
VOL. 11, NO. 8, AUGUST 2022528

Freely available onlineFollow us @BoneJointRes

BJR

W. Dong,
B. C. Postlethwaite,
P. A. Wheller,
D. Brand,
Y. Jiao,
W. Li,
L. K. Myers,
W. Gu

From University of 
Tennessee Health 
Science Center, 
Memphis, Tennessee, 
USA

Correspondence should be sent to
Weikuan Gu; email:  
wgu@uthsc.edu

doi: 10.1302/2046-3758.118.BJR-
2021-0392.R1

Bone Joint Res 2022;11(8):528–
540.

	� BONE BIOLOGY

Beta- caryophyllene prevents the defects 
in trabecular bone caused by Vitamin D 
deficiency through pathways instated by 
increased expression of klotho

Aims
This study investigated the effects of β-caryophyllene (BCP) on protecting bone from vitamin 
D deficiency in mice fed on a diet either lacking (D-) or containing (D+) vitamin D.

Methods
A total of 40 female mice were assigned to four treatment groups (n = 10/group): D+ diet 
with propylene glycol control, D+ diet with BCP, D- deficient diet with control, and D- deficient 
diet with BCP. The D+ diet is a commercial basal diet, while the D- deficient diet contains 
0.47% calcium, 0.3% phosphorus, and no vitamin D. All the mice were housed in conditions 
without ultraviolet light. Bone properties were evaluated by X- ray micro- CT. Serum levels of 
klotho were measured by enzyme- linked immunosorbent assay.

Results
Under these conditions, the D- deficient diet enhanced the length of femur and tibia bones 
(p < 0.050), and increased bone volume (BV; p < 0.010) and trabecular bone volume fraction 
(BV/TV; p < 0.010) compared to D+ diet. With a diet containing BCP, the mice exhibited 
higher BV and bone mineral density (BMD; p < 0.050) than control group. The trabecular 
and cortical bone were also affected by vitamin D and BCP. In addition, inclusion of dietary 
BCP improved the serum concentrations of klotho (p < 0.050). In mice, klotho regulates 
the expression level of cannabinoid type 2 receptor (Cnr2) and fibroblast growth factor 23 
(Fgf23) through CD300a. In humans, data suggest that klotho is connected to BMD. The 
expression of klotho is also associated with bone markers.

Conclusion
These data indicate that BCP enhances the serum level of klotho, leading to improved bone 
properties and mineralization in an experimental mouse model.
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Article focus
	� Cannabinoid therapy in bone loss in a 

vitamin D- deficient diet.
	� Weight loss based on different vitamin D 

diets.

Key messages
	� BCP improved bone properties and 

mineralization in an experimental mouse 
model.
	� Mice fed a standard VD- containing diet 

exhibited significantly lower weight than 
mice receiving a VD- deficient diet.

Strengths and limitations
	� This is the first reported in vivo exper-

iment which validate BCP function in 
bone loss.
	� Results stem from animal experiments 

and cannot be translated into a clinical 
setting.

Introduction
Vitamin D is an essential element for human 
health that is required for normal bone 
mineralization and growth. Deficiency leads 
to vitamin D- dependent rickets in children, 
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and osteomalacia and osteoporosis in adults.1 In seeking 
substances to correct issues caused by vitamin D defi-
ciency, it has become clear that existing dietary vitamin 
D supplements can lead to hypercalcemia.2 Vitamin D 
alternatives have shown promise, but there remains a 
lack of evidence for their clinical usage.3,4 Identification 
of other approaches, or additional therapeutic treatments 
to prevent bone loss and improve bone quality, is a crit-
ical next step in overcoming the side effects of current 
deficiency treatment strategies.

The study of endogenous cannabinoids has been 
focused on its effects on bone in animal models and in 
humans. Beta- caryophyllene (BCP) is a dietary endoge-
nous cannabinoid that has been studied in the treatment 
of many diseases; it is found in plants that are ingested 
daily, such as clove, hemp, rosemary, and hop oil. Two 
receptors affect the activities of the cannabinoid, namely 
cannabinoid type 1 receptor (Cnr1) and cannabinoid 
type 2 receptor (Cnr2). BCP selectively binds to Cnr2 and 
functions as a full agonist for its signalling pathways.5 
Cnr2 is mainly expressed in cells of the immune system.6 
Combined deficiency of both the Cnr1 and Cnr2 receptors 
inhibits osteoclast development, resulting in protection 
against age- related bone loss.7 In the immune system, 
administration of BCP regulates the expression in colon 
tissue of inflammation- related genes, including those that 
encode cytokines and chemokines, acute- phase proteins, 
adhesion molecules, and so forth.8 BCP can stimulate 
the differentiation of bone marrow mesenchymal stem 
cells into osteoblasts. BCP regulates bone properties by 
stimulating osteoblastic mineralization, and suppressing 

adipogenesis and osteoclastogenesis, in vitro.9 It has 
been reported that klotho deficiency- induced arterial 
calcification involves a process of osteoblastic transition 
of smooth muscle cells and activation of bone morpho-
genetic protein (BMP2)-runt- related transcription factor 
2 (RUNX2) signalling.10 It has also been reported that 
vitamin D receptor- mediated primary induction of klotho 
messenger RNA (mRNA) by 1,25(OH)2D occurs in the 
kidneys.11 These effects have not been studied extensively 
in vivo, and the role of BCP in the correction of bone 
properties caused by vitamin D deficiency has never been 
investigated.

