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Abstract

Bone fractures are among the most prevalent musculoskeletal injuries, and pain management

is an essential part of fracture treatment. Fractures heal through an early inflammatory phase,
followed by repair and remodelling. Nonsteroidal anti-inflammatory drugs (NSAIDs) are not
recommended for fracture pain control as they potently inhibit the inflammatory phase and, thus,
impair the healing. Opioids do not provide a better alternative for several reasons, including abuse
potential. Accordingly, there is an unmet clinical need for analgesics that effectively ameliorate
post-fracture pain without impeding the healing. Here, we investigated the analgesic efficacy of
two non-psychotropic cannabinoids, cannabidiol (CBD) and cannabigerol (CBG), in a mouse
model for tibial fracture. Mice with fractured tibiae exhibited increased sensitivity to mechanical,
cold, and hot stimuli. Both CBD and CBG normalized pain sensitivity to all tested stimuli, and
their analgesic effects were comparable to those of the NSAIDs. Interestingly, CBD and CBG
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promoted bone healing via multiple mechanisms during the early and late phases. During the early
inflammatory phase, both cannabinoids increased the abundance of periosteal bone progenitors in
the healing hematoma and promoted the osteogenic commitment of these progenitors. During the
later phases of healing, CBD and CBG accelerated the fibrocartilaginous callus mineralization and
enhanced the viability and proliferation of bone and bone-marrow cells. These effects culminated
in higher bone volume fraction, higher bone mineral density, and improved mechanical quality of
the newly formed bone. Together, our data suggest CBD and CBG as therapeutic agents that can
replace NSAIDs in managing post-fracture pain as both cannabinoids exert potent analgesic effects
and, at the same time, promote bone healing.
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Introduction

Bone healing proceeds through a sequence of overlapping processes that can be divided
into three main phases: inflammation, repair, and remodeling 1:2). The inflammatory phase
initiates bone repair via the formation of a hematoma that is rich in immune cells. The
microenvironment in the healing hematoma induces immune cells to secret high levels

of cytokines, growth factors, and angiogenic factors (1:2). These factors are vital for
neovascularization as well as recruitment of mesenchymal stem cells (MSCs) and bone
progenitors that are required for bone regeneration (1:2). The repair of most of cortical

bone fractures proceeds via the initial formation of a fibrocartilaginous (soft) callus that

is filled with proliferating chondrocytes (1:2). These chondrocytes undergo hypertrophy and
mineralization at later stages of the repair phase, which hardens the cartilaginous area that
bridges the fracture gap and allows new blood vessels to invade the mineralized soft callus
(12)_ The mineralized soft callus is then replaced by newly formed woven bone to form the
bony callus, which undergoes remodeling to re-establish the characteristic laminar structure
of the cortical bone (1:2),

Bone fracture results in distortion and damage of the mechanosensitive nerve fibers that
innervate the bone, leading to development of the initial sharp pain sensation experienced by
fracture patients (16). The stromal and immune cells that populate the fracture site to initiate
the repair process secret neurotransmitters, growth factors, and cytokines. These factors
cause ectopic nerve sprouting, which exacerbates pain sensation, resulting in restricted
patient movement. As effective healing of a load-bearing bone (such as the femur or the
tibia) requires proper movement-induced loading of the injured bone within the tolerable
limits, inappropriate pain management results in suboptimal bone loading and, hence,
delayed healing (16). NSAIDs and opioids are currently used to manage fracture pain
(17.18), pre-clinical and clinical studies indicate that NSAIDs, including indomethacin and
celecoxib, inhibit bone repair mainly via inhibiting the inflammatory phase of the repair
process (4-10). There are several factors that remain unclear with regard to the use of
NSAIDs in fracture patients, including the dose and treatment duration of the NSAID

that can be safely used. Generally, many orthopedic surgeons believe that NSAIDs are
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contraindicated in bone fracture patients 4:17:19-22) QOpioids do not offer a better alternative
as they interfere with the functional status of the patients and their ability to go back to
work (1), Importantly, recent studies have also shown that opioids increase the risk of bone
fracture and delay bone healing (14:23), These drawbacks of the available analgesics are
among the reasons that bone fracture patients fail to participate in an effective rehabilitation
program (4:17.19-22)  Accordingly, managing pain in fracture patients remains an unmet
clinical problem that awaits the discovery of potent analgesics with minimal negative impact
on the healing process (1%). In this regard, there is an increasing interest in the potential
therapeutic uses of phytocannabinoids, and alleviating pain is one area where cannabinoids
hold great therapeutic promise (24). However, the potential of cannabinoids in managing
fracture pain has not been investigated so far, and, generally, the lack of scientific evidence
for the efficacy of cannabinoids in different applications hinders their clinical prescription.

Cannabidiol (CBD) is a non-psychotropic cannabinoid and one of the major constituents

of cannabis (24). In 2018, pure CBD was approved by the FDA for treatment of seizures

in pediatric patients with Lennox-Gastaut or Dravet syndrome (24). Thus, the safety

profile and the pharmacokinetics of pure CBD when used in human patients are well
characterized, which facilitates CBD repurposing to other medical indications. Only a few
studies investigated the impact of CBD on fracture healing and bone homeostasis. One study
reported that CBD enhances the biomechanical properties of the newly formed bone in a
rat fracture model (29, and another study demonstrated that CBD attenuates bone loss in a
rat model of spinal cord injury-induced bone loss (26). Hence, there is dearth of information
with regard to whether CBD affects bone healing in species other than rat as well as

the pathways whereby CBD impacts bone homeostasis and regeneration. CBG is another
non-psychotropic cannabinoid that is gaining growing attention recently (27); yet, its impact
on bone health and repair has never been investigated.

Here, we use a mouse model of endochondral fracture healing to assess the analgesic
efficacy of CBD and CBG in post-fracture pain and compare their analgesic effects to those
of NSAIDs. Importantly, we investigate the impact of CBD and CBG on the different phases
of healing and assess their impact on the proliferation, viability and homeostasis of bone
progenitors, bone cells, and soft-callus chondrocytes. In parallel, we assess the influence of
CBD and CBG on the structure and quality of the newly formed bone.

