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Background: Although cannabinoid receptor 1 (CBIR) antagonists can inhibit bone loss in osteoporosis
mouse models, different strains of mice show different bone mass phenotypes after knock out the CBIR
gene. The relationship between CBIR and bone metabolism is complex, and its regulatory role in bone
metabolism and as a therapeutic target for osteoporosis requires further investigation.

Methods: Based on lumbar spine volumetric bone mineral density (vBMD) data of healthy female
cynomolgus monkeys aged 1-25 years, naturally aged postmenopausal female osteoporotic monkeys and
normal young monkeys were screened by detecting lumbar vertebrae vBMD and estradiol levels in this
study. Positron emission tomography-computed tomography (PET/CT) and magnetic resonance imaging
(MRI) scans were performed on the lumbar spine and brain of the two groups of monkeys using the probe
[''CJOMAR, which specifically targets CBIR, and the difference in the CBIR expression of osteoporotic
monkeys was evaluated.

Results: The vBMD values of two standard deviations (SDs) below the peak bone value (428.1253.8 g/cm’)
were set as the reference standard for osteoporosis vBMD. Of the 49 healthy female cynomolgus monkeys,
4 postmenopausal older osteoporotic monkeys (18-26 years) and 5 young control monkeys (6-7 years) were
selected, and the mean vBMD of the lumbar spine of the two groups was 295.07£19.11 and 419.72+16.14 g/cm’,
respectively (P<0.0001). Radioactive uptake in the lumbar spine was linearly and negatively correlated with
vBMD (r=-0.7977; P=0.01). Dynamic PET/MR imaging of the brains showed that CB1R was upregulated
in the osteoporosis group, and there was a negative linear correlation between the vBMD and area under
the time-radioactivity curve (AUC) of the thalamus (r=—0.8506; P=0.0153) and prefrontal cortex (r=—0.83006;
P=0.0207).

Conclusions: In this study, PET/CT-MRI molecular imaging technology revealed that CB1R was
upregulated in the lumbar spine and brain of the osteoporosis monkeys and that CB1R may be regulated by

the brain-bone axis. CB1R antagonist may be a potential drug for the treatment of osteoporosis.

Keywords: Volumetric bone mineral density (VBMD); cannabinoid receptor 1 (CB1R); osteoporotic; positron

emission tomography/computed tomography-magnetic resonance imaging (PET/CT-MRI)
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Introduction

Osteoporosis is a common systemic bone disease
characterized by low bone mass, damage to the
microstructure of bone tissue, increased bone fragility, and
fracture. Osteoporosis fractures are one of the important
causes of disability and death in older adult patients (1),
and research shows that after 1 year of hip fracture in
these patients, the mortality rates for males and females
are as high as 37% and 25%, respectively (2,3). With the
anticipated aging of the global population, osteoporosis
has become an important public health problem in many
countries. Interestingly, researchers have found that
osteoporosis may not only be associated with advance
age; indeed, the clinical fracture rate ratio appears to be
significantly increased among people with long-term
cannabis use compared to cigarette smokers (1 vs. 2.17;
P<0.005). Moreover, compared with that in cigarette
smokers, the Z value of heavy cannabis users, in either their
spine or total hip score, is significantly decreased (spine:
Z=0.0+1.2 vs. Z=—0.5+1.2, P<0.005; hip: Z=0.320.9 vs.
7=0.2+0.9, P<0.005) (4).

