] [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]

Turcotte, C.; Chouinard, F.; Lefebvre, ].S.; Flamand, N. Regulation of inflammation by cannabinoids, the endocannabinoids
2-arachidonoyl-glycerol and arachidonoyl-ethanolamide, and their metabolites. J. Leukoc. Biol. 2015, 97, 1049-1070. [CrossRef]
Wilson, R.L; Nicoll, R.A. Endocannabinoid Signaling in the Brain. Science 2002, 296, 678-682. [CrossRef]

Ehrenkranz, J.; Levine, M.A. Bones and Joints: The Effects of Cannabinoids on the Skeleton. J. Clin. Endocrinol. Metab. 2019, 104,
4683-4694. [CrossRef]

Silver, R.J. The Endocannabinoid System of Animals. Animals 2019, 9, 686. [CrossRef]

Keller, C.; Yorgan, T.A.; Rading, S.; Schinke, T.; Karsak, M. Impact of the Endocannabinoid System on Bone Formation and
Remodeling in p62 KO Mice. Front. Pharmacol. 2022, 13, 858215. [CrossRef]

Raphael-Mizrahi, B.; Attar-Namdar, M.; Chourasia, M.; Cascio, M.G.; Shurki, A.; Tam, J.; Neuman, M.; Rimmerman, N.; Vogel,
Z.; Shteyer, A_; et al. Osteogenic growth peptide is a potent anti-inflammatory and bone preserving hormone via cannabinoid
receptor type 2. eLife 2022, 11, e65834. [CrossRef] [PubMed]

Idris, A.L; Sophocleous, A.; Landao-Bassonga, E.; Canals, M.; Milligan, G.; Baker, D.; van’t Hof, R.]J.; Ralston, S.H. Cannabinoid
Receptor Type 1 Protects against Age- Related Osteoporosis by Regulating Osteoblast and Adipocyte Differentiation in Marrow
Stromal Cells. Cell Metab. 2009, 10, 139-147. [CrossRef]

Tam, ]J.; Trembovler, V.; Di Marzo, V.; Petrosino, S.; Leo, G.; Alexandrovich, A.; Regev, E.; Casap, N.; Shteyer, A.; Ledent, C,;
et al. The cannabinoid CB1 receptor regulates bone formation by modulating adrenergic signaling. FASEB |. 2008, 22, 285-294.
[CrossRef]

Tam, J.; Ofek, O.; Fride, E.; Ledent, C.; Gabet, Y.; Miiller, R.; Zimmer, A.; Mackie, K.; Mechoulam, R.; Shohami, E.; et al.
Involvement of Neuronal Cannabinoid Receptor CB1 in Regulation of Bone Mass and Bone Remodeling. Mol. Pharmacol. 2006, 70,
786-792. [CrossRef]

Yan, W.; Cao, Y.; Yang, H.; Han, N.; Zhu, X; Fan, Z.; Du, ]J.; Zhang, F. CB1 enhanced the osteo/dentinogenic differentiation
ability of periodontal ligament stem cells via p38 MAPK and JNK in an inflammatory environment. Cell Prolif. 2019, 52, €12691.
[CrossRef]

Yan, W.; Li, L.; Ge, L.; Zhang, F; Fan, Z.; Hu, L. The cannabinoid receptor I (CB1) enhanced the osteogenic differentiation of
BMSCs by rescue impaired mitochondrial metabolism function under inflammatory condition. Stem Cell Res. Ther. 2022, 13, 22.
[CrossRef]

Gowran, A.; McKayed, K.; Campbell, V.A. The Cannabinoid Receptor Type 1 Is Essential for Mesenchymal Stem Cell Survival
and Differentiation: Implications for Bone Health. Stem Cells Int. 2013, 2013, 796715. [CrossRef] [PubMed]

Idris, A.L; van 't Hof, R.].; Greig, LR.; Ridge, S.A.; Baker, D.; Ross, R.A.; Ralston, S.H. Regulation of bone mass, bone loss and
osteoclast activity by cannabinoid receptors. Nat. Med. 2005, 11, 774-779. [CrossRef] [PubMed]