The regulation of bone mineral density (BMD) has 
been linked to the enzyme klotho, but the molecular 
mechanisms involved are not well understood, and it is 
unclear whether or not BDP plays a role in this process.12,13 
Furthermore, there is no known link between BCP and 
klotho. Nonetheless, we hypothesized that BCP corrects 
the damage to bone caused by vitamin D deficiency by 
regulating the level of klotho in serum. The goals of this 
study were to investigate whether treatment with BCP 
improves bone properties in mice under D- deficient 
or D- sufficient dietary conditions, whether the level of 
klotho in serum increases upon treatment with BCP, and 
whether there is a direct connection between BCP and 
klotho.

Methods
Mouse treatment. Studies were conducted under an-
imal protocols approved by the Institutional Animal 
Care and Use Committee (IACUC) of the University 

Fig. 1

Vitamin D- deficient diet led to decreased serum concentration of 25(OH)D3 in mice and increased body weight. The mice were given a diet that contained 
vitamin D (VD+) or lacked vitamin D (VD-) and were treated five days/week for two weeks with propylene glycol control, or with 100 μg/kg ß-caryophyllene 
(BCP) by oral gavage. a) Plasma 25(OH)D3 concentrations after treatment. Control groups: *p < 0.01; BCP groups: *p < 0.05. 25(OH)D3, 25- hydroxy vitamin 
D3, was used as a marker for vitamin D. b) Body weight after treatment. Control groups: *p < 0.05; BCP groups: *p < 0.01.
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of Tennessee Health Science Centre at Memphis, 
Tennessee. Mice were housed with light- dark cycles con-
sisting of 12 hours of light without ultraviolet (UV) light, 
and 12 hours of dark at an ambient temperature of 22°C 
(± 2°C)  and a relative humidity of 30% to 60%. After 
weaning, 40 C57BL/6 (B6) female mice were divided 
into two groups (n = 20/group): 20 mice were fed with 
a vitamin D- deficient diet (Teklad Custom VD- deficient 
Diet TD.89123 (Envigo, USA), 0.47% calcium, 0.3% 
phosphorus), while the other 20 mice were fed with a 
vitamin D- containing diet (Teklad LM- 485 Mouse/Rat 
Sterilizable Diet TD.7912 (Envigo), 1% calcium, 0.8% 
phosphorus). Each dietary group was divided in half, 
with ten mice serving as controls that were treated with 
propylene glycol (diluted 1:5 in intravenous (IV) saline; 
Sigma- Aldrich, USA) by oral gavage five days/week for 
two weeks, and ten mice were subjected to treatment 

with 100 μg/kg BCP (Sigma- Aldrich) in IV saline by oral 
gavage five days/week for two weeks. Body weight was 
measured before treatment and after six weeks of diet 
treatment, just before the mice were killed.

To determine the effect of different BCP concen-
trations in mice fed a vitamin D- sufficient diet, we 
established three groups (n = 5/group) of five- to six- 
week- old female C57BL/6 mice and treated them with 
oral gavage five days/week for two weeks as follows: the 
control group received propylene glycol (diluted 1:5 in 
IV saline; Sigma- Aldrich), the 25 mg BCP group received 
25 mg BCP (Elevation Terpenes, USA) in IV saline, and 
the 50  mg BCP group received 50  mg BCP (Elevation 
Terpenes) in IV saline. Body weight was measured 
before and after six weeks of diet treatment.
Tissue collection. Whole legs were collected and stored 
in 70% ethanol until they could be processed for 

Fig. 2

Relative length of tibia and femur bones and 3D image reconstruction of trabecular bone in the femur. Mice were fed a vitamin D (VD)- sufficient or VD- 
deficient diet and received either control or ß-caryophyllene (BCP) treatment, as described in the legend to Figure 1. a) Femur length (mm). Control groups: 
*p < 0.001. b) Tibia length (mm). Control groups: *p < 0.001; BCP groups: *p < 0.050. a) and b) show a statistically significant shortening of tibia and femur 
in mice fed a vitamin D- deficient diet. c) 3D image reconstruction of trabecular bone from 100 micro- CT slices each of femur bones from the various groups of 
mice. Two samples are shown in each treatment group.
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high- resolution micro- CT (μCT). Whole blood was also 
collected at the time the mice were killed; this was pro-
cessed as described below.
Micro-CT analysis. To quantitatively assess the structur-
al changes associated with genetic variation, morpho-
metric and architectural indices were determined from 
microtomographic examinations. In this study, μCT 

was used to scan the whole leg, tibia, and femur, and 
to characterize the overall and regional bone profiles. 
All measurements and analysis were performed using 
the software included with the SCANCO µCT40 instru-
ment. The bone samples were placed in an 8 mm di-
ameter sample holder in 70% ethanol and immobilized 
with plastic foam. A μCT 40 desktop scanner (Scanco 