Materials and Methods

Animals

Adult male C57BL/6J mice (stock # 000664) at 14 weeks of age were purchased from

the Jackson Laboratory (Bar Harbor, ME, USA) and allowed to acclimate for 2 weeks.
The mice were then subjected to tibial fracture surgeries (at the age of 4 months;

average weight was ~30 gm). The B6N.Cg-Tg(Pdgfrac®/ERT) 467Dbe/J (stock # 018280)
and B6.Cg- Gt(ROSA)26S0r™mI(CAG-tdTomato)Hze[j (known as Ai9) (stock # 007909) mice
were purchased from the Jackson Laboratory. Ai9 is a Cre reporter strain that have a
loxP-flanked STOP cassette, which prevents the transcription of a red fluorescent protein
variant (tdTomato). Pdgfrai® mice were obtained by breeding male PdgfraAi® mice with
female Ai9 mice and backcrossing for five times. When Pdgfra1 mice were injected
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with tamoxifen, the Cre was activated and removed the STOP cassette; subsequently, the
PDGFRa* cells were labeled with tdTomato. All mice were provided with ad libitum access
to chow and water, and they were housed in ventilated cages with bedding at a temperature
of 21.1°C to 22.8°C, and 30% to 70% humidity (12-hour light/dark cycle). All animal
protocols were approved by the University Committee on Animal Resources (IACUC) at the
Pennsylvania State University College of Medicine.

Mid-diaphysis tibial fracture surgery, drug injection, and tissue harvest

Mice were anesthetized by administering a mixture of ketamine (100 mg/kg) and xylazine
(10 mg/kg) (i.p.), and open mid-diaphyseal tibial fractures were induced in the right
hindlimb as previously described (2:28.29). An intramedullary nail was used to stabilize the
fracture. X-ray images were collected postoperatively and at the harvest time to confirm
proper alignment of the fracture site. The mice received an i.p. injection of 5 mg/kg/day
of CBD (Cayman) or CBG (Cayman), 2.5 mg/kg/day of indomethacin (Sigma Aldrich), or
3 mg/kg/day of celecoxib (Sigma Aldrich). All treatments commenced 24 h post-fracture
and continued until the harvest time. The dose of CBD, CBG, indomethacin, or celecoxib
was determined based on previous publications (25:30-33) All the drugs were dissolved in a
vehicle composed of DMSO, Tween 80, and saline (1:1:18), and the control mice received
a daily injection of the same vehicle. The PDGFRa”!® mice received a daily i.p. injection
of 100mg/kg tamoxifen (Sigma Aldrich) for 5 successive days; on the sixth day, the mice
underwent the fracture surgeries (34).

At the harvest time, the animal was euthanized, and the fractured hindlimb was harvested
from the mid-femur to the tibiotalar joint to avoid disturbing the callus tissue. Most of the
surrounding soft tissues were removed with care not to disturb the fracture site. For day

28 samples, the intramedullary pin was removed, and the bone was wrapped in phosphate
buffered saline (PBS)-soaked gauze and frozen at —20° C. Samples were subjected to
micro-computed tomography (LC) analysis followed by biomechanical testing. For d14 and
d21 samples, the isolated bone was fixed in 10% (v/v) neutral buffered formalin (Thermo
Fisher Scientific), the intramedullary pin was then removed, and samples were subjected

to UCT analysis. Following PUCT, samples were decalcified in 14% w/v EDTA tetrasodium
(Thermo Fisher Scientific), processed, and embedded in paraffin for immunofluorescence
(IF) and histological staining. The harvest timepoints were determined based on studies that
have been published by us and others about the time course of healing in this model (2:28.29),

Mass Spectrometry

Pain test

Serum was isolated from the treated mice, and the plasma concentrations of CBD and CBG
were determined using a Sciex QTRAP 6500+ mass spectrometer coupled with a Sciex
EXion HPLC separation system as we detailed previously (35:36),

The von Frey, acetone drop, and hot plate (52 °C) tests were performed as we and

others described previously (36:37). For the von Frey test, the threshold required to elicit

a withdrawal response was recorded; while for the acetone drop and hot plate tests, the time
required to elicit a nociceptive behavior (paw withdrawal or paw licking) was recorded. All
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tests were performed 1 hr following administration of the drug or the vehicle. The tests were
performed in the following order to prevent iatrogenic effects: von Frey (d4), acetone drop
test (d5), and hot plate (d6). All tests were performed by researchers who were blind to the
treatment.

Gait analysis

The gait analysis was performed as we described previously (36). Briefly, the mice were
placed at one end of a 3-foot-long, dark tunnel that was lined with a blank paper, and the
rear legs of the mice were stamped on an ink pad. The mice left a trace of footprints as

they crossed to the other end of the tunnel. Using these footprints, four separate gait metrics
(stride, stance, sway, and intensity of paw print) were recorded and quantified by researchers
who were blind to the treatment. For each mouse, the experiment was repeated 3 times, and
at least 10 measurements were taken for each experiment. The intensity of the paw print was
quantified using ImageJ.

Histological staining, histomorphometry, and TUNEL assay

IF staining

Sagittal sections with thicknesses of 5 um that spanned the center of the callus were
collected and stained with Hematoxylin/Safranin-O/Fast Green or Masson’s trichrome

as previously described (2:28), Osteoblasts (cuboidal mononuclear cells located on bone
surfaces) were counted, and the number was normalized to bone surface area using the
OsteoMeasure system (OsteoMetrics Inc.) as described previously (38-40). TUNEL assay
was performed using an Invitrogen™ Click-iT™ Plus TUNEL Assay Kit for In Situ
Apoptosis Detection (Catalog # C10619, Fisher Scientific) according to the manufacturer’s
instructions, and imaging and analysis were performed as described under IF staining
(below).

IF staining was performed as we previously detailed (2:29:41-43) (al| antibodies are listed in
Table S1). Mounting and nuclear staining were performed using ProLongTM Gold antifade
reagent with DAPI (Invitrogen). Images were captured using Zeiss Axio Observer 7 upright
wide-field microscope (Carl Zeiss Microscopy GmbH), and image analysis was performed
using Zen Blue advanced image analysis software. For extracellular matrix proteins, the
stained area of the analyzed protein was normalized to the total area of the region of interest
(either the soft callus or the woven bone). For intracellular proteins, the number of cells that
expressed the analyzed protein was normalized to the total number of cells in the region of
interest (defined as DAPI* cells).