Wasserman, E.; Tam, J.; Mechoulam, R.; Zimmer, A.; Maor, G.; Bab, I. CB1 cannabinoid receptors mediate endochondral skeletal
growth attenuation by A9-tetrahydrocannabinol. Ann. N. Y. Acad. Sci. 2015, 1335, 110-119. [CrossRef]

Ofek, O.; Karsak, M.; Leclerc, N.; Fogel, M.; Frenkel, B.; Wright, K.; Tam, J.; Attar-Namdar, M.; Kram, V.; Shohami, E.; et al.
Peripheral cannabinoid receptor, CB2, regulates bone mass. Proc. Natl. Acad. Sci. USA 2006, 103, 696-701. [CrossRef]


https://doi.org/10.1089/can.2022.0181
https://www.ncbi.nlm.nih.gov/pubmed/36346322
https://doi.org/10.1007/s40265-017-0720-6
https://doi.org/10.1038/nrd1495
https://www.ncbi.nlm.nih.gov/pubmed/15340387
https://doi.org/10.1007/s11914-020-00607-1
https://www.ncbi.nlm.nih.gov/pubmed/32705630
https://doi.org/10.1007/978-3-540-88955-7_6
https://doi.org/10.1016/j.neuron.2012.09.020
https://www.ncbi.nlm.nih.gov/pubmed/23040807
https://doi.org/10.3390/ijms21207693
https://www.ncbi.nlm.nih.gov/pubmed/33080916
https://doi.org/10.1016/j.jcmgh.2022.05.015
https://www.ncbi.nlm.nih.gov/pubmed/35750314
https://doi.org/10.1038/365061a0
https://www.ncbi.nlm.nih.gov/pubmed/7689702
https://doi.org/10.1007/s00018-016-2300-4
https://doi.org/10.1189/jlb.3RU0115-021R
https://doi.org/10.1126/science.1063545
https://doi.org/10.1210/jc.2019-00665
https://doi.org/10.3390/ani9090686
https://doi.org/10.3389/fphar.2022.858215
https://doi.org/10.7554/eLife.65834
https://www.ncbi.nlm.nih.gov/pubmed/35604006
https://doi.org/10.1016/j.cmet.2009.07.006
https://doi.org/10.1096/fj.06-7957com
https://doi.org/10.1124/mol.106.026435
https://doi.org/10.1111/cpr.12691
https://doi.org/10.1186/s13287-022-02702-9
https://doi.org/10.1155/2013/796715
https://www.ncbi.nlm.nih.gov/pubmed/23864865
https://doi.org/10.1038/nm1255
https://www.ncbi.nlm.nih.gov/pubmed/15908955
https://doi.org/10.1111/nyas.12642
https://doi.org/10.1073/pnas.0504187103

Biomedicines 2025, 13, 1891 21 of 22

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Khalid, A.B.; Goodyear, S.R.; Ross, R.A.; Aspden, RM.; Jin, Z. Effects of deleting cannabinoid receptor-2 on mechanical and
material properties of cortical and trabecular bone. Cogent Eng. 2015, 2. [CrossRef]

Sophocleous, A.; Landao-Bassonga, E.; van’t Hof, R.J.; Idris, A.L; Ralston, S.H. The Type 2 Cannabinoid Receptor Regulates Bone
Mass and Ovariectomy-Induced Bone Loss by Affecting Osteoblast Differentiation and Bone Formation. Endocrinology 2011, 152,
2141-2149. [CrossRef]

Sophocleous, A.; Idris, A.I; Ralston, S.H. Genetic Background Modifies the Effects of Type 2 Cannabinoid Receptor Deficiency on
Bone Mass and Bone Turnover. Calcif. Tissue Int. 2014, 94, 259-268. [CrossRef] [PubMed]

Samir, S.M.; Malek, H.A. Effect of cannabinoid receptors 1 modulation on osteoporosis in a rat model of different ages. | Physiol
Pharmacol. 2014, 5, 687-694.