Fig. 3

Micro- CT (μCT) of whole leg, femur, and tibia reveals the properties of bone in the presence or absence of vitamin D in mice treated with ß-caryophyllene 
(BCP). Mice were fed a vitamin D- sufficient or -deficient diet and received control or BCP treatment, as described in the legend to Figure 1. Bone samples from 
the whole leg, femur, and tibia of mice from each treatment group were subjected to μCT using a μCT 40 desktop μCT scanner (Scanco Medical, USA). a), 
b), and c) reflect the results of scans of whole leg; d), e), and f) show scans of femur; and g), h), and i) show scans of tibia. Bone volume (BV) is depicted in 
panels a), d), and g); bone volume/total volume (BV/TV) is shown in panels b), e), and h); bone mineral density (BMD) is depicted in panels c), f), and i). *p < 
0.050; **p < 0.01; ***p < 0.001.
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Medical, USA) was used to scan the samples at 11.5 μm 
resolution, at an energy level of 55 keV, with 2,000 pro-
jections, an integration time of 300 ms, and an intensity 
of 145 μA. Morphometric and architectural parameters 
of bones were assessed, and realistic 3D visual models 
were constructed for each bone sample by selecting 
the volumes of interest (VOIs). 3D trabecular parame-
ters were evaluated using a fixed Gaussian filter, and a 
threshold of 220 for the cancellous bone and 260 for 
the cortical envelope.

No rotation was used (0.0°). Bone volume (BV), bone 
volume/total volume (BV/TV), and BMD were measured 
in the bones of the whole leg, femur, and tibia. Morpho-
metric indices were calculated on two bone types in the 
femur, namely cortical bone in the diaphysis and trabec-
ular bone in the metaphysis. In order to standardize the 
measurements for each sample, the centre of the knee 

joint was determined by visualizing slices and moving 
upward until the tops of the tibial condyles disappeared 
altogether. This was considered the midline of the knee 
joint. Measurements were standardized by counting 
the number of uniform slices either above or below 
the midline, depending on the specific analysis. For the 
femoral trabecular bone, we selected 100 slices above 
the midline to determine total volume (TV), BV, BV/
TV, connectivity density (Conn- Dens), structure model 
index (SMI), number of trabecular bones (Tb.N), thick-
ness of trabecular bones (Tb.Th), separation degree of 
trabecular bones (Tb.Sp), apparent BMD, and mate-
rial BMD. For the cortical bone, we selected the same 
100 slices to analyze TV, BV, BV/TV, cortical porosity 
(Ct. Porosity), cortical thickness (Ct.Th), SMI, apparent 
BMD, and material BMD. The lengths of the femur and 
tibia were also measured. The tibia was measured from 

Table I. Analysis of trabecular bone properties in the femur of mice fed vitamin D- sufficient or vitamin D- deficient diet, and treated with ß-caryophyllene or 
mock- treated (control).

Property Group p- values

D- control D- BCP D+ control D+ BCP
D- control 
vs D- BCP

D+ 
control vs 
D+ BCP

D- control 
vs D+ 
control

D- BCP 
vs D+ 
BCP

Mean VOX- TV, mm3 
(SD)

1.42 (0.08) 1.44 (0.08) 1.29 (0.04) 1.32 (0.10) 0.632 0.395 0.000 0.007

Mean VOX- BV, mm3 
(SD)

0.13 (0.05) 0.19 (0.09) 0.05 (0.01) 0.09 (0.03) 0.054 0.002 0.001 0.004

Mean VOX- BV/TV, 
% (SD)

0.09 (0.03) 0.13 (0.06) 0.04 (0.01) 0.06 (0.02) 0.050 0.001 0.001 0.004

Mean Conn- Dens., 
mm2 (SD)

26.96 (16.30) 51.86 (34.29) 9.03 (5.29) 18.92 (10.49) 0.059 0.019 0.007 0.015

Mean TRI- SMI (SD) 3.08 (0.29) 2.76 (0.43) 3.32 (0.19) 3.05 (0.20) 0.067 0.006 0.047 0.079

Mean DT- Tb.N, 1 /
mm (SD)

3.59 (0.47) 4.07 (0.71) 2.76 (0.36) 3.13 (0.29) 0.095 0.022 0.000 0.002

Mean DT- Tb.Th, μm 
(SD)

0.06 (0.01) 0.07 (0.00) 0.05 (0.00) 0.06 (0.01) 0.216 0.001 0.000 0.012

Mean DT- Tb.Sp, μm 
(SD)

0.28 (0.03) 0.25 (0.04) 0.37 (0.06) 0.32 (0.03) 0.071 0.042 0.001 0.000

Mean apparent 
density, g/cm3 (SD)

114.78 (23.45) 145.24 (32.69) 76.00 (10.62) 98.08 (12.62) 0.029 0.001 0.000 0.001

Mean material 
density, g/cm3 (SD)

528.62 (23.67) 531.77 (25.80) 499.67 (30.15) 518.23 (17.37) 0.779 0.113 0.029 0.188

Mean TRI- TV, mm3 
(SD)

1.41 (0.08) 1.42 (0.08) 1.27 (0.04) 1.30 (0.10) 0.631 0.399 0.000 0.007

Mean TRI- BV, mm3 
(SD)