There are a variety of endocannabinoids in a human
body that are recognized by cannabinoid receptors, with
cannabinoid receptor 1 (CB1R) being one of the most
important receptors in the cannabinoid system. CB1R
belongs to the G-protein-coupled receptor superfamily,
which is abundantly expressed iz vivo, particularly in the
basal ganglia, cerebellum, and hippocampus of the central
nervous system (CNS) (5,6). The disorders of CBIR are
related to the occurrence and development of various
diseases, such as obesity, addictive diseases, schizophrenia,
pain, osteoporosis, and tumors (7-9). CB1R is also
expressed in osteoblasts, osteoclasts, and adipocytes in the
bone marrow and affects bone metabolism by modulating
their function (10-12). In addition, the sympathetic
expression of CBIR in bone affects bone metabolism
by regulating the level of norepinephrine (13,14). The
cannabinoid system in the CNS also plays a role in the
regulation of bone metabolism (15,16). However, the role
of CBIR in bone metabolism requires further research.
Studies in rodents date back to 2005, and Idris et #/. found
that the bone mineral density (BMD) of CD1 CB1”" mice
was significantly higher than that of wild-type mice of
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the same age, and the use of the CBIR antagonist AM251
to treat ovariectomized C57 mice effectively inhibited
bone loss caused by oophorectomy (17). However,
Tam et al. found that in C57 CB17", the BMD of both
male and female mice was lower than that of the wild-
type mice of the same age (13). As the results regarding
the role of CB1R in osteoporosis are inconsistent, the
treatment potential of CBIR antagonists in osteoporosis
is unclear. However, two later studies suggested that the
difference in the genetic background of mice is the main
reason for these discrepant results (10,13). Some studies
have also indicated that the effects of CB1R agonists and
antagonists on bones are related to age (10,18). Therefore,
the mechanism of action of CBIR in bone is extremely
complicated (9,19,20).

As the physiological structures of mice and humans
differ considerably and as there is substantial variability
in genetic backgrounds of different mouse strains, further
clinical translation is relatively challenging. Nonhuman
primates (NHPs) include those species that are most
genetically similar to humans. Thus far, few studies on
osteoporosis in NHPs have been conducted, and there
is a lack of standard assessment for osteoporotic NHP
models. Based on the results of our previous volumetric
bone mineral density (vBMD) and serological studies
on female cynomolgus monkeys of different age groups
(21,22), a simple screening criterion for nonsurgical
(natural postmenopausal) osteoporosis monkey model was
established.

We used positron emission tomography (PET), a highly
sensitive and specific noninvasive imaging technique. The
ligands are labelled with radioisotopes as tracers and the
changes in the levels of target molecules iz vivo can be
displayed in real time without producing pharmacological
effects. PET can achieve quantitative acquisition of target
information and has an irreplaceable role in examining
disease mechanisms, revealing pharmacokinetics, and
evaluating efficacy (23). In the present study, the lumbar
spine of normal young and osteoporotic cynomolgus
monkeys was imaged using a specific CB1R-targeting radio
probe, [''CJOMAR (24), which can assess the expression
of CBIR in the bone. We also performed CBIR imaging
of the brain to determine the connection between the
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bone and brain. This investigation serves as a foundation
for further exploration into the therapeutic potential of
targeting CBIR in the context of osteoporotic conditions.
We present this article in accordance with the ARRIVE
reporting checklist (available at https://qims.amegroups.
com/article/view/10.21037/qims-23-118/rc).

Methods
Animals

In this study, 29 healthy young female cynomolgus monkeys
(6-10 years old) and 20 older cynomolgus monkeys
(>18 years old) that had been nulliparous for at least 3 years
were included. Experimental monkeys were provided
by Guangdong Landau Biotechnology Co., Ltd., a
company accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care International
(AAALAC). The general health of all cynomolgus
monkeys was evaluated before the experiment. Pregnant or
menstruating cynomolgus monkeys and those with obvious
organic lesions were excluded. The study was performed
under a project license (No. LDIACUC2018-0004) granted
by the Laboratory Animal Ethics Committee of Guangdong
Landau Biotechnology Co., Ltd. and in compliance with
the AAALAC guidelines for the care and use of animals.
This study was conducted at the Department of Nuclear
Medicine, First Affiliated Hospital of Jinan University.
Anesthesia, blood collection, and other procedures
involving the experimental monkeys were carried out by
qualified veterinarians employed by the company.