Eger, M.; Bader, M,; Bree, D.; Hadar, R.; Nemirovski, A.; Tam, J.; Levy, D.; Pick, C.G.; Gabet, Y. Bone anabolic response in the
calvaria following mild traumatic brain injury is mediated by the cannabinoid-1 receptor. Sci. Rep. 2019, 9, 16196. [CrossRef]
[PubMed]

Baraghithy, S.; Soae, Y.; Assaf, D.; Hinden, L.; Udji, S.; Drori, A.; Gabet, Y.; Tam, J. Renal proximal tubule cell cannabinoid-1
receptor regulates bone remodeling and mass via a kidney-to-bone axis. Cells 2021, 10, 414. [CrossRef]

Sun, H.; Zhang, W.; Yang, N.; Xue, Y.; Wang, T.; Wang, H.; Zheng, K.; Wang, Y.; Zhu, E; Yang, H.; et al. Activation of cannabinoid
receptor 2 alleviates glucocorticoid-induced osteonecrosis of femoral head with osteogenesis and maintenance of blood supply.
Cell Death Dis. 2021, 12, 1035. [CrossRef]

Smoum, R.; Baraghithy, S.; Chourasia, M.; Breuer, A.; Mussai, N.; Attar-Namdar, M.; Kogan, N.M.; Raphael, B.; Bolognini, D.;
Cascio, M.G; et al. CB2 cannabinoid receptor agonist enantiomers HU-433 and HU-308: An inverse relationship between binding
affinity and biological potency. Proc. Natl. Acad. Sci. USA 2015, 112, 8774-8779. [CrossRef]

Tian, F; Yang, H.T.; Huang, T.; Chen, FF,; Xiong, FJ. Involvement of CB2 signalling pathway in the development of osteoporosis
by regulating the proliferation and differentiation of hBMSCs. J. Cell. Mol. Med. 2021, 25, 2426-2435. [CrossRef]

Li, L.; Feng, J.; Sun, L.; Xuan, Y.; Wen, L.; Li, Y,; Yang, S.; Zhu, B.; Tian, X,; Li, S.; et al. Cannabidiol Promotes Osteogenic
Differentiation of Bone Marrow Mesenchymal Stem Cells in the Inflammatory Microenvironment via the CB2-dependent p38
MAPK Signaling Pathway. Int. ]. Stem Cells 2022, 15, 405-414. [CrossRef]

Rossi, E; Bellini, G.; Tortora, C.; Bernardo, M.E.; Luongo, L.; Conforti, A.; Starc, N.; Manzo, I.; Nobili, B.; Locatelli, F; et al. CB2
and TRPV1 receptors oppositely modulate in vitro human osteoblast activity. Pharmacol. Res. 2015, 99, 194-201. [CrossRef]
Ofek, O.; Attar-Namdar, M.; Kram, V.; Dvir-Ginzberg, M.; Mechoulam, R.; Zimmer, A.; Frenkel, B.; Shohami, E.; Bab, I. CB2
cannabinoid receptor targets mitogenic Gi protein—cyclin D1 axis in osteoblasts. J. Bone Miner. Res. 2011, 26, 308-316. [CrossRef]
Hu, S.-].; Cheng, G.; Zhou, H.; Zhang, Q.; Zhang, Q.-L.; Wang, Y.; Shen, Y.; Lian, C.-X,; Ma, X.-Q.; Zhang, Q.-Y.; et al. Identification
of Novel Cannabinoid CB2 Receptor Agonists from Botanical Compounds and Preliminary Evaluation of Their Anti-Osteoporotic
Effects. Molecules 2022, 27, 702. [CrossRef]

Rossi, F.; Bellini, G.; Tortora, C.; Bernardo, M.E.; Luongo, L.; Conforti, A.; Starc, N.; Manzo, I.; Nobili, B.; Locatelli, F,; et al. CB2
and TRPV1 receptors oppositely modulate in vitro human osteoblast activity. Pharmacol. Res. 2015, 99, 194-201. [CrossRef]
[PubMed]