0.12 (0.05) 0.19 (0.09) 0.04 (0.01) 0.08 (0.03) 0.055 0.002 0.001 0.004

Mean TRI- BV/TV (SD) 0.09 (0.03) 0.13 (0.06) 0.03 (0.01) 0.06 (0.02) 0.050 0.001 0.001 0.004

Mean TRI- BS, mm2 
(SD)

5.72 (1.67) 8.15 (2.94) 2.64 (0.62) 4.18 (1.20) 0.039 0.003 0.000 0.002

Mean TRI- BS/BV (SD) 48.87 (5.32) 45.45 (4.78) 60.75 (5.99) 51.57 (5.35) 0.148 0.002 0.000 0.015

Mean TRI- Tb.N, 1 /
mm (SD)

2.03 (0.57) 2.84 (0.94) 1.04 (0.25) 1.59 (0.38) 0.034 0.002 0.000 0.002

Mean TRI- Tb.Th, μm 
(SD)

0.04 (0.00) 0.04 (0.00) 0.03 (0.00) 0.04 (0.00) 0.160 0.002 0.000 0.015

Mean TRI- Tb.Sp, μm 
(SD)

0.49 (0.15) 0.34 (0.11) 0.98 (0.24) 0.62 (0.14) 0.020 0.001 0.000 0.000

Mean TRI- DA (SD) 1.46 (0.07) 1.49 (0.05) 1.48 (0.17) 1.46 (0.11) 0.190 0.870 0.737 0.494

BMD, bone mineral density; BS, bone surface; BV, bone volume; BV/TV, trabecular bone volume; Conn- Dens, connectivity density; DA, degree 
of anisotropy; DT, distance transformation; SD, standard deviation; SMI, structure model index; (Tb.N), trabecular number; (Tb.Sp), trabecular 
separation; (Tb.Th), trabecular thickness; TRI, triangularization of surface; VOX, voxels.
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the top of the tibial condyle to the most distal tibial 
bone slice, and the femur was measured from the base 
of the femoral head to the most distal femoral condyle.
Histological analysis. Histological analysis was performed 
at the Dr. Silva Laboratory at the Washington University 
School of Medicine in St. Louis, Missouri. The process 
for haematoxylin and eosin (H&E) staining is briefly de-
scribed below. After μCT analysis, the bone tissues were 
cut and underwent decalcification, dehydration, and par-
affin embedding. Then, the bone tissues were cut with a 
thickness of 5 μm using the tissue slicer. The slices were 
stained with the H&E staining solution.
Blood treatment and ELISA analysis. Blood samples col-
lected from the mice were centrifuged at 4°C for ten min-
utes, serum supernatants were collected, and serum sam-
ples were stored at -80°C until laboratory analysis. Sera 
were collected from five mice in each treatment group 
and pooled. Serum levels of 25- hydroxyVD3 (25(OH)D3), 
BCP, and klotho were evaluated using an enzyme- linked 
immunosorbent assay (ELISA). Klotho was measured in 
three replicates from pooled sera from each treatment 
group using a mouse ELISA Kit from MyBioSource (USA), 
following the manufacturer’s instructions. According to 
the protocol, the Mouse kit used a two- site sandwich 
ELISA to measure klotho amount with the antibody which 
had been pre- coated onto the microplate. First, controls 

and samples were added into the wells where the klotho 
binds to the immobilized antibody. Second, any solution 
with unbound substances was removed. Next, a biotin- 
conjugated antibody specific for klotho was added to the 
wells. After washing, streptavidin- conjugated horserad-
ish peroxidase (HRP) was added to the wells. Following 
another wash, a substrate solution was added to the 
wells to let colour develop in proportion to the amount 
of klotho bound in the initial step. Finally, the colour de-
velopment was stopped, and the colour intensity was 
measured.
Statistical analysis. All statistical analyses were performed 
using GraphPad Prism 5 (GraphPad, USA). Comparisons 
between groups when data were normally distributed 
were made with the two- tailed independent- samples t- 
test. A p- value less than 0.05 was considered to be sig-
nificant, and is labelled with single asterisks (*), p < 0.01 
was labelled with two asterisks (**) to denote higher sig-
nificance, and p < 0.001 was labelled with three asterisks 
(***) to denote highest significance.

Results
The effect of vitamin D on loss of body weight. We used 
an experimental animal model to examine the effects of 
dietary vitamin D and BCP treatment on body weight and 
bone growth. Female mice were assigned to one of four 

Fig. 4

Histopathological features of knee joint tissues in mice from different groups at the endpoint of the experiment. a) to c) Vitamin D- deficient diet (D-) control 
group. d) to f) D- ß-caryophyllene (BCP) group. g) to i) Standard vitamin D- sufficient diet (D+) control group. j) to l) D+ BCP group.
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treatment groups (n = 10/group): vitamin D+ diet with 
propylene glycol control, vitamin D+ diet with BCP, vita-
min D- deficient diet with propylene glycol control, and 
vitamin D- deficient diet with BCP. The mice were fed with 
the appropriate diet for six weeks and housed in the ab-
sence of UV light. We began by determining the serum 
levels of 25- hydroxy vitamin D3 (25(OH)D3) in mice from 
each group. As shown in Figure 1a, the serum of mice 
with dietary vitamin D sufficiency (the vitamin D+ with 
control and vitamin D+ with  BCP groups) contained a 
significantly higher concentration of 25(OH)D3 than the 
mice that were fed a vitamin D- deficient diet (D- deficient 
with control or D- deficient with BCP), regardless of the 
absence (control groups; p < 0.01) or presence of BCP (p 
< 0.05). This result validated our assumption that, in the 
absence of UV light, feeding the mice for six weeks on a 
vitamin D- deficient diet led to their anticipated deficiency.