MCT analysis

HCT analysis was performed as we detailed previously 4. Briefly, samples were scanned
using a vivaCT 40 (Scanco) at 55 kVp, 145 mA, 300 ms integration time, and 10.5-micron
isometric voxels. A hydroxyapatite-based phantom (QRM, Mdéhrendorf Germany) was
included in each scan. Image stacks were imported into Scanco (Evaluation Program v6.6)
for analysis. Images were filtered with a Gaussian filter, then each sample was cropped.
The center plane of the fracture callus was determined using the transverse image slices,
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and the volume of interest (VOI) was defined based on the proximal and distal ends of the
callus, which were discernable at the analyzed timepoints. Images were contoured to outline
the callus, excluding the native bone cortex. The analyzed VVOI averaged approximately
550 slices for d14 and 450 slices for d21 and d28. The total callus segmentation was
inspected through all slices. Mineralized portions of the callus were further segmented
based on a threshold of 250 mgHA/ccm. Bone volume fraction (BV/TV), mean bone
mineral density (BMD), trabecular thickness (Tb.Th), trabecular number (Th.N), trabecular
separation (Th.Sp), and connectivity density (Conn.D) were determined. 3D reconstruction
was performed by importing DICOM (Digital Imaging and Communications in Medicine)
stacks into Avizo 3D software (Thermo Fisher Scientific, Waltham MA). Scanning and
analysis were performed in a manner blinded to the treatment.

Biomechanical testing

Blinded biomechanical testing was performed as previously described (2:28) with few
modifications. Briefly, each sample was potted on each end with polymethylmethacrylate
dental cement (Ortho-Jet BCA, Lang Dental, Wheeling IL) into a 6 mm x 6 mm square
aluminum tubing. A custom fixture was used to align the pots with the bone’s long axis,
with a 7 mm gauge length between the pots. The potted specimen was rehydrated in PBS
and fastened to an MTS/Interlaken servohydraulic axial-torsion load frame with a 177 Nmm
load cell. Torsion was applied at a rate of 1°/s until failure, and the maximum torque was
recorded. Stiffness was also determined as the slope of the initial linear portion of the torque
vs. rotation plot.

Flow cytometry

The mice were sacrificed on d3, and the healing hematoma was collected from each mouse
(avoiding the surrounding cortical bone); four calli were pooled for each FC run. The
contralateral, unfractured tibia was also collected from each mouse, the BM was completely
flushed out, and each of the bone and the BM was processed and analyzed separately.

The soft tissues were completely removed from the collected calli and bones, the tissues
were minced, and then digested for 1 h at 37° C in a mixture of collagenase/dispase (1
pg/ml, catalog: 10269638001, Roche) and collagenase D (3 mg/ml, catalog: 11088882001,
Roche). The red blood cells were lysed using 1X RBC lysis buffer (Catalog # 00-4333-57,
eBioscience) according to the manufacturer’s protocol. The cells were then counted, blocked
using 24G2 hybridoma and 20% serum, and stained using the antibodies described in Table
S2. Isotype controls and fluorescence-minus-one (FMO) controls were employed. The cells
were sorted using 23-color BD FACS Symphony (BD Biosciences, San Jose, CA), and the
results were analyzed using FlowJo Software 10.6.2 (Treestar, Ashland, OR).

In-vitro differentiation of periosteal progenitors

The CD45-CD31-PDGFRa" cells were isolated using fluorescence-activated cell sorting
(FACS) and the same protocol and equipment described above for FC (the primary
antibodies are given in Table S2). The isolated primary cells were then cultured

in StemXVivo Osteogenic/Adipogenic Base Media (R & D). At 50-70% confluency,
osteogenic differentiation was induced by the addition of StemXVivo Mouse/Rat Osteogenic
Supplement (R & D). The differentiation medium was changed every 3 days for 2 weeks.
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Statistical analyses

Results

The sample size was calculated by ‘pwr2’ R package; power and significance levels were
provided as 0.8 and 0.05, respectively. The calculated sample size was 7 for biomechanical
testing (expected effect 30%), and 5 for the rest of experiments (expected effect 44%).

The experimental groups were populated accordingly. The unpaired Student’s ¢test was
used to determine statistical significance between two groups, whereas ANOVA (followed
by Tukey’s post hoc test) was used to determine statistical significance among three or
more groups. Statistical analyses were performed using the GraphPad Prism software. The
following symbols were used to indicate significance: (*) £< 0.05; (**) £<0.01; (***) P<
0.001; (****) P<0.0001.

The plasma concentrations of CBD and CBG are comparable following either acute or
chronic administration

To study the therapeutic effects of CBD and CBG on fracture healing, we induced open,
mid-diaphyseal tibial fracture in 4-month-old mice according to the standard protocol (2:28)
(Fig. 1A). The mice then received 5mg/kg/day (i.p.) of CBD or CBG; injections commenced
24 h post-fracture and continued until the harvest time (Fig. 1B). Thirty minutes following
the administration of the first dose, the plasma concentration of CBD or CBG was ~40
ng/ml, and the concentration decreased to ~10 ng/ml in two hours (Fig. 1C, D). The
steady-state concentration of either CDB or CBG following daily administration for three or
four weeks was ~100-150 ng/ml (Fig. 1E).

CBD and CBG alleviate hypersensitivity to mechanical, cold, and hot stimuli in mice with
tibial fracture

To determine the impact of CBD or CBG on fracture-associated pain, we performed a set
of pain behavior tests. We first tested changes in the mechanical nociception in response

to CBD or CBG treatment by performing the von Frey test, during which we pressed a
microfilament against the paw of the fractured leg and measured the threshold that was
needed to evoke a withdrawal response (36). The vehicle-treated fractured mice exhibited
mechanical allodynia as indicated by ~3-fold reduction in the response threshold relative to
its level in the sham-operated mice (Fig. 2A). Treatment with CBD or CBG alleviated the
observed mechanical allodynia and increased the response threshold in the fractured mice to
a level comparable to that measured in the sham-operated mice (Fig. 2A). Importantly,

the effects of CBD and CBG on mechanical allodynia were comparable to those of
indomethacin and celecoxib, which are widely used NSAIDs that we employed as positive
controls (Fig. 2A).