Raphael, B.; Gabet, Y. The skeletal endocannabinoid system: Clinical and experimental insights. J. Basic Clin. Physiol. Pharmacol.
2016, 27, 237-245. [CrossRef]

Li, D.; Lin, Z.; Meng, Q.; Wang, K.; Wy, J.; Yan, H. Cannabidiol administration reduces sublesional cancellous bone loss in rats
with severe spinal cord injury. Eur. |. Pharmacol. 2017, 809, 13-19. [CrossRef]

Whyte, L.; Ford, L.; Ridge, S.; Cameron, G.; Rogers, M.; Ross, R. Cannabinoids and bone: Endocannabinoids modulate human
osteoclast function in vitro. Br. J. Pharmacol. 2012, 165, 2584-2597. [CrossRef] [PubMed]

Apostu, D.; Lucaciu, O.; Mester, A.; Benea, H.; Oltean-Dan, D.; Onisor, F,; Baciut, M.; Bran, S. Cannabinoids and bone regeneration.
Drug Metab. Rev. 2019, 51, 65-75. [CrossRef]

Fogel, H.; Yeritsyan, D.; Momenzadeh, K.; Kheir, N.; Yeung, C.M.; Abbasian, M.; Lozano, E.M.; Nazarian, R.M.; Nazarian, A.
The effect of cannabinoids on single-level lumbar arthrodesis outcomes in a rat model. Spine J. 2024, 24, 1759-1772. [CrossRef]
[PubMed]

Pertwee, R.G. The diverse CB1 and CB2 receptor pharmacology of three plant cannabinoids: A9-tetrahydrocannabinol, cannabidiol
and A9-tetrahydrocannabivarin. Br. |. Pharmacol. 2008, 153, 199-215. [CrossRef]

Kamali, A.; Oryan, A.; Hosseini, S.; Ghanian, M.H.; Alizadeh, M.; Baghaban Eslaminejad, M.; Baharvand, H. Cannabidiol-loaded
microspheres incorporated into osteoconductive scaffold enhance mesenchymal stem cell recruitment and regeneration of
critical-sized bone defects. Mater. Sci. Eng. C 2019, 101, 64-75. [CrossRef] [PubMed]

Khajuria, D.K.; Karuppagounder, V.; Nowak, I.; Sepulveda, D.E.; Lewis, G.S.; Norbury, C.C.; Raup-Konsavage, W.M.; Vrana, K.E.;
Kamal, F,; Elbarbary, R.A. Cannabidiol and Cannabigerol, Nonpsychotropic Cannabinoids, as Analgesics that Effectively Manage
Bone Fracture Pain and Promote Healing in Mice. ]. Bone Miner. Res. 2023, 38, 1560-1576. [CrossRef] [PubMed]


https://doi.org/10.1080/23311916.2014.1001015
https://doi.org/10.1210/en.2010-0930
https://doi.org/10.1007/s00223-013-9793-8
https://www.ncbi.nlm.nih.gov/pubmed/24036631
https://doi.org/10.1038/s41598-019-51720-w
https://www.ncbi.nlm.nih.gov/pubmed/31700010
https://doi.org/10.3390/cells10020414
https://doi.org/10.1038/s41419-021-04313-3
https://doi.org/10.1073/pnas.1503395112
https://doi.org/10.1111/jcmm.16128
https://doi.org/10.15283/ijsc21152
https://doi.org/10.1016/j.phrs.2015.06.010
https://doi.org/10.1002/jbmr.228
https://doi.org/10.3390/molecules27030702
https://doi.org/10.1016/j.phrs.2015.06.010
https://www.ncbi.nlm.nih.gov/pubmed/26117426
https://doi.org/10.1515/jbcpp-2015-0073
https://doi.org/10.1016/j.ejphar.2017.05.011
https://doi.org/10.1111/j.1476-5381.2011.01519.x
https://www.ncbi.nlm.nih.gov/pubmed/21649637
https://doi.org/10.1080/03602532.2019.1574303
https://doi.org/10.1016/j.spinee.2024.04.031
https://www.ncbi.nlm.nih.gov/pubmed/38704096
https://doi.org/10.1038/sj.bjp.0707442
https://doi.org/10.1016/j.msec.2019.03.070
https://www.ncbi.nlm.nih.gov/pubmed/31029357
https://doi.org/10.1002/jbmr.4902
https://www.ncbi.nlm.nih.gov/pubmed/37597163

Biomedicines 2025, 13, 1891 22 of 22

77.