Sufficiency of vitamin D can lead to weight loss. In one 
study, vitamin D levels were inversely correlated with BMI 
(r = -0.22, p = 0.025), suggesting some potential benefits 
for individuals living with obesity, although this remains 
to be investigated in a prospective study.14 For individ-
uals living with obesity, an eight- week low- calorie diet 
programme supplemented with vitamin D led to a signif-
icant decrease in inflammatory markers, compared with 
the same diet with a placebo supplement.15 Obesity is 
associated with low plasma levels of 25- hydroxy- vitamin 
D, which can result from vitamin D deficiency.16–19 There-
fore, we compared body weights of the mice from each 
group before and after treatment. Mice fed on standard 
vitamin D- containing diet exhibited significantly lower 
weight than mice receiving a vitamin D- deficient diet, 

regardless of whether they were treated with BCP (p < 
0.010) or with propylene glycol control (p < 0.050), as 
shown in Figure 1b.
Effects of vitamin D and BCP on length of femur and tib-
ia bones. To determine the effect of vitamin D and BCP 
on bone growth, we measured the length of femur and 
tibia bones in mice after the six- week D- sufficient or D- 
deficient diet in the control and BCP- treated groups. The 
mice on the D- deficient diet (D-) exhibited femur and tibia 
lengths that were significantly longer than those of mice 
fed normal vitamin D- containing diet (D+), as shown in 
Figures 2a and 2b (p < 0.001). Interestingly, BCP treat-
ment resulted in no change in femur length (Figure 2a) 
and only a small, statistically significant change in tib-
ia length using two- tailed independent- samples t- test 
(Figure 2b).
Effects of BCP and vitamin D on bone volume, trabecular 
bone volume, and bone mineral density. We used high- 
resolution μCT to further analyze the bones of the vita-
min D- fed and vitamin D- deficient mice in the absence 
or presence of BCP treatment. We determined the bone 
volume (BV), trabecular bone volume – which is depicted 
as the ratio of BV to total volume (BV/TV) – and bone 
mineral density (BMD) of the whole leg, femur, and tibia 
(Figure 3). The mice on a vitamin D- deficient diet exhibit-
ed a statistically significant increase in BV (p < 0.010) and 
BV/TV ratio (p < 0.010) of whole leg (Figures 3a and 3b), 
femur (Figures 3d and 3e), and tibia (Figures 3g and 3h), 
relative to mice fed a normal vitamin D- sufficient diet (D+ 
groups). The presence or absence of vitamin D in the diet 
did not significantly affect BMD (Figures 3c, 3f and 3i). 
Interestingly, mice fed either a vitamin D- sufficient or 

Fig. 5

Detection of klotho in the serum of mice fed on vitamin D- containing and vitamin D- deficient diets that were treated with ß-caryophyllene (BCP) or with 
propylene glycol control. Whole blood was collected from mice, the serum fraction was isolated by centrifugation, sera from individuals in each group were 
pooled, and the relative levels of klotho were detected by enzyme- linked immunosorbent assay (ELISA). a) The effect of vitamin D and BCP treatment on 
serum levels of klotho. b) The effect of different concentrations of BCP treatment on levels of klotho in serum. Three groups of mice (n = 5/group) were fed 
on a vitamin D- sufficient diet for six weeks. For the last two weeks, they were treated by oral gavage for five days/week with propylene glycol control or with 
25 mg/kg or 50 mg/kg BCP. Serum samples from each group were pooled and tested for the presence of klotho by ELISA. **p < 0.010; ***p < 0.001.
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vitamin D- deficient diet and treated with 100 μg/kg BCP 
exhibited higher BV (Figures  3a,  3d and  3g) and BMD 
(Figures 3c, 3f and 3i), which was statistically significant 
compared to those observed for propylene glycol- treated 
controls (p < 0.050).
Effects of BCP and vitamin D on trabecular bone of fe-
mur. Trabecular bone is found at the ends of long bones, 
such as the femur, and in the spinal column. It is com-
posed of sparse rods and plates of bone (trabeculae) 
that comprise 20% of trabecular bone volume and are 
interspersed by bone marrow. Trabecular bone provides 
strength and elasticity. It is less dense and relatively more 
fragile than the cortical or compact bone that compris-
es the dense outer bone surface. Cortical bone is strong, 
rigid, and provides strength for weight- bearing.20 Loss of 
either trabecular or cortical bone mass, for example due 
to age, menopause, or osteoporosis, leads to decreased 
strength and stability and increased risk of fracture.21–24 
The microarchitecture of trabecular bone is particularly 
important, since loss of bone mass can lead to decreased 
structural connectivity.24

The decrease in bone volume (BV/TV) we observed 
in Figure  3 led us to examine the microarchitecture of 
trabecular bone using our μCT data. We performed a 
3D image reconstruction using 100 slices of trabecular 
bone from the femur, as shown in Figure 2c. Strikingly, 
we observed a higher degree of connectivity in trabecular 
bone from mice fed a vitamin D- deficient diet (D- groups) 

than that observed in mice fed a standard vitamin D- suf-
ficient diet (D+ groups). The trabecular bone from mice 
treated with BCP appeared to be denser than that from 
propylene glycol- treated control animals, suggesting 
that bone loss may have been lessened by the treatment, 
or that it resulted in the repair of trabecular bone.