We also tested for increased sensitivity to cold and hot stimuli by performing the acetone
evaporation test and the hot plate test, respectively. Compared to the sham groups, the
vehicle-treated fractured mice exhibited hypersensitivity to both stimuli as evidenced by ~3-
fold reduction in the time required to elicit a nociceptive response (Fig. 2B, C). Treatment
with CBD, CBG, indomethacin, or celecoxib ameliorated this hypersensitivity and increased
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response times in both tests to their values in the sham groups (Fig. 2B, C). These results
indicate that CBD and CBG ameliorate post-fracture pain as effectively as NSAIDs.

As expected, the tibial fracture impaired the gait of mice, resulting in shortened stride length
(Fig. 2D), stance length (Fig. 2E), and sway distance (Fig. 2F), and reduced the paw print
intensity (Fig. 2G). Treatment with CBD, CBG, indomethacin, or celecoxib significantly
recovered all gait parameters (Fig. 2D-GF). The only exception was the failure of celecoxib
to enhance the sway distance (Fig. 2F).

CBD and CBG accelerate the mineralization of the soft callus

To assess the impact of CBD or CBG on the repair phase of fracture healing, we first
analyzed day 14 post-fracture (d14). As we and others reported previously (228), the callus
of d14 in the vehicle-treated group was composed of a fibrocartilaginous callus surrounded
by woven bone (Fig. 3A; Fig. S1A, B). The fibrocartilaginous callus occupied the area
within and in close vicinity of the fracture line, while the woven bone filled the callus

areas distal to the fracture line (Fig. 3A; Fig. S1A, B). As expected at this stage of

healing, the chondrocytes of the fibrocartilaginous expressed high levels of the chondrocyte
pre-hypertrophy marker Indian hedgehog (IHH) (Fig. 3B) and the hypertrophy markers
Collagen 10 (Col X) (Fig. 3C) and matrix metallopeptidase 13 (MMP13) (Fig. S1C). In
addition, in the regions where the fibrocartilaginous callus fused with the surrounding woven
bone, a subset of hypertrophic chondrocytes expressed Collagen | (Col 1) (Fig. 3A) and
osteocalcin (OC) (Fig. 3D), which are both essential proteins for the mineralization of

the soft callus (12, Furthermore, ~30% of the chondrocytes expressed SP7 (also known

as osterix) (Fig. 3E), a transcription factor that induces the expression of Col | and bone
gamma carboxyglutamate protein (Bglap, the gene that encodes OC) (45:46), Also, SP7
expression in the chondrocytes plays important roles in the endochondral bone formation
(47), Treatment with either CBD or CBG did not result in any significant differences in

the expression of IHH (Fig. 3B), Col X (Fig. 3C) or MMP13 (Fig. S1C), which indicates
normal chondrocyte hypertrophy. However, the fibrocartilaginous callus in the mice that
were treated with CBD or CBG exhibited ~2-3-fold increases in the expression of Col |
(Fig. 3A), OC (Fig. 3D), and SP7 (Fig. 3E). Taken together, these data suggest that treatment
with either CBD or CBG induces the expression of the factors that mediate soft-callus
mineralization and endochondral ossification.

CBD and CBG augment woven bone formation

We next analyzed the woven bone area in the callus of d14 using pCT. We found that the
calli of the CBD- or CBG-treated mice exhibited more BV/TV, BMD, Th.Th, and Th.N
than the calli of the vehicle-treated mice (Fig. 4A, B). These results indicate that CBD and
CBG promoted bone formation. Consistently, treatment with CBD or CBG enhanced the
expression of Col | in the woven bone region (Fig. 5A), increased the number of osteoblasts
per woven-bone surface area (Fig. 5B), and reduced the level of apoptosis in the region of
woven bone (i.e., bone cells and bone marrow (BM) cells) (Fig. 5C).
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CBD and CBG accelerate bony bridging of the fracture gap

We next analyzed the calli isolated from the different treatment groups on d21 post-fracture.
At this time point, the fracture callus of the vehicle-treated mice was filled by newly formed
woven bone, and the soft callus was nearly completely resorbed (Fig. S3A). UCT analysis
indicated that the BV/TV, BMD, Th.Th and Th.N remained higher in the calli of the mice
that were treated with CBD or CBG compared to the calli of the vehicle-treated mice (Fig.
6A, B). Consistent with the results on d14, treatment with CBD or CBG increased the
number of osteoblasts per bone surface area (Fig. 6C). Furthermore, treatment with CBD or
CBG induced the proliferation of osteoblasts/bone lining cells and BM cells (Fig. 6D). The
number of apoptotic cells was comparable in all groups (Fig. S2B). Notably, the woven bone
area of the vehicle-treated mice contained fewer apoptotic cells on d21 than on d14 (Fig. 5C;
Fig. S2B).

CBD and CBG enhance the biomechanical properties of the healed bone

To analyze the impact of CBD or CBG on bone repair at the late stages of healing, we
performed pCT analysis and biomechanical testing on calli collected on d28 post-fracture.
The calli of CBD- or CBG-treated mice exhibited higher BV/TV, BMD, and Th.Th, and
lower Th.Sp than the calli of the vehicle-treated mice (Fig. 7A, B). Also, biomechanical
testing demonstrated that treatment with CBD or CBG substantially increased the
biomechanical strength of the healed bone (Fig. 7C). No significant difference in the
stiffness was observed among the 3 groups (Fig. 7C). Taken together with the results from
days 14 and 21, these data indicate that CBD and CBG promote bone formation and fracture
repair throughout the healing process.