Screening of experimental monkeys

Detection of serological indicators of cynomolgus
monkeys

After the primary screening, 4 mL of blood was collected
from each cynomolgus monkey, and then the supernatant
was collected. The levels of sex hormones were detected
using chemiluminescence, and the method was consistent
with that previously published by our research group (21).
The estrogen (E2) level of the youth group was required
to be higher than or within the reported E2 levels of the
corresponding age group (>67.46+14.92 ng/mL). The E2
level of the osteoporosis group was required to be lower
than or within the reported E2 level of the corresponding
older group (£49.93+9.10 ng/mL) (21); additionally, serum
calcium (Ca) and phosphorus (P) levels were analyzed.
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Quantitative CT (QCT) scanning of the lumbar
vertebrae of cynomolgus monkeys

Lumbar spine QCT scans were performed on cynomolgus
monkeys that met the above requirements for serological
examination, and the scanning and analysis methods were
consistent those of a previous study (22). Briefly, the vBMD
of L.2-4 vertebrae was measured using the three-dimensional
(3D) spine module in QCT Pro Software (Mindways
Software). If any of the L.2—4 vertebral bodies had unevenly
increased bone density or flattened vertebral bodies, three
adjacent vertebral bodies in the L1-7 vertebrae were selected
for vBMD measurement, and the average value of each
vertebral body was measured twice. Presently, the criteria for
diagnosing osteoporosis in NHPs remain undefined. Based
on the previous findings concerning the BMD of cynomolgus
monkeys across various age groups, it has been observed
that the changes in lumbar vBMD conform to a normal
distribution. In statistical analysis, a deviation of two standard
deviations (SDs) from the mean is commonly used as the
threshold for determining statistical significance. Therefore,
in this study, the standard BMD in older osteoporotic
cynomolgus monkeys was defined as two SDs below the
mean peak vBMD (428.0553.75 mg/cm’) (22).

Synthesis of CB1R-targeting PET probe [11C]JOMAR and
PET/CT-MRI scanning in cynomolgus monkeys

We performed the automatic radiosynthesis of [''CJOMAR
on a TracerLab FX2C module (GE HealthCare) using the
reaction condition reported by Fan ez a/. (25). The product
was purified via high-performance liquid chromatography
(HPLC) and formulated into sterile water to prepare an
injection containing 10% ethanol. HPLC was used for
quality control before each injection, and the radiochemical
purity of the drug was >99%.

Experimental monkeys were fasted for at least 4 h
before PET/CT scanning, and 10 mg/kg of ketamine
was administered intramuscularly for anesthesia before
scanning. [''CJOMAR was slowly injected intravenously
under standardized injection conditions (supine, low
ambient noise, dimly lit room), with an average of
137 MBq (range, 111-185 MBq) per monkey. One-bed
static lumbar spine PET/CT scans (spatial resolution of
4-5 mm) on a Discovery 690 Elite system (GE HealthCare)
were performed on experimental monkeys 20 min after
injection. The scanning parameters were set as previously
described (26), and the acquisition time was 20 min.
The imaging sequence of monkeys was consistent with
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Table 1 Basic information of the experimental monkeys

No. Age (years) Weight (kg) vBMD (g/cm®) E2 (ng/mL) Ca (mmol/L) P (mmol/L)
1 18 415 268.69 56.84 2.2 1.71
2 20 3.25 310.43 31.62 2.07 1.8
3 19 4.8 307.75 13.15 212 1.87
4 26 3.04 293.41 11.64 2.47 0.76
5 7 3.4 393.35 87.39 1.98 1.99
6 7 3.6 418.46 97.21 2.2 1.25
7 7 3.5 435.18 721 2.49 1.58
8 6 3.4 429.77 114.75 247 1.33
9 6 41 421.85 132.76 2.44 1.4

?, cynomolgus monkeys did not undergo positron emission tomography/computed-magnetic resonance imaging head scans. vBMD,

volumetric bone mineral density; E2, estrogen; Ca, calcium; P, phosphorus.

the order of the screening for inclusion. Some monkeys
also underwent dynamic 60-min PET/CT and T1-
weighted MRI head scans on a Discovery 750 system
(GE HealthCare) (Table I). Experimental monkeys were
subjected to head PET/CT under isoflurane anesthesia
with endotracheal intubation, and PET images of monkey
brains were collected at the same time as the intravenous
administration. The interval between two PET/CT scans
was at least 3 days.