The 3D reconstructed images led us to further inves-
tigate the microarchitecture of femoral trabecular bone. 
Several parameters were used to evaluate the spatial 
morphological structure of femoral trabecular bone, 
including trabecular thickness (Tb.Th), trabecular 
number (Tb.N), and trabecular separation (Tb.Sp). In the 
D+ groups, Tb.N and Tb.Th values decreased, whereas 
the Tb.Sp values increased relative to those observed in 
the D- groups. These data indicate that bone catabolism 
in the presence of vitamin D is greater than bone anab-
olism, suggesting that osteoporosis occurred in the mice 
fed the vitamin D- sufficient diet. The structure model 
index (SMI) allows quantification of bone structure in 
terms of the number of rods and plates comprising 
the structure determined by μCT.25 A structure such as 
trabecular bone composed of rods and plates will have 
a value between 0 (all plates) and 3 (all rods). As such, 
the SMI will increase during osteoporosis as the bone 
becomes more porous. As shown in Table I, the SMI and 
Tb.Sp values were higher for the D+ groups than those of 
the D- groups, consistent with increased porosity. Treat-
ment of the D+ group with BCP resulted in statistically 

Fig. 6

Comparisons between cannabinoid type 2 receptor (Cnr2), fibroblast growth factor 23 (Fgf23), and klotho in top 500 probes.
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significant increases (p = 0.022, p = 0.001) in Tb.N and 
Tb.Th, and decreases (p = 0.042, p = 0.006) in Tb.Sp and 
SMI compared to the D+ control group. However, in D- 
mice, treatment with BCP was less effective and led to 
statistically significant changes in only Tb.N (decrease, p 
= 0.034) and Tb.Sp (increase, p = 0.020) relative to the 
control group (D- control).
Effects of BCP and vitamin D on cortical bone from the 
femur. We repeated the analysis using slices of cortical 
bone from the femora of mice from the four groups. The 
effect of the vitamin D- deficient diet and BCP treatment 
on cortical bone was less pronounced than that seen for 
trabecular bone. There was a slight effect on bone thick-
ness that was not seen for all groups (Supplementary 
Table i). In mice fed on a D+ diet, cortical bone was thick-
er for the BCP- treated group than the control group (p 
= 0.038). Interestingly, the cortical bone of femora from 
the D- control group was thicker than that of the D+ con-
trol group (p = 0.002).
Histological comparison. After μCT analysis, the whole 
hindlimb was used in the H&E staining. Compared with 
D- diet groups, D+ diet groups showed greater amounts 
of trabecular bone (Figure 4). In particular, within the two 
groups of D- diet, there was more trabecular bone in the 
femur in the BCP treatment groups than in the D- control 

group, which suggests that BCP treatment prevents de-
fects in trabecular bone.
Effects of BCP and vitamin D in klotho of serum. The en-
zyme klotho plays a role in the regulation of BMD.12,13 
Since our results suggest that BCP treatment may correct 
bone damage caused by vitamin D deficiency, we inves-
tigated whether the level of klotho in serum is altered by 
BCP treatment. At the end of the six- week D- sufficient 
or D- deficient diets in the presence and absence of BCP 
treatment, we collected blood from all groups and isolat-
ed the serum fractions.

We used an ELISA to measure the concentration 
of klotho in pooled serum samples from each group 
(Figure  5a). D+ control mice exhibited higher serum 
levels of klotho than those detected in D- control mice, 
which was statistically significant (p < 0.001). These data 
suggest that vitamin D has a positive effect on serum 
levels of klotho. Treatment of the mice with BCP also 
resulted in statistically significant increases in klotho rela-
tive to the control- treated groups for mice fed on both 
vitamin D- deficient (D- BCP; p < 0.001) and vitamin 
D- sufficient diets (D+ BCP; p < 0.010).