PDGFRa* periosteal progenitors express both CNR1 and CNR2

As our results indicate that CBD and CBG enhance bone formation (Figs 3-7), we

next investigated whether they impact bone progenitors. Growing evidence indicates the
involvement of periosteal precursors in fracture healing. Recently, periosteal PDGFRa*
progenitors have been identified as a major player in fracture healing 34). Accordingly, we
bred PDGFRa." mice with Ai9 mice to produce the PDGFRa.C"¢:Ai9 (hereafter will be
referred to as PDGFRAI%) mice. We injected these mice with tamoxifen to label PDGFRa*
cells with tdTomato (see Materials and Methods) and detected high reporter activity in the
periosteum of intact, unfractured bone (Fig. 8A), which is consistent with the published
studies (34). We further confirmed these observations using flow cytometry (FC) and found
that the proportion of the PDGFRa* cells in the nonhematopoietic and nonendothelial
(CD45~ CD31") population was ~15-fold higher in the intact bone (devoid of BM) than in
the BM (Fig. 8B). When we induced open mid-diaphyseal tibial fracture in the PDGFRaA
mice and traced the tdTomato reporter activity in the healing callus 21 days post-fracture
(Fig. S3), we detected tdTomato in the majority of the newly formed bone cells (Fig. 8C).
These data demonstrate that the periosteal PDGFRa ™" cells are a reservoir for progenitors
that play central roles in bone formation during fracture healing, which is in total agreement
with the published reports (34). Based on these data, we focused our subsequent analyses on
the PDGFRa™* progenitors (i.e., CD45-CD31"PDGFRa* cells).
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The cannabinoid receptor 1 (CNR1) and CNR2 are the major and most studied cannabinoid
receptors. Using FC, we analyzed the expression of CNR1 and CNR2 on PDGFRa*
progenitors that were isolated from the callus of d3, the contralateral intact bone, or the BM.
The results indicated that the PDGFRa* progenitors are a heterogenous population that can
be stratified into different subpopulations based on the expression of CNR1 and CNR2 (Fig.
8D). The subset of the progenitors that expressed CNR1, but not CNR2, was undetectable
in the BM, but constituted a small % (~5%) of the progenitors in the intact bone and the
callus (Fig. 8D). Importantly, while < 5% of the progenitors that were isolated from the

BM co-expressed CNR1 and CNR2, ~20-30% of the progenitors that were isolated from
the unfractured bone and the callus showed the co-expression of CNR1 and CNR2 (Fig.
8D). These data demonstrate specific enrichment of the PDGFRa.* progenitors that express
CNR1 in bone and fracture callus. The high similarity observed between the periosteal and
callus, but not BM, progenitors with regard to the expression pattern of CNR1 and CNR2
provides further evidence that the periosteum is a major source of the callus-infiltrating
progenitors.

Treatment with either CBD or CBG increases the abundance of the PDGFRa* progenitors
during the early phases of healing

We isolated the d3 calli from mice that were treated with either the vehicle, CBD, or CBG,
and we quantified the proportion of the PDGFRa* progenitors in the calli of each group
using FC. The results indicated that treatment with CBD or CBG increased the abundance
of the PDGFRa.* progenitors ~3—4 fold (Fig. 9A). Furthermore, when we differentiated the
PDGFRa* progenitors /n vitroin the presence of vehicle, CBD, or CBG, both CBD and
CBG promoted the osteogenic commitment of the progenitors and enhanced the formation
of mineralizing bone cells (Fig. 9B). Taken together, CBD and CBG increased the number
of bone progenitors during the early phases of healing and promoted the osteogenic
differentiation of these progenitors. These data unravel a mechanism whereby CBD and
CBG promote bone formation during fracture healing.

Discussion

We propose the FDA-approved cannabinoid CBD and the investigational cannabinoid CBG
as therapeutic agents that not only attenuate post-fracture pain efficiently, but also promote
bone healing. Our results demonstrate that mice with fractured tibiae exhibited impaired
gait (Fig. 2D-G) and hypersensitivity to mechanical, cold, and hot stimuli (Fig. 2A-C).
Treatment with the NSAID indomethacin or celecoxib normalized the gait and alleviated
pain sensitivity in the fractured mice (Fig. 2A-G). CBD and its derivative dihydroxy-CBD
have been reported to suppress chronic neuropathic and persistent inflammatory pain (48,
Derivatives of CBG have been also reported to possess anti-inflammatory and analgesic
properties (32). However, the analgesic potential of CBD or CBG in the context of post-
fracture pain has never been investigated. The results we are reporting here demonstrate
that CBD and CBG are as effective as the NSAIDs in normalizing pain sensitivity in the
fractured limb (Fig. 2A-G). It is noteworthy that mice with fractured tibiae that were treated
with either CBD or CBG displayed normalized gait parameters, reflecting better loading
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of the fractured hindlimb relative to the vehicle-treated mice (Fig. 2G). This might have
contributed to the improved healing observed in the cannabinoid-treated groups (Figs 3-7).

Both the innate and the adaptive immune systems play crucial roles in bone healing ©.
Modulation of the immune response by CBD is well studied. A considerable body of /n-vitro
and /n-vivo studies indicate anti-inflammatory and immunosuppressive effects of CBD that
involve both the innate and the adaptive responses (49). On the contrary, several other studies
have shown immunostimulatory and pro-inflammatory effects of CBD (“49). In general, the
impact of CBD on the immune response/inflammation depends on several factors, which
include the tissue/system in which CBD is studied, whether CBD is studied in healthy

or disease conditions (°0), and, importantly, the administered dose/concentration of CBD.
Although the immunomodulatory effects of CBG are far less studied than those of CBD,
CBG derivatives have also been shown to modulate inflammation and immune response
(82.51), Qur study did not directly address the impact of CBD or CBG on the inflammatory/
immune response during the healing process; however, our data clearly demonstrate that
neither CBD nor CBG modulated the inflammatory response in a way that negatively
impacted the healing (Figs 3-7). In fact, as early as d3 post-fracture, the modulatory effects
of either CBD or CBG on the microenvironment of the fracture hematoma favored the
proliferation and/or recruitment of the periosteal PDGFRa™* progenitors (Fig. 9A). This
positive impact of CBD or CBG on the healing process was sustained throughout the later
phases of healing (Fig. 3-7).