Image processing and statistical analysis of data

The fusion of MRI and PET/CT images (PET/MRI) for
the brain images was completed, and the PET/CT and
PET/MRI image data were processed using PMOD v. 4.1
software. The region of interest (ROI) in the lumbar spine
of young cynomolgus monkeys was selected from the L2-7
vertebrae. The delineation of the ROI of the lumbar spine in
aged cynomolgus monkeys was consistent with the lumbar
spine measured via QCT. Dynamic PET/MRI data analysis
was consistent with a previously reported method (27).
All brain regions were delineated automatically from the
monkey brain template developed by our group (26).
PET image processing was performed by two specialized
radiologists who were blinded to group assignment. SPSS
software (version 26.0) was used to analyze all experimental
data, and 2 independent samples 7-tests were used to
compare the differences between the two groups. Spearman
rank correlation coefficient was used to test the correlation
between data. Statistical significance was set at P<0.05.
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Results
Screening of experimental monkeys

Based on a comprehensive evaluation of QCT and
serological results, a total of 9 cynomolgus monkeys
(4 naturally aged postmenopausal osteoporosis monkey
models and 5 young female cynomolgus monkeys) met the
bone density and serum E2 standards established by each
group. These 9 monkeys were selected for subsequent
experiments (Tuble 1).

All 9 experimental monkeys underwent a 20-min [''C]
OMAR PET/CT scan of the lumbar spine. Figure 1 shows
significant statistical differences in lumbar vBMD and
serum E2 levels between the two groups of experimental
monkeys (P<0.0001 and P=0.002, respectively). The average
vBMD and E2 level of the cynomolgus monkeys in the
young and osteoporosis group were 419.72+16.14 g/cm’
and 100.84+23.62 ng/mL and 295.07+19.11 g/cm’ and
28.31£21.08 ng/mL, respectively. No adverse events
occurred during this study period.

Upregulation of CBIR expression in the lumbar vertebrae
of osteoporotic monkeys

We used [''CJOMAR (Figure 24) to perform PET/CT
imaging on the lumbar spine of two groups of cynomolgus
monkeys, and the results showed that the standard uptake
value (SUV) of the spine between the two groups was
statistically different: the SUV of the lumbar spine in
osteoporotic monkeys was higher than that in young
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Figure 1 Comparison of lumbar vBMD and E2 level between young and OP groups of cynomolgus monkeys. (A) vBMD of the two groups
of cynomolgus monkeys. (B) E2 levels of the two groups. Data are presented as the mean + SEM. **, P<0.01; ****, P<0.0001. vBMD,

volumetric bone mineral density; OP, osteoporosis; E2, estrogen; SEM, standard error of the mean.

A B 4
["CIOMAR
o N 2
CN NH <
I\
N
11
Hy'"CL cl 0
cl

C 201 — D 2.0 - r=-0.7977
P=0.01
i °
12 1.5
>

2 1.0 A 8 1.0 4
0.5 0.5 4
0-0 - 0-0 T T T 1

Young OP 250 300 350 400 450

vBMD, g/cm?
Figure 2 Static PET/CT imaging of the lumbar spine. (A) Chemical structures of [''CJOMAR. (B) Static 20-min PET/CT images of the

lumbar vertebrae of the two groups of cynomolgus monkeys (young group: n=5; old group: n=4). Representative images of young and older
osteoporotic monkey are on the left and right side, respectively. (C) Comparison of lumbar SUV between the two groups. (D) Correlation
analysis of lumbar vBMD and SUV in experimental monkeys. Data are presented as the mean + SEM. **, P<0.01. SUV, standard uptake
value; OP, osteoporosis; vBMD, volumetric bone mineral density; PET/CT, positron emission tomography/computed tomography; SEM,

standard error of the mean.
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Figure 3 Dynamic 60-min PET/MRI imaging results of the monkey brain (young group: n=5; old group: n=4). (A) Representative [11C]