To verify the effect of BCP treatment on serum levels of 
klotho, we repeated the experiment in mice fed a vitamin 
D- sufficient diet and treated with varying concentrations 

Fig. 7

Correlations between fibroblast growth factor 23 (Fgf23), klotho, cannabinoid type 2 receptor (Cnr2), and CD300a in mice.
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of BCP. Three groups of mice (n = 5/group) were fed a 
normal diet for six weeks. For the last two weeks of the 
experiment, mice were treated by oral gavage five days/
week with propylene glycol control or with 25  mg/kg 
or 50 mg/kg BCP. Whole blood was collected at the end 
of the experiment, and serum fractions were isolated 
by centrifugation, pooled by group, and analyzed for 
the presence of klotho by ELISA. As shown in Figure 5b, 
we observed a statistically significant increase in klotho 
detected between the control group and the 50 mg/kg 
BCP group (p < 0.001). These results suggest that BCP 
treatment can lead to the enhanced levels of klotho in 
serum.
Relationship between Fgf23, Kl, and Cnr2. To further in-
vestigate the mechanism of BCP on bone development, 
we examined the relationship between fibroblast growth 
factor 23 (Fgf23), klotho, and BCP (using the Cnr2 recep-
tor for analysis), and obtained their 500 most relevant 
probes from GeneNetwork.26 After comparison, we found 
that six probes (CD300a, Edem2, Tbc1d10c, Tbc1d10c, 
Tmem181, and Tpi1) are the intersection between 
Cnr2 and Fgf23, and ten probes (C16orf42, C16orf42, 
Cacfd1, CD300a, Lgals9, Map7d1, Ncoa4, Odf2, Umps, 
and Vcam1) are the intersection between Cnr2 and Kl 
(Figure 6). Among them, CD300a is the only one which 
could connect Cnr2, Kl, and Fgf23.

Then we compute the gene network graphic using 
CD300a, Cnr2, Kl, and Fgf23 (Figure 7). We chose Spring 

Model layout (energy reduction) software for all graphic 
data depictions. The Pearson Rank coefficient was calcu-
lated separately.

It is shown in Figure 6 that CD300a has a strong posi-
tive correlation (r = 0.774) with Cnr2, and that CD300a 
is also positively correlated with Fgf23 (r = 0.505). Kl has 
negative correlations with CD300a (r = -0.469) and Cnr2 
(r = -0.364).

CD300a exists on the surface of both myeloid and 
lymphoid cells, and the murine receptor differs from the 
human one in the number of ITIMs; while the human 
CD300a has three classic ITIMs, the murine has two. It 
has been reported that CD300a has a critical role in the 
maintenance of important cellular functions.17,18 Previous 
investigators reported that the immunoreceptor CD300a 
controls the intensity of inflammation and dysfunction in 
a model of Ag- induced arthritis in mice.17

Verification of the relationship between KL and bone 
markers in humans. In order to further confirm the rela-
tionship between KL and bone development in humans, 
we investigated the potential gene network between KL 
and known bone markers (ALPL, CTSK, MMP9, ACP5, 
RUNX2, and TNFRSF11A) using data from tibial whole 
genome gene expression profiles. The data are extracted 
from the Genotype- Tissue Expression (GTEx) project at 
the GeneNetwork platform.

Our analysis revealed positive correlations between 
the expression level of KL and these six bone markers. 

Fig. 8

Positive correlations between KL and bone markers in humans. Numbers of patients and p- values are all listed on each image.ACP5, acid phosphatase 5; ALPL, 
alkaline phosphatase; BGLAP, bone gamma- carboxyglutamate protein; CNR2, cannabinoid receptor 2; CTSK, cathepsin K; ITGB3, integrin subunit beta 3; 
KL, klotho; MMP9, matrix metallopeptidase 9; RUNX2, RUNX family transcription factor 2; SOST, sclerostin; TCIRG1, T cell immune regulator 1; TNFRSF11A, 
tumour necrosis factor (TNF) receptor superfamily member 11a; TNFRSF11B, TNF receptor superfamily member 11b; TNFSF11, TNF superfamily member 11.
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As shown in Figure  8, the positive correlations ranged 
from 0.363 to 0.583. Considering the large population 
sizes and complexity of human populations, these data 
support the association of the vitamin D- KL- bone loop.

Discussion
This study analyzed the effect of BCP treatment on bone 
morphology using a mouse model of vitamin D defi-
ciency. A variety of bone properties were measured using 
μCT, and the levels of klotho protein in serum of treated 
mice was measured using ELISA. This is the first study 
of the effects of BCP on bone modifications caused by a 
vitamin D- deficient diet. We obtained three major inter-
esting results from this work: the effect of BCP on bone 
structure and on klotho serum level, and the effect of 
vitamin D on loss of body weight.

Our data suggest that BCP could significantly prevent 
the defects in trabecular bone caused by vitamin D defi-
ciency.27 Our results suggest a potential application of 
BCP in clinical practice. Two aspects of femur trabec-
ular structure, Tb.N and Tb.Th, were significantly higher 
in BCP- treated mice than those of control- treated mice, 
while the SMI and Tb.Sp were significantly lower in the 
BCP- treated mice than in control- treated mice. BMD 
and properties of trabecular bone are critical factors in 
the development of osteoporosis. BCP treatment may 
also improve the properties of femoral cortical bone. 
Currently, there are no reports on the effect of either BCP 
or klotho on the dynamic changes between osteoblast- 
osteoclast activities. However, FGF23/FGF receptor 
signalling has been reported to influence the osteoclast 
number.28 Furthermore, a complex relationship between 
Fgf23, klotho, and hypoxia- inducible factor (HIF) has 
been detected in bone marrow.29 Therefore, it is most 
likely that BCP affects the Tb.N, Tb.Th, SMI, and Tb.Sp 
through the klotho- anabolized Fgf23 pathway.