CNR1 and CNR2 are the major and most studied cannabinoid receptors. Both CNR1 and
CNR2 are expressed on chondrocytes, osteoblasts, osteocytes, and osteoclasts, although the
expression level of CNR1 on bone cells is reported to be low 42-56), Our data indicate that
the PDGFRa.™* periosteal progenitors express both CNR1 and CNR2 (Fig. 8D). PDGFRa*
progenitors constitute a small % of total bone cells (Fig. 8B), which is not surprising

given that osteocytes alone constitute = 90% of bone cells; however, PDGFRa* progenitors
play crucial roles in bone repair 34 (Fig. 8C). Our single-cell analysis indicated that the
expression of CNR1 and CNR2 is not uniform among PDGFRa* progenitors (Fig. 8D),
which highlights the importance of single-cell analysis in investigating CNR1 and CNR2
expression in any given cell population. This heterogeneity in CNR1 and CNR2 expression
among PDGFRa™* progenitors would have been completely masked if the total RNA or
total protein was analyzed. Interestingly, the number of progenitors that co-express CNR1
and CNR2 was significantly higher in the periosteum or the fracture callus than in the BM
(Fig. 8D). This might be due to either stimulated expression of the receptors or increased
proliferation of PDGFRa* progenitors that express both receptors in response to local bone/
callus signals. The mechanism whereby CNR1 signaling regulates bone biology remains
controversial. According to published studies, the impact of CNR1 signaling on bone
homeostasis might be partially indirect through the inhibition of noradrenaline release from
nerve terminals that are located close to the osteoblasts, which alleviates the noradrenaline-
mediated inhibition of osteoblast activity 54). The elevated expression of CNR1 that we
identified in the periosteal and callus progenitors suggests a possible regulatory role for
CNRL1 in bone formation and remodeling by affecting the osteogenic potential of bone
progenitors. This is an interesting point for future studies.
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Generally, CBD exhibits low affinity to CNR1 and CNR2 (57:58): further, some of the
physiological effects of CBD have been reported to be independent of CNR1 and/or

CNR2 (39-61) However, CBD can also signal through CNR1 and/or CNR2 via indirect
mechanisms that involve inhibiting the fatty acid amide hydrolase (FAAH), which results in
accumulation of anandamide that possesses high affinity to CNR1 and CNR2 (62-64) cBD
might also act as an allosteric modulator of CNR1 and CNR2 (65-68), Similarly, CBG can
effectively regulate the endocannabinoid signaling via acting as a partial agonist of CNR2 or
modulating CNR1 signaling, although the underlying mechanisms of the latter are unclear
(7). The mechanisms whereby CBD or CBG might modulate the homeostasis of bone

cells or chondrocytes /in vivo are uninvestigated. Our data unraveled striking similarities
between CBD and CBG in promoting both early and late phases of bone healing. During

the inflammatory phase, both CBD and CBG increased the abundance of the PDGFRa*
progenitors in the healing hematoma (Fig. 9A), which might be the outcome of increasing
the proliferation and/or the infiltration of these progenitors in the fracture callus. CBD and
CBG also directly promoted the osteogenic differentiation of primary PDGFRa* progenitors
in vitro (Fig. 9B). As healing proceeded to the repair phase, CBD and CBG enhanced the
expression of the osteogenic proteins Col I, OC, and SP7 in the chondrocytes (Fig. 3A, D,
E). These proteins are essential for the mineralization of the soft callus and for endochondral
bone formation. Both CBD and CBG inhibited the apoptosis and enhanced the proliferation
of bone and BM cells (Fig. 4-7). Accordingly, CBD and CBG exhibited protective and
proliferative effects on several types of cells that play central roles during different phases
of healing. The plasma concentrations that we detected after injecting 5 mg/kg/day (i.p.)

of either CBD or CBG for 3 or 4 weeks were ~100-150 ng/ml (Fig. 1E). The reported
plasma concentration of CBD in patients, following administration of 20 mg/kg/day for

22 days, is 400 ng/ml (i.e, ~1.2 uM) (69, Therefore, the therapeutic effects of CBD that

we observed in this study can be achieved without exceeding the clinically approved dose
(69), A previous study investigated the effect of CBD alone or in combination with the
psychoactive cannabis constituent A%-tetrahydrocannabinol (THC) on fracture healing using
a rat model of femur fracture (25). The study reported that CBD, but not THC, enhanced

the biomechanical properties of healed bone as indicated by an increase in the maximal

load and work-to-failure, but not stiffness (), which is consistent with our data. However,
the study did not detect any significant increase in the callus material density as a result

of CBD and/or THC treatment (25). More pre-clinical studies are required to investigate the
therapeutic effects of CBD and CBG in other fracture models, and future clinical studies

are also required to assess the effects of CBD and CBG in fracture patients. Notably,
previous studies reported that CNR2 agonists can reduce breast cancer-induced bone loss
and pain(’9, providing further evidence for the wide therapeutic potential of cannabinoids as
well as modulators of cannabinoid receptors in bone diseases.

We performed the /n-vitro osteogenic differentiation of the PDGFRa* progenitors in the
presence of 1 pM of CBD Fig. 9B), a concentration that was chosen to be comparable to the
clinically reported plasma level of CBD (69). In fact, when we used > 10 pM of either CBD
or CBG in these /n-vitro differentiation experiments, we observed significant apoptosis, and
when the concentration of either drug exceeded 50 pM, most of the cells died within 24-48
h (data not shown). These data show how the outcome of /in-vitro experiments might change
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drastically based on the concentration for each cannabinoid. Accordingly, upon designing
in-vitro studies, it is advisable to use cannabinoid concentrations that are relevant to the
endogenous conditions.

Overall, the protective, proliferative, and pro-osteogenic effects that we identified for CBD
and CBG during the different healing phases culminated in accelerated repair, promoted
bone formation, and enhanced biomechanical strength of the healed bone. These data extend
our understanding of the impact of CBD on fracture healing and demonstrate for the first
time the therapeutic potential of CBG in the context of bone regeneration and repair. Taken
together, the data we present here propose CBD and CBG as effective alternatives to the
NSAIDs in managing pain in fracture patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Measuring the plasma concentration of CBD and CBG following acute and chronic
administration.