OMAR PET/MRI images as the sum of imaging from 0 to 60 min in two groups of cynomolgus monkeys. (B) Comparison of the AUC

of different brain regions in the two groups. (C) Correlation between the vBMD and AUC of the thalamus. (D) Correlation between the
vBMD and AUC of the frontal cortex. Data are presented as the mean + SEM. *, P<0.05; **, P<0.01. OP, osteoporosis; SUV, standard uptake

value; AUC, area under the time-radioactivity curve; vBMD, volumetric bone mineral density; PET/MRI, positron emission tomography-

magnetic resonance imaging; SEM, standard error of the mean.

monkeys (1.31+0.22 vs. 0.89£0.14; P=0.009; Figure 2B,2C).
This suggested that CB1R was upregulated in the

osteoporotic lumbar spine and that SUV was negatively
correlated with vBMD (r=-0.7977; P=0.01; Figure 2D).

CBIR expression was increased in the brain of osteoporotic
monkeys

Dynamic 60-min PET/CT-MRI head scans were performed
on 4 young and 3 osteoporotic monkeys. In the brain
regions of all cynomolgus monkeys, radiation uptake (from
high to low) occurred in the putamen, caudate nucleus,
cerebellum, and pons (Figure 3A4); this is consistent with
earlier imaging results in baboon and human brains (24,28).
In our study, we found that the radioactive uptake in various
brain regions of the osteoporotic monkeys was increased.
Because of the lack of a reliable reference region for [''C]
OMAR (28), we calculated the area under the 60 min
radioactivity curve [time-radioactivity curve (TAC)].
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Although higher area under the time-radioactivity curve
(AUC) values were observed in various brain areas of the
osteoporosis group, statistically significant differences
were only detected in the thalamus and prefrontal cortex
(Figure 3B). To explore the relationship between vBMD
and AUC values in these specific regions, we conducted
a correlation analysis in the experimental monkeys.
Remarkably, we identified a significant negative linear
correlation between vBMD and AUC values in both the
thalamus and prefrontal cortex (thalamus: r=-0.8506,
P=0.0153; prefrontal cortex: r=-0.8306, P=0.0207;
Figure 3C,3D). Thus, PET imaging data indicated that
CBIR expression is upregulated in osteoporotic monkeys
and not solely in the lumbar spine, but also in the thalamus
and prefrontal cortex.

For the cervical spine area covered by the scan, we also
analyzed the TAC of the C3-7 vertebrae in the two groups
(Figure 44,4B), which yielded similar results to those of the
lumbar spine: the SUV (Figure 4C) and AUC (34.93+4.2 vs.
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Figure 4 Dynamic 60-min PET/CT imaging results of the cervical spine. (A) Representative [''CJOMAR PET/CT images as the sum of

imaging from 20 to 40 min in young cynomolgus monkeys. (B) Representative [''CJOMAR PET/CT images as the sum of imaging from 20
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to 40 min in the osteoporotic group. (C) TAC of cervical spine PET imaging in the two groups of cynomolgus monkeys from 0 to 60 min.
(D) Comparison of the AUC between the two groups. Data are presented as the mean + SEM. **, P<0.01. SUV, standard uptake value; OP,

osteoporosis; AUC, area under the TAC; PET/CT, positron emission tomography/computed tomography; TAC, time-radioactivity curve;

SEM, standard error of the mean.

57.62+10.32; P=0.009; Figure 4D) of the osteoporotic group
was higher than that of the young group.