Our data indicate that treatment of mice with BCP 
increased serum levels of klotho, an effect not previously 
reported. These data raise two interesting issues: first, the 
observation that klotho levels appear to respond to BCP 
treatment suggests that the two are probably not acting 
independently of one another. Second, is BCP involved in 
regulating klotho levels, which then mediates bone prop-
erties? The connection between klotho and BMD has 
been demonstrated in a previous study.12 For example, 
the expression of klotho in osteocytes controls bone 
formation, and has been linked to regulation of bone 
metabolism.13 Serum levels of klotho have been linked to 
bone fracture in older adults.12 The connection between 
BCP and klotho has not previously been reported. Future 
studies may shed light on the molecular mechanisms by 
which BCP may regulate klotho levels in bone.

In summary, these data suggest that BCP enhances the 
level of klotho in serum, thereby improving bone miner-
alization and bone properties of mice. In the absence of 
UV light, a vitamin D- deficient diet could affect multiple 
bone properties, including the ratio and quality of trabec-
ular and cortical bone in mice.

Based on the results from this study and the available 
whole genome expression profiles of mouse femora, we 
constructed the first key gene which could connect BCP, 
Fgf23, and klotho together. Our gene network analysis 
showed that CD300a may play an important role in the 
connections between Fgf23, klotho, and BCP.25 Our gene 
network revealed the potential connection between 
klotho and several important osteoclast marker genes, 
including Ctsk, Mmp9, and Acp5. Previously, klotho has 
not been linked to these genes. However, these genes 
have been discovered in the Fgf23 pathway. For example, 
Mmp9 and Fgf23 have been found to be coexpressed 
in a hypovitaminosis D kyphotic pig.30 Our current data 
suggest that the BCP- klotho- Fgf23 pathway may lead to 
the activation of these key genes, and eventually cause 
the downregulation of osteoclasts, reducing either their 
number or their function.

Fgf23 is known as a member of the fibroblast growth 
factor family. It is produced by bone and acts on the 
kidney. Fgf23 plays a central role in mineral and bone 
metabolism, and also participates in phosphate and 
vitamin D metabolism and regulation.31 Klotho acts 
as a permissive coreceptor for FGF23. FGF23 operates 
through a specific receptor system consisting of klotho 
and certain FGF receptor subtypes.32 However, its role in 
the regulation of BMD has not been clearly defined. Our 
data suggest that BCP possibly regulates BMD and other 
bone properties through the FGF23- klotho pathway. It 
will be interesting to investigate the detailed mechanisms 
underlying such a regulation, and whether the effect of 
BCP on FGF23- klotho is indirectly through an interaction 
with the Ctsk, Mmp9, or Acp5.

Identification of the role of CD300a in the pathway 
is one important aspect for a future study. The Cd300 
family modulates many immune cell processes, and this 
family of receptors has great potential as therapeutic 
targets for infectious diseases and some pathological 
situations. One member of the family, CD300a, is impli-
cated in immune response signalling pathways. CD300a 
has also been studied as a possible biomarker.33 However, 
the connection between CD300a and FGF23/Klotho has 
not been reported previously. It is not clear whether 
CD300a is the result or the trigger of the FGF23- klotho 
pathway. The molecular function of CD300a and its role 
in the FGF23/Klotho pathway remains to be determined 
in further studies.

In this study, we observed an increase in body weight 
in the vitamin D- deficient group of mice compared to 
the vitamin D- sufficient diet, regardless of whether BCP 
treatment was given. After repeating the experiment, we 
believe this result is reliable. This suggests that in daily 
life, vitamin D deficiency may lead to obesity, or that suffi-
cient vitamin D intake may help cope with weight loss. 
Recently, a meta- analysis revealed an inverse association 
of vitamin D levels with body weight.34 Our data agree 
with the report that mice fed a standard vitamin D- suffi-
cient diet exhibited significantly lower weight than mice 
receiving a VD- deficient diet.
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Before the application of BCP in clinical studies, the 
overall evaluation of its effect on human body develop-
ment and biological function is essential. We only investi-
gated the bone- relevant traits in the study; it is unknown 
whether any other traits are affected by BCP treatment. 
In particular, its long- term effect should be carefully 
examined.

Other important genes in the regulation of BCP- 
induced pathways may be missed in our analysis because 
our study is mainly based on the association of gene 
expression levels. Polymorphisms of genes have not 
been searched and analyzed. Thus, genes that regulate 
the expression levels of FGF23, klotho, and CD300a have 
not been explored in our study. The regulatory factors 
upstream of these genes await further study by expres-
sion quantitative trait locus analysis and polymorphic 
analysis. In the future, we should also isolate osteoclasts, 
osteoblasts, and osteocytes from treated mice in order 
to investigate precisely how some of the significantly 
changed parameters have developed in the mice.

Overall, our results suggest that BCP may represent 
a novel drug for preventing defects in trabecular bone 
and should be evaluated for its therapeutic benefits for 
osteoporosis.

Supplementary material
  Table showing how beta- caryophyllene affects 

cortical bone in femur, and ARRIVE checklist.
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