(A) An X-ray image captured post-operatively. The image shows the fracture line (white
arrow) and the intramedullary nail that was used to stabilize the fracture. (B) A schematic

of the experimental timeline. (C) The plasma concentrations (ng/ml) of CBD (blue) and
CBG (red) measured at the indicated timepoints following administration of the first

dose. The analysis was performed using liquid chromatography coupled with tandem mass
spectrometry (LC-MS-MS). N = 4. The line presents average + SEM. (D) Representative
mass spectra that show the analysis of CBD (left) or CBG (right) in plasma samples. The
retention time of each compound is indicated. (E) As in (C), except that the concentration of
CBD and CBG were measured following daily administration of each drug for 21 or 28 days
(d21 and d28 samples, respectively).
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Figure 2. CBD and CBG amelior ate post-fracture pain as effectively asthe NSAIDs.
(A-C) Tests for mechanical allodynia (A; von Frey test), sensitivity to cold stimulus (B;

acetone drop test), and sensitivity to hot stimulus (C; hot plate test; the hot plate was
adjusted at 52° C). Sham-I: control unfractured mice that underwent skin incision only.
Sham-P: like Sham-1, except that a nail was inserted in the intramedullary cavity to mimic
the nail used to stabilize the fracture gap in the fractured mice (Fig. 1A). These Sham-I
mice were used to normalize for any effects that the intramedullary nail might have on
the animal nociception. The fractured mice were treated with vehicle (\eh), indomethacin
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(Indo), celecoxib (Cele), CBD, or CBG, while both the Sham-P and Sham-I groups were
treated with Veh. All pain tests were performed on the fractured limb or the corresponding
limb in the sham-operated mice. All tests were performed 1 h following administration of
the indicated treatment. For the von Frey test, the threshold required to elicit a withdrawal
response was recorded. For the acetone drop and hot plate tests, the time required to elicit

a nociceptive behavior (paw withdrawal or paw licking) was recorded. The von Frey and
acetone drop tests were performed three times on each mouse with an interval of 10 minutes.
(D-F) Results of the Catwalk gait analysis measuring the stride length (D), stance length
(E), or sway distance (F) in the indicated sham and treatment groups. The image next

to each boxplot shows how the parameter was measured. (G) Catwalk gait analysis was

used to measure the intensity of paw print of both the fractured and unfractured limbs in
each mouse. The intensity of paw print of the fractured limb was normalized to that of the
contralateral unfractured limb, and the normalized intensity in the Sham I mice was defined
as 1.. All gait analyses (D-G) were performed three times for each mouse, and at least 10
steps were analyzed each time.

For all experiments, N = 6 mice. All box and whiskers plots are presented as min to max and
line at median. (*) < 0.05, (**) P<0.01, (***) P<0.001, and (****) P< 0.0001, using
one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test.
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Figure 3. CBD and CBG promote the mineralization of the fibrocartilaginous callus.
(A, left) IF co-staining of Col | (red) and Col Il (green) in the callus of d14. The calli were

isolated from mice treated with vehicle (\Veh), CBD, or CBG. DAPI (blue) stains nuclei.
The scale bar = 200 um. SC: soft callus (i.e., fibrocartilaginous callus). WB: woven bone.
The white arrows point to the fracture line. Col Il marks the chondrocytes in the SC, which
fill the areas within and in close vicinity of the fracture gap. Col | marks the WB, which
forms at callus areas distal to the fracture line (see also Fig. S1A, B). The regions where
both Col I and Col 11 are expressed (yellow areas) surround Col I-expressing chondrocytes.
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(A, middle) Magnified images of the SC areas that are indicated by the white boxes in (A,
left). The scale bar = 50 um. (A, right) Quantification of Col | staining/expression in the
SC. The area of Col | staining was normalized to the area of the SC, and the normalized
area in the Veh-treated mice was defined as 1 (see Materials and Methods). (B, left) IF
staining of IHH (magenta) in the SC. DAPI (blue) stains nuclei. (B, right) Quantification of
IHH staining. The number of IHH-positive chondrocytes was normalized to the total number
of chondrocytes (defined by DAPI staining) in the SC, and the ratio was presented as %

(see Materials and Methads).. (C) As in (A), except that Col X was stained (green) and
quantified. (D) As in (A), except that OC was stained (red) and quantified in the SC. (E) As
in (B), except that SP7 was stained (magenta) and quantified in the SC chondrocytes.

IF images are representative of 6 mice. All box and whiskers plots are presented as min to
max and line at median. (*) < 0.05, (**) < 0.01, (***) £<0.001, and (****) P< 0.0001,
using one-way ANOVA followed by Tukey’s post hoc test.

J Bone Miner Res. Author manuscript; available in PMC 2024 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Khajuria et al. Page 23

A
IS
%’)
©
n
2]
[0}
o
O
C
i)
©
=
7]
=
o
O
o
@)
o
B
* %k %k * %k
I_I 0.3 «7\1500-
% %k %k * %k
0.8 & 500 _ . | 154 [ A E
oe—l_ﬂ‘.'ﬁ S 400 ’_‘ Eom_qm T g | £0.21 §1000-
> < *e & E 10 o =
E 5 T 300§ c i =) ) @]
@ £ E 0.054 4 0.1 € 500
£ 200 5 0.05 z 2 o c
0.2 a = E & 0
S 100 = 00 0 .
0.0- m 0.00++—— [ o e T T T
529 Y TR T-T @R SaQ
>00 >3588 >00 >58 00 200

Figure 4. CBD and CBG enhance bone formation on d14 post-fracture.
(A) UCT images of the fractured right hindlimb captured on d14. (B) Results of uCT

analysis of d14 callus in the specified treatment groups N = 6 mice. All box and whiskers
plots are presented as min to max and line at median. (*) £< 0.05, (**) £<0.01, using
one-way ANOVA followed by Tukey’s post hoc test.
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Figure 5. CBD and CBG enhance cell viability and promote Col | expression in the woven bone
area of d14 callus.

(A, left) IF co-staining of Col I (red) and Col 11 (green) in the calli of d14. The calli were
isolated from mice treated with vehicle (\Veh), CBD, or CBG. DAPI (blue) stains nuclei.
The scale bar = 200 um. SC: soft callus. WB: woven bone. Col Il marks the chondrocytes
in the SC, which fill areas within and proximal to the fracture gap. Col | marks the WB,
which forms at callus areas distal to the fracture line. (A, middle) Magnified images of the
WB areas that are indicated by the white boxes in (A, left). The scale bar = 100 um. (A,
right) Quantification of Col I staining (i. e. expression) in the WB region. The Col I-stained
area was normalized to the WB area, and the normalized area in the Veh-treated group was
defined as 1. (B, left) Masson’s trichome staining. Images were captured in the WB. The
yellow arrows point to osteoblasts. The scale bar = 20 um. (B, right) Quantification of the
number of osteoblasts normalized to bone surface area. (C, left) TUNEL staining assay of
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apoptotic cells (magenta) in the WB area. DAPI (blue) stains nuclei. The scale bar = 20 pm.
The white arrows point to TUNEL* bone cells, and the yellow arrows point to TUNEL* BM
cells. (C, right) Quantification of TUNEL™ cells. The total number of TUNEL™ cells (cells
on bone surface + BM cells) was quantified and normalized to the total number of cells
(defined by DAPI staining) in the WB area, and the ratio was presented as %.