Discussion

Screening and determination of the osteoporosis monkey
model

Currently, the most common method in osteoporosis
research is the establishment of a model via surgical
removal of the bilateral ovary (29). However, this method is
not in line with normal physiological changes, and sudden
changes in hormone levels after ovariectomy in young
adulthood may affect hormone-sensitive indicators. The
cynomolgus monkey is a type of NHP, and its genome
sequence and physiological changes are very similar to those
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of humans; therefore, it is more relevant as an experimental
animal model than is a rodent model (30). Additionally,
physiological changes in aged osteoporotic monkeys after
natural menopause are similar to those in humans with
osteoporotic diseases, which may be highly informative for
clinical translation into therapeutic drugs.

In clinical practice, BMD is typically measured using
dual-energy X-ray absorptiometry (DXA). The T value
represents the number of SDs by which the BMD obtained
from the DXA examination differs from the BMD of a
normal young population. A T value equal to or less than
-2.5 is used to diagnose osteoporosis (31), with the reference
data derived from statistical results in White populations.
Unlike DXA, QCT for measuring vertebral cancellous bone
BMD is not influenced by factors such as height and weight,
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spinal hyperplasia, degeneration, and vascular calcification
(32,33). Our previous research indicated a significant
presence of bone hyperplasia in aged monkeys that can
substantially impact DXA measurements. Consequently,
to address this issue and ensure more accurate screening of
osteoporosis in our experimental monkeys, we used QCT as
the preferred method for BMD assessment.

In the early stage, our group completed a large-scale
measurement of vBMD and the levels of sex hormones
in healthy female cynomolgus monkeys of different
ages and obtained the bone growth curve of normal
female cynomolgus monkeys (21,22). Hence, we were
able to screen and evaluate osteoporotic monkeys in a
noninvasive manner (QCT scan + measurement of serum
E2 levels). This will lay the foundation for subsequent
studies of osteoporotic diseases in NHPs. Although in
vitro histological confirmation of the osteoporosis monkey
model was not performed in this study, confirmation
could be conducted via imaging and serological indicators.
Additionally, this latter method does not require surgery,
conserves manpower and material resources, and avoids
animal abuse resulting from experimentation. However,
a certain number of healthy female cynomolgus monkeys
are required for model screening, which is an important
research limitation.

In addition, we used the vBMD measured by QCT as
the screening standard for the osteoporosis monkey model.
"This is because we found that the BMD of aged cynomolgus
monkeys measured using DXA was higher than the
actual value. Bone hyperplasia is almost universal in older
monkeys, which greatly affects the accuracy of BMD data;
therefore, to determine vBMD in aged female cynomolgus
monkeys, we chose the L5-7 vertebrae (22).

The visualization of CBIR expression in bone via PET

PET is being increasingly used in the research of central
or tumor diseases to study the pathophysiological changes
of related diseases at the molecular level. It is also used in
pharmacokinetic and target quantification studies (34-36).
In bone research, the most commonly used PET probe
is ["*F]NaF, which mainly reflects osteogenic activity and
bone blood flow by replacing the hydroxyl group in the
hydroxyapatite crystal and covalent binding to the newly
formed bone surface (37); however, few studies have
used PET/CT for specific targets on bone. [''CJOMAR
(developed by Horti er al.) (24) is a probe that specifically
targets CBIR and has been used in the research of various
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mental and metabolic diseases (38-40). In this study, we
found that the expression of CB1R in bone could be
visualized with PET imaging, which lays a foundation for
establishing a quantitative relationship between CB1R and
advanced osteoporosis stages. This is of great significance
for more comprehensively understanding the impact of
cannabinoid receptors on the pathogenesis of osteoporosis
and for developing targeted CBIR drugs for osteoporosis.