78.

79.

80.

81.

82.

83.

Ihejirika-Lomedico, R.; Patel, K.; Buchalter, D.B.; Kirby, D.J.; Mehta, D.; Dankert, J.F.; Muifios-L6pez, E.; Thejirika, Y.; Leucht,
P. Non-psychoactive Cannabidiol Prevents Osteoporosis in an Animal Model and Increases Cell Viability, Proliferation, and
Osteogenic Gene Expression in Human Skeletal Stem and Progenitor Cells. Calcif. Tissue Int. 2023, 112, 716-726. [CrossRef]
Nielsen, S.S.R.; Pedersen, ].A.Z.; Sharma, N.; Wasehuus, PK.; Hansen, M.S.; Meller, A.M.].; Borggaard, X.G.; Rauch, A.; Frost, M.;
Sondergaard, T.E.; et al. Human osteoclasts in vitro are dose dependently both inhibited and stimulated by cannabidiol (CBD)
and A9-tetrahydrocannabinol (THC). Bone 2024, 181, 117035. [CrossRef]

Gabet, Y. Therapeutic Potential of Cannabidiol and Cannabigerol in Fracture Healing. J. Bone Miner. Res. 2023, 38, 1547-1548.
[CrossRef] [PubMed]

Navarro, G.; Varani, K.; Reyes-Resina, I.; Sdnchez de Medina, V.; Rivas-Santisteban, R.; Sinchez-Carnerero Callado, C.; Vincenzi,
F.; Casano, S.; Ferreiro-Vera, C.; Canela, E.L; et al. Cannabigerol Action at Cannabinoid CB1 and CB2 Receptors and at CB1-CB2
Heteroreceptor Complexes. Front. Pharmacol. 2018, 9, 632. [CrossRef]

Sepulveda, D.E.; Morris, D.P.; Raup-Konsavage, WM.; Sun, D.; Vrana, K.E.; Graziane, N.M. Cannabigerol (CBG) attenuates
mechanical hypersensitivity elicited by chemotherapy-induced peripheral neuropathy. Eur. |. Pain 2022, 26, 1950-1966. [CrossRef]
Amstutz, K.; Schwark, W.S.; Zakharov, A.; Gomez, B.; Lyubimov, A.; Ellis, K.; Venator, K.P.; Wakshlag, J.J. Single dose and chronic
oral administration of cannabigerol and cannabigerolic acid-rich hemp extract in fed and fasted dogs: Physiological effect and
pharmacokinetic evaluation. . Vet. Pharmacol. Ther. 2022, 45, 245-254. [CrossRef]

Charavarty, I.; Sengupta, D.; Bhattacharyya, P.; Ghosh, J.J. Effect of treatment with cannabis extract on the water and glycogen
contents of the uterus in normal and estradiol-treated prepubertal rats. Toxicol. Appl. Pharmacol. 1975, 34, 513-516. [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/10.1007/s00223-023-01083-2
https://doi.org/10.1016/j.bone.2024.117035
https://doi.org/10.1002/jbmr.4934
https://www.ncbi.nlm.nih.gov/pubmed/37975545
https://doi.org/10.3389/fphar.2018.00632
https://doi.org/10.1002/ejp.2016
https://doi.org/10.1111/jvp.13048
https://doi.org/10.1016/0041-008X(75)90145-3

	Introduction 
	Epidemiology 
	Current Clinical Evidence in Spine Surgery 
	Endocannabinoid Physiology and Bony Healing/Fusion 
	CB1 Receptor 
	CB2 Receptor 
	Cannabidiol (CBD) 
	Cannabigerol (CBG) 
	Tetrahydrocannabinol (THC) 

	Conclusions 
	References