For all Experiments, N = 6 mice. All box and whiskers plots are presented as min to max
and line at median. (*) £<0.05, (**) < 0.01, and (***) P< 0.001, using one-way ANOVA
followed by Tukey’s post hoc test.
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Figure 6. CBD and CBG accelerate the bony bridging of the fracture gap.
(A) uCT images of the fractured right hindlimb captured on d21. (B) Results of uCT

analysis of d21 callus in the specified treatment groups (C, left) Masson’s trichome staining
of the d21 callus. The yellow arrows point to osteoblasts. The scale bar = 20 um. (C, right)
Quantification of the number of osteoblasts normalized to bone surface area. (D, left) IF
staining of the proliferation marker Ki67 (magenta) in the d21 callus. The white arrows
point to bone cells, and the yellow arrows point to BM cells. The scale bar = 50 um. (D,
right) Quantification of Ki67 staining. The total number of Ki67* cells (bone cells + BM
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cells) was normalized to the total number of callus cells (defined by DAPI), and the ratio
was presented as %.

For all Experiments, N = 6 mice. All box and whiskers plots are presented as min to max
and line at median. (*) £<0.05, (**) £<0.01, and (***) P< 0.001 using one-way ANOVA
followed by Tukey’s post hoc test.

J Bone Miner Res. Author manuscript; available in PMC 2024 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Khajuria et al. Page 28

A
g
[e)
©
o
C
i)
©
2
®
C
(@]
(&]
o
a
(a0}
B * * *ok *okok
10 154 6‘400-
0- *k *ook ok — -
: | & 600 0.20 £ 0.207 = Z—
0.8+ = —_ g 350
s S o6 £ 107 i £ 0.15- =
= 0.6 % %400 £ é Z j 3 5’300-
50.4-@ o g < 0101 Z 5 501017 mip c e
0.2- g *% £ 0.05 = £ 0.05- 3
0.0 —r—7 @ 0+——T1—1 ] 200++——
5§22  "Fgge ""Eag 5§39 382 583
>00 >38 >33 #1060 >38 >00
c . 5
= (]
£ e | 2,
E 80 £ 4
< <
© 60 ’_‘ @ 37
o (0]
n
€ 20 = 11
£ s
§ " T5g £9Io0
= [} O (Dm
>88 = =388

Figure 7. CBD or CBG treatment enhancesthe biomechanical properties of the newly formed
bone.

(A) UCT images of the fractured right hindlimb captured on d28. (B) Results of uCT
analysis of d28 callus in the specified treatment groups (C) Biomechanical testing on d28.
For all tests, N=8. All box and whiskers plots are presented as min to max and line at
median. (*) £<0.05, (**) P< 0.01, using one-way ANOVA followed by Tukey’s post hoc
test.
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Figure 8. Differential expression of CNR1 and CNR2 in subpopulations of the PDGFRa.*
progenitors. _
(A) The PDGFRa”® mice were injected with 100 mg/kg of tamoxifen for 5 consecutive

days. The intact bone was then harvested, and IF microscopy was used to detect the
tdTomato reporter activity (red). DAPI (blue) stains nuclei. The scale bar = 20 um. (B, left)
A representative dot plot of the FC results, showing the abundance of PDGFRa* progenitors
(i.e., CD45-CD31~ PDGFRa* cells) in the BM and intact bone. The % of PDGFRa*

cells relative to the CD45-CD31~ (nonhematopoietic and nonendothelial) population in each
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tissue is shown. (B, right) Quantification of the relative proportion of PDGFRa* progenitors
in the BM vs intact bone. (C) The PDGFRaA® mice were injected with tamoxifen as in

(A), fractured, and the fracture callus was harvested on d21 post-fracture. IF microscopy was
used to detect the tdTomato reporter activity (red) in the callus. DAPI (blue) stains nuclei.
The scale bar = 100 um. (D, top) As in (B), except that the expression of CNR1 and CNR2
in the PDGFRa* progenitors (CD45-CD31~ PDGFRa*) was analyzed. (D, bottom) As in
(B, right), except that the proportion (%) of each of the indicated subpopulations of the
PDGFRa* progenitors was quantified.

The IF images are representative of N = 3. For FC analysis, N = 3, and 4 calli were pooled in
each. The bar graphs present average + SEM. (***) £<0.001, (****) P< 0.0001. Student’s
ttest was used in (B), and one-way ANOVA (followed by Tukey’s post hoc test) was used in
(D) to compare the abundance of each population among the 3 tissues.
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Figure 9. Treatment with CBD or CBG increases the abundance of PDGFRa™* progenitorsin the
healing callus.

(A, top) A representative dot plot of the FC results. The plot shows the abundance of the
PDGFRa* progenitors (i.e., CD45-CD31~ PDGFRa* cells) in the d3 calli of the mice that
were treated with vehicle (Veh), CBD, or CBG. The % of PDGFRa™* progenitors relative
to the CD45-CD31~ population in each group is shown. (A, bottom) Quantification of the
relative proportion (%) of the PDGFRa* progenitors in the BM and d3 callus. The analysis
was performed on mice that were treated with Veh, CBD, or CBG. N = 3, and 4 calli were
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pooled in each. (B, left) PDGFRa™* progenitors were isolated using FACS, and they were
subjected to osteogenic differentiation in the presence of Vehicle, 1 ug/ml of CBD, or 1
pg/ml of CBG for 2 weeks. The images show Alizarin Red staining of the differentiated
cells. (B, right) Quantification of the Alizarin Red staining. N = 8.

The bar graphs present average + SEM. The box and whiskers plots are presented as min to
max and line at median. (***) P< 0.001, using one-way ANOVA followed by Tukey’s post
hoc test.
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