In recent years, a growing amount of evidence has
indicated that the central neural circuit of the brain can
directly influence peripheral sympathetic nerves, thereby
affecting skeletal metabolism and function. One specific
brain region that has been highlighted is the ventral
medial hypothalamus (41,42). Recent studies have also
demonstrated that increased sympathetic excitability and
elevated levels of norepinephrine in bone tissue can lead
to excessive production of neuropeptide Y. This enhances
the adipogenic differentiation ability of bone marrow
mesenchymal stem cells while weakening their osteogenesis
ability. Consequently, this imbalance between bone and
lipid homeostasis ultimately culminates in age-related or
postmenopausal osteoporosis (43). These findings support
the existence of an intricate interplay between the CNS
and bone tissue, with the sympathetic nervous system
emerging as a prominent regulatory mechanism governing
bone metabolism. Earlier investigations employing
immunohistochemistry on mouse femurs have successfully
identified the expression of CBIR receptors in sympathetic
nerves situated along bone trabeculae (14). It is well-
established that CB1R receptors on sympathetic nerves
generally inhibit the release of norepinephrine (44), which
may account for the observed phenotype of enhanced bone
density in CD1 CB1R™" mice. Conversely, the diminished
bone mass phenotype in C57 CB1R”" mice might be
attributed to factors such as strain variation and skeletal
growth patterns, among others.

The PET imaging analysis conducted in this study
revealed a significant upregulation of CB1R expression
in the lumbar spine of the osteoporotic group, providing
partial confirmation of the potential efficacy of CB1R
antagonists for early-stage osteoporosis treatment.
Moreover, an elevation in CB1R expression was observed in
various brain regions of osteoporotic experimental monkeys,
aligning with previous findings reported by Van Laere et 4/,
who employed a different CBIR PET probe, [*FIMK9470,
to image healthy volunteers across different age groups.
The aforementioned study identified augmented uptake
of [*FIMK9470 in the brains of older women relative to
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younger women, with the basal ganglia, lateral temporal
cortex, and limbic system—particularly the hippocampus—
demonstrating the most prominent upregulation.
Researchers have postulated that this phenomenon could
potentially be attributed to a compensatory mechanism in
response to CBIR upregulation resulting from diminished
levels of E2 (45). Quantitative studies of CB1R in the
brains of castrated rats have also been conducted and have
reported that CB1R is upregulated in the hippocampus of
female and male rats after castration (46,47). Our study
similarly revealed heightened CBIR binding in the cerebral
cortex and limbic system of postmenopausal osteoporotic
monkeys. However, statistically significant increases were
only observed in the thalamus and prefrontal cortex.
Anatomically, among the regions of the brain, neither
the thalamus nor the frontal cortex is the one with the
most abundant CB1R expression, and the thalamus is an
important center of sensory conduction. Except for the
sense of smell, the conduction pathways of various senses
are replaced by neurons in the thalamus and then projected
onto the cerebral cortex. Therefore, in many studies on
the relationship between CBI1R and pain, the regulation
of CBIR in the thalamus is indispensable (48,49), and
the prefrontal cortex is also involved in the regulation of
pain (50). However, few studies exist linking these two
regions with bone metabolism. Given the limited sample
size of cynomolgus monkeys use in this study, further
validation through experiments in molecular biology is
warranted to consolidate the obtained results.

The potential of peripherally restricted CBIR antagonists
in osteoporosis treatment

CBIR antagonists exert therapeutic effects in
ovariectomized osteoporotic mice (17) or in osteoporotic
rats with hypoxia (51). However, these antagonists have
been typically rimonabant or its analogues, and a major
drawback of these drugs is that they can cross the blood-
brain barrier, causing severe side effects in the CNS (52). To
circumvent this, peripherally restricted CB1R antagonists
have been developed and have shown good therapeutic
effect in preclinical studies of various diseases (53-55).
Therefore, we believe that peripherally restricted CB1R
antagonists have potential in the treatment of osteoporosis.

Conclusions

Based on previous research, we successfully developed a
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model of osteoporotic monkeys with natural menopause.
Our molecular imaging analysis further revealed an
upregulation of CBIR expression in both the lumbar
spine and brain of osteoporotic monkeys. This intriguing
observation suggests a potential link between the regulation
of bone metabolism and CB1R expression within the
brain and skeletal system. However, further experimental
verification of the molecular biology is required. These
findings may contribute to the clinical translation of CBIR-
related drugs for osteoporosis treatment.